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Abstract

Corrosion of steel reinforcement is one of the major issues in reinforced concrete structures which
affects its durability in the coastal environmental conditions. The use of fiber reinforced polymer
(FRP) bars as an internal reinforcement has become prominent in the past decade to mitigate the
problems associated with corrosion. However, the brittle failure mode of FRP reinforced beams is
a major challenge for the design engineers and researchers. In this study, the use of structural
synthetic fibers is proposed for improving the ductile behavior of RC beams with Glass Fiber
Reinforced Polymer (GFRP) as internal reinforcement. Macro synthetic polyolefin fiber is chosen
as the fiber reinforcing material. No previous work in past has focused on the use of macro
synthetic polyolefin fibers in the performance improvement of GFRP bars reinforced concrete
beams. Therefore, this study tries to fill in the knowledge gap existing in this research area and
aims to provide experimental data for further development of analytical models and design
equations. In total, ten reinforced beams were tested under flexure. The specimen includes: (i)
control beam with steel reinforcement, (ii) GFRP reinforced beam without fibers, (iii) GFRP
reinforced beams with 0.35%, 0.70%, and 1.00% synthetic fibers. To maintain the same stiffness
across all the classes of specimens, in the beams reinforced with GFRP bars, the area of
reinforcement is chosen to be equivalent to the area of steel used in control beam. The specimens
were tested under four-point bending configuration in a displacement control mode. The
experimental results are compared with the predictions obtained from the sectional analysis.
Results were also compared from the data obtained from Digital Image Correlation (DIC)
technique. Crack width is measured in constant moment zone with the help of DIC. Beams with
GFRP reinforcement exhibited higher load carrying capacity (about 59%) but the ductility of the
beam reduces significantly when compared to RC beams with steel reinforcement. Addition of
fibers improved the ductility significantly when compared to GFRP reinforced beams without
synthetic fibers. It is observed that the load carrying capacity for beams with 0.35%, 0.70%, and
1% fibers, increased by 72.6%, 100%, and 55% respectively when compared to beams with steel
reinforcement. Moreover, at a higher fiber dosage of 1.0%, the peak strength is found to decrease
though it had higher ductility and energy absorption.



Nomenclature

The following symbols are used in this thesis:

At
As
Es
Es

cross-sectional area of FRP bar;
cross-sectional area of steel bar;
modulus of elasticity of FRP bar;
modulus of elasticity of steel bar;

Carreira and Chu’s equations:
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Chang et al.’

initial tangent modulus;

the compressive strength of concrete;

stress in plain concrete;

a material parameter that depends on the stress-strain diagram;

strain in plain concrete;

strain corresponding to the compressive strength of plain concrete;

s equations:
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strain corresponding to the compressive strength of SFRC;

strain at the peak stress of plain concrete;

diameter of the fiber;

compressive strength of SFRC;

reinforcing index;
fiber volume fraction;

strain in steel fiber reinforced concrete;
stress in steel fiber reinforced concrete;

length of the fiber;

ACI 440.1R-15 equations:

At
b

d

Ec

area of the tensile reinforcement;

width of the beam;

distance between extreme compression fiber and

reinforcement;

elastic modulus of plain concrete;

height of the beam;

Vi

centroid of

tensile



I\/ICI’

cracked moment of inertia;

effective moment of inertia;

gross moment of inertia;

length of the beam;

applied moment;

cracking moment;

modulus ratio between FRP and plain concrete;
applied load;

shear span of the beam;

factor related to loading and boundary conditions;
mid-span deflection;

reinforcement ratio;

. Zhu et al.’s equations

depth of compression zone in gross section;
depth of compression zone in cracked section;
area of fibers in section;

modulus ratio between fiber and plain concrete
fiber volume fraction;
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Chapter 1

Introduction

1.1 General

Steel is the most common reinforcement used in concrete elements to provide tensile strength and
ductility. However, the corrosion of steel reinforcements in structural elements is a major issue for
the buildings located in the coastal environmental conditions. Figure 1. 1 shows the spalling of
concrete due to corrosion of steel reinforcement. Steel reinforcement embedded in concrete is
typically protected from corrosion by a passive oxide layer that forms on the surface of the
reinforcement. A passive layer is provided by the cement paste at high pH environment. However,
if the oxide layer is broken down, in the presence of oxygen and moisture, corrosion can take place.
At high chloride ion concentration, the corrosion is often initiated by chloride ions, which can
penetrate the concrete to the level of the reinforcement and can lead to a breakdown of the

protective oxide layer.

Figure 1. 1: Spalling of concrete due to corrosion (www.ronacrete.co.uk)



The corrosion of steel reinforcement in concrete is basically an electrochemical reaction.
Concentration cells may be formed due to differences in concentration of dissolved ions near steel,
such as alkalies, chlorides, and oxygen. This makes some parts of the metal anodic and the other
cathodic (Figure 1. 2) which in turns creates a difference in electrical potential along the steel in
concrete and an electrochemical cell is set up. These anodic and cathodic regions are connected by
the electrolyte in the form of the pore water in the hardened cement paste. The positively charged
ferrous ions Fe*™ at the anode pass into solution while the negatively charged free electrons e~ pass
through the steel into the cathode where they are absorbed by the constituents of the electrolyte
and combine with water and oxygen to form hydroxyl ions (OH) . These travel through the
electrolyte and combine with the ferrous ions to form ferric hydroxide which is converted by
further oxidation to rust.

»« Concrete °°
- iomnic ™ »r
"r cuttent b

1t Cathode

TSI clectronic N
Atniode \‘ rre mt =teel

Figure 1. 2: Corrosion mechanism in steel (Vavpeti¢, 2008)

Anodic Reactions:

Fe ->Fe™ + 2e

Fe™ + 2(OH) -> Fe(OH)2 (ferrous hydroxide)
4Fe(OH)2 + 2H20 + O2 -> 4Fe(OH)3 (ferric hydroxide)

(Water) (Air) 2Fe(OH)3z -> Fez x O3 x H20 + 2H,O — Hydrated ferric oxide (rust)



Cathodic Reactions:
4e” + Oz + 2H20 -> 4(OH)~

The transformation of metallic iron to rust is accompanied by an increase in volume, which
depending on the state of oxidation, may be as large as 600 percent of the original metal. This
volume increase is the principal cause of concrete expansion and cracking. With the time corrosion
products build up and cause more extensive cracking until the concrete breaks away from the bar

eventually causing spalling. Figure 1. 3 shows the formation of corrosion product which eventually

leads to spalling of concrete.

BEFORE CORROSION. BUILD-UP OF FURTHER CORROSION. EVENTUAL SPALLING.
CORROSION PRODUCTS. SURFACE CRACKS. CORRODED BAR.
STAINS. EXPOSED.

Figure 1. 3: Formation of corrosion products leading to spalling of concrete (civildigital.com)

Current methods of combating corrosion include protecting the reinforcing bar itself or decreasing
the permeability of concrete to prevent ingress of chloride ions. Prominent technique for protecting
the reinforcing bars is the application of epoxy coatings to the bars. Galvanized (Figure 1. 4 (a))
or stainless steel (Figure 1. 4 (b)) can be used as a replacement of steel. While, silica fumes (Figure
1. 4 (c)), fly ash and other pozzolans can be used to prevent the ingress of chloride ions. However,

use of these methods is inhibited by cost and question of long-term effectiveness.



(a) Galvanized steel (b) Stainless steel (c) Silica fumes

Figure 1. 4: Materials used for combating corrosion (www.materialsperformance.com)

1.2 Need for alternate reinforcement (FRP bars)

Recently, there has been a rapid increase in the use of fiber reinforced polymer (FRP) bars as a
full or partial replacement for conventional steel reinforcements in reinforced concrete structures.
FRP reinforcements possess high tensile strengths in comparison to the steel and, more
importantly, it provides excellent resistant to corrosion. Additionally, FRP bars are non — magnetic
in nature and are lightweight when compared to steel reinforcement. Due to these properties, use
of FRP bars in structures located in coastal environmental conditions can improve the durability
of concrete structures significantly. FRP can also find its application in hospital construction
mainly because steel reinforcements can sometimes interfere with working of magnetic resonance
imaging (MRI) machines. Replacing steel bars with the FRP bars, which posses non — magnetic
behavior can eradicate such problems of magnetic interferences. FRP bars also finds its usage for
tunneling purposes. FRP bars are used for building shaft walls (Figure 1. 5 (b)) which prevents the
collapsing of overlaying surface. The soft eye tunnel boring machine (Figure 1. 5 (a)) has to drill
through the walls. Steel reinforcement damages the blades of the boring machine while FRP bars

made of fiber and resin does not damage the blades.



(@) (b)

Figure 1. 5: (a) Soft Eye TBM (b) TBM drilling through shaft walls (Dextra Group, 2017)
FRP bars also have some characteristics that make them disadvantageous when compared to steel
reinforcement. The elastic modulus of FRP bars are much less than that of steel bars. Glass fiber
reinforced polymer (GFRP) bars have an elastic modulus of around 50 GPa, while the elastic
modulus of Carbon fiber reinforced polymer (CFRP) bars have an elastic modulus between 120 to
150 GPa. Figure 1. 6 shows two types of FRP bars which are most common in use. Table 1. 1

shows the mechanical properties of different bars.
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(@) CFRP bars (b) GFRP bars

Figure 1. 6: Types of FRP bars (Source: www.zacarbon.com)



Table 1. 1: Mechanical properties of FRP bars

Tensile strength  Elastic Modulus ~ Rupture strain

(MPa) (GPa) %) Density (g/cmq)
GFRP 480-1600 35-51 1.2-3.1 6.1-10.3
CFRP 600-3700 109-578 0.5-1.7 7.3-7.8
AFRP 1700-2500 41-125 1944 6.1-6.9

The bond between concrete and FRP bars are also poor when compared to steel bars. A direct
result of these characteristics is larger crack widths and larger deflections under service load. In
addition, FRP materials display linear- elastic behavior in both tension and compression till failure
and exhibit no yielding. Ductility is compromised and this makes it difficult to design members
for a desired ductile failure mode. Figure 1.7 depicts the stress-strain plot of a typical steel and
GFRP bar which clearly shows the linear stress-strain behavior of GFRP bar and its low stiffness

when compared to steel.

To eradicate the disadvantages of FRP bars, new FRP bar and FRP reinforcement system were
investigated. Hybrid FRP bars [Herris et al., (1998)] are one of the examples, which is fabricated
with different continuous fibers. The stress-strain behavior of steel can be simulated by hybrid
FRP bars. The ductility of hybrid FRP reinforced concrete beams was found to be close to the
corresponding steel bar reinforced concrete beams. However, the complex fabrication process and
high manufacturing cost of hybrid FRP bars have limited the engineering applications of hybrid
FRP bars in concrete structures. A new reinforcement system consists of FRP and steel bars was
also proposed [Qu et al. (2009)] which was found to improve the serviceability and ductility of
FRP bar reinforced concrete beams. However, the corrosion of steel bars was not fully mitigated

in this hybrid reinforcement system.
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Figure 1.7: Stress-strain plot of steel and GFRP bar

1.3 Use of fiber — reinforced concrete (FRC)

To mitigate the problem of excessive crack width and reduction in ductility arising due to the use
of FRP bars as internal reinforcement, fiber reinforced concrete (FRC) can be used in place of
plain concrete, where discrete fibers act as secondary reinforcement. Figure 1. 8 shows different
types of fibers used as secondary reinforcement in fiber reinforced concrete. Randomly distributed
fibers in concrete mix can improve crack resistance in concrete. Usage of fibers improves post-

peak behavior and post-cracking behavior of concrete under compression and tension respectively.

(a) Steel fibers (b) Polyolefin fibers (c) Polypropylene fibers

Figure 1. 8: Types of fibers (fairmate.wordpress.com)
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Figure 1. 9 shows the stress-strain behavior of steel fiber reinforced concrete in compression with
different fiber dosage (a) and tension (b) while Figure 1. 10 shows the stress-strain behavior of
macro-synthetic polyolefin fiber-reinforced concrete in tension and compression. FRC also
improves toughness and avoids brittle shear failure and change it in ductile flexure failure.
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(b) SFRC in tension (Aniket et. al, 2018)

Figure 1. 9: Behavior of steel fiber reinforced concrete
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Figure 1. 10: Behavior macro-synthetic polyolefin FRC in tension and compression (Aniket et. al, 2018)

1.4 Concept of equivalent area

Post cracking stiffness of beams with GFRP bars are quite low when compared to beam with steel
bars due to the low elastic modulus of GFRP bars. In order to attain the same stiffness for the
beams with GFRP bars, the equivalent area of steel bar is taken for GFRP bars in the design of RC

beams by keeping the product of area and elastic modulus is kept same for both the specimens.
AsEs = EfAr

Figure 1. 11 (a) & (b) shows the cross-sectional view of beam reinforced with steel and beam
reinforced with the equivalent area (in tension zone only) of GFRP bar respectively. Modulus of
elasticity of steel bar is around 200 GPa whereas modulus of elasticity of GFRP bar is around 50
GPa which is about 25% of steel.
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Figure 1. 11: Cross-sectional view of Beams with Steel and GFRP Equivalent Reinforcement

Figure 1. 12 (a) & (b) shows the moment-curvature plot of beam reinforced with steel and an
equal area of GFRP bars and beam reinforced with steel and equivalent area of GFRP bars
respectively. The model proposed by Chang et. al. (2012) is used for plotting the moment-
curvature and is explained in section 5.3. In the Figure 1. 12 (a) one can see the reduction in
stiffness of beam reinforced with GFRP bars after cracking whereas in Figure 1. 12 (b) where the

equivalent area of GFRP bars is used, the stiffness is same as that of the beam reinforced with steel

bars.
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Figure 1. 12: Moment-curvature plot

1.5 Digital Image Correlation (DIC)

(b) Beam reinforced with steel and equivalent area of GFRP

DIC is an optical-based whole field surface displacement and strain measurement method. It is

based on pattern matching between two images of the specimen coated by a random speckle pattern

in the undeformed and deformed state. The specimen surface was initially coated with non-

reflective white paint, and then black speckle was sprayed on the white coat. The basic principle

of DIC method is to search for the maximum correlation between small zones (subsets) of the

specimen image in the undeformed and deformed states, as illustrated in Figure 1. 13.

Y Jftxy)

Sub Window

x

Undeformed State

Jxy)

gx’y’)

<’

Deformed State

Figure 1. 13: Schematic Diagram of the Deformation Relation
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Based on the correlation between the subsets, the displacement field at different positions in the
analysis region can be computed. The simplest image-matching procedure is the cross-correlation,
which provides the in-plane displacement fields u(x,y) and v(x,y) by matching different zones of
the two images. The cross-correlation coefficient is given in Eq. (a) and for correlation, small

subregions over the digital image are compared.

ST ST [y -Fl|o(xey ) -7]

C(u,v) = = (@)
\/Z 121 1f(xly1) f \/Z ] 1[9( )_E]
where
, 9 9
X =x+u0+§dx+£dy (b)
r— v du
y —y+v0+axdx+aydy (c)

where f is mean intensity value of reference subset, g is mean intensity value of deformed subset,

m is the subset width in pixels, uo and vo are the translations of center of subsets along x and y

direction respectively.

Images of the object’s surface before and after deformation are recorded, digitized and stored in
the computer. These images are then analyzed to determine the displacements by invoking a
pattern matching principle. Since it is impossible to find matching points using single pixel, areas
(called as subsets) containing multiple pixels are used for the analysis. The size of subset varies
with respect to the experimentation details. The step size controls the density of analyzed data. For
example, a step size of 5 will analyze every 5th point in each direction. A higher step size gives
faster results but coarser data. A smaller step size will return more points but will take more
computation time. For the present experiments, a subset size of 35 and a step size of five was
chosen after a thorough sensitivity analysis. All the specimens had speckle pattern on the surface
for capturing of DIC images. Two halogen lights were placed at an angle to the specimen to
illuminate the specimen. The DIC camera was placed in front of the specimen with its axis normal
to the specimen. Images were taken at regular intervals and were processed using specialized

software (VIC- 2D) for strain analysis, crack initiation and propagation. The role of DIC is very

12



important in order to study the crack width and its propagation of crack in the beam and also the
mid-span deflection. DIC technique has found profound application in various domains where the
accuracy of strain measurements is a primary issue. However, the error in DIC measurement could
arise due to many sources such as illumination variations, quality of acquisition system, camera
lens distortion, image noise, or it could be due to the error associated with the implementation of
correlation algorithms like subset size, step size, strain window size, sub-pixel optimization
algorithm, and sub-pixel intensity interpolation scheme. Figure 1. 14 shows a typical DIC setup.

Loading system
White light Source CCD or CMOS Camera

B4
; Lens l
7 9 —
(_.(.SJ{{_‘_._ _._._._A_._‘__,_._._.__:T"_-
AN
Planar Specimen Computer

Figure 1. 14: DIC setup

1.6 Research motivation

The corrosion of steel bars can drastically reduce the capacity of a structure. Replacing steel bars
with GFRP bars can mitigate the problem of corrosion but ductility of the beam is also lost on the
other hand. With the addition of macro-synthetic fibers in concrete, the ductility behavior of a FRP
reinforced concrete beams can be improved. Use of structural macro-synthetic fibers has not been
explored in past for improving the ductility of GFRP bars reinforced concrete beams. Macro-
synthetic polyolefin fibers can arrest the structural cracks as well without increasing the overall

cost of the project.
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1.7 Objectives and scope

The use of fiber reinforced concrete with FRP bars is one of the possible ways to replace
conventional steel reinforcement. In this study, GFRP bar is used as it is economical when
compared to CFRP bar and is readily available. In addition, macro-synthetic fibers are used as
secondary reinforcement. The main objective of this study is to investigate the flexural behavior
of reinforced concrete beams with GFRP bars as longitudinal reinforcement. To study the behavior
of macro synthetic polyolefin fibers on the overall performance enhancement of GFRP reinforced
concrete beams under flexure is also one of the main objectives of this study. Also, crack width

model for fiber reinforced concrete beams reinforced with GFRP bars will be developed.
The scope of the work is as follows:

e To conduct a full-scale experimental study on the behavior of GFRP reinforced RC beams.

e To carry out analytical investigation by developing an improved constitutive relation for
synthetic fiber reinforced concrete

e To develop a non-linear 3-D finite element model for GFRP reinforced beams with and

without fibers and carry out an extensive parametric investigation.

1.8 Research methodology

The methodology of the work will incorporate the testing of full-scale RC beams to investigate the
influence of several parameters like FRP reinforcement ratio, the aspect ratio of fibers and failure

mode under flexure. The proposed work methodology is depicted in Figure 1. 15.
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Figure 1. 15: Methodology of work
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Chapter 2
Literature Review

Usage of FRP bars with fiber reinforced concrete is one of the best alternatives for steel bars. For
the last few decades, numerous researchers are working on the usage of FRP as longitudinal

reinforcement in FRC and to develop ductile FRP reinforced FRC.
2.1 GFRP bars with fibers in flexure

Wang and Belarbi (2011) in their work, investigated the ductility and crack width behavior of 12
reinforced concrete beams under flexure by varying FRP rebar size, FRP type (CFRP/GFRP) and
concrete type (plain/FRC). They used polypropylene fiber with a fixed fiber volume fraction of
0.5% to ensure good workability of concrete. Beams were over reinforced and were designed to
fail by concrete crushing. Figure 2. 1 shows the beam specimen details for the experiment carried

out by Belarbi and Wang.

711 mm -——610 mm 711 mm
a A 2 n o o 7 7
29 mm
102 mm #3 @89 mm 102 mm
2032 mny
4 GFRP|| 2#8 GFRP N 2#4 CFRP n
p | (38 mm »_ | {38 mm »__ | (38 mm
< k38 mm ' 4 38 mm ! -4 38 mm f
—78 mnmr— —78 mnr— —78 mnmr—
#4 GFRP Specimen #8 GFRP Specimen #4 CFRP Specimen

Figure 2. 1: Beam specimen details (Wang and Belarbi, 2010)

The specimens were tested under four-point bending configuration. LVDTSs and strain gauges were
deployed to measure the mid-span deflection, curvature, and strain in the beams. The important
16



findings from their work are that the crack width decreased with the addition of fibers. Moreover,
the ductility of the beams increased by more than 30% in comparison to the control beam without
fibers. Figure 2. 2 shows the moment-curvature plot for beams with and without fiber in the
concrete mix. Both the beams have GFRP as internal reinforcement. The plot with PAG as label is
for beam with plain concrete and GFRP as internal reinforcement while the plot with F4G label is

for beam with fiber reinforced concrete and GFRP as internal reinforcement.
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Figure 2. 2: Moment curvature plot for beams with GFRP bars (Wang and Belarbi, 2010)

Similarly, Figure 2. 3 shows the moment-curvature plot for beams with and without fiber in the
concrete mix. Both the beams have CFRP as internal reinforcement. The plot with PAC as label is
for beam with plain concrete and CFRP as internal reinforcement while the plot with FAC label is

for beam with fiber reinforced concrete and CFRP as internal reinforcement.
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Figure 2. 3: Moment curvature plot for beams with CFRP bars (Wang and Belarbi, 2010)

Zhu et al. (2017) in his work investigated the flexural behavior of partially FRHSC beams
reinforced with FRP (Basalt) bars including flexural capacity, deflection and cracking response
and ductility. Hooked steel fibers and high strength concrete (HSC) were used in the experiment.
The thickness of FRHSC layer, steel fiber volume fraction and FRP reinforcement ratios were
varied. Results from his work concluded that increasing the FRP reinforcement ratio is an effective
way to improve the flexural capacity of partially FRHSC beams reinforced with FRP bars. Figure
2. 4 shows the load vs deflection plot of beams with different reinforcement ratio. The specimen
with label B2P1-3, B2P2-3, B2P3-3 & B2P4-3 has reinforcement ratio as 0.50%, 0.68%, 1.03%
and 1.37% respectively. The effects of thickness of FRHSC layer and fiber volume fraction on the
flexural capacity were not highly significant. However, for fully FRHSC beams reinforced with
FRP bars, the flexural capacity was significantly greater than that of partially FRHSC beams. Also,
the failure mode changed from concrete crushing to FRP bar rupture in fully FRHSC beams.
Increasing the thickness of FRHSC layer, steel fiber volume fraction and FRP reinforcement ratio

resulted in proportional decrease in the deflection, crack width and crack deviation. But the
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ductility of partially FRHSC beams reinforced with FRP bars reduced with the increase of the
thickness of FRHSC layer and steel fiber volume fraction. Figure 2. 5 shows the load vs deflection
plot of beams with different FRHSC layer. The specimen with label B2A0, B2P2-1, B2P2-2,
B2P2-3 & B2A2 has thickness of FRHSC layer as 0 mm, 90 mm, 130 mm, 170 mm and 300 mm
respectively. It can be clearly seen that the ductility is decreasing as the thickness of FRHSC layer
is increased from 0 to 170 mm. But the ductility increased when the steel fibers are added to the

full depth of the beam i.e., 300mm.
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Figure 2. 4: Load vs deflection for beams with different FRP reinforcement ratios (Zhu et al., 2017)
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Figure 2. 5: Load vs deflection for beams with different FRHSC layer (Zhu et al., 2017)
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Yang et al (2012) in his work investigated the influence of addition of fiber on load carrying
capacity, cracking response and ductility of high strength concrete beams with FRP bars. The
beams consisted of two different types of FRP bars namely CFRP and GFRP and also two different
types of fibers namely hooked steel fibers and crimped polyolefin synthetic fibers. The fiber
volume fraction was kept constant, 2% for polyolefin fibers and 1% for steel fibers. In order to
provide similar nominal flexural strength for the beams with GFRP and CFRP bars, six 13 mm
GFRP bars and four 9 mm CFRP bars were used.
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(a) Reinforcement details and location of strain gauges and LVDTs
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GFRP CFRP
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fo "] o

(b) Section details of beam with GFRP bars (left) and CFRP bars (right)
Figure 2. 6: Beam specimen details (Yang et al., 2012)

Major conclusions drawn from the experiments were, the addition of fibers delayed the initiation
of flexural cracks and decreased the crack widths. Ductility of GFRP bar with steel and synthetic
fibers increased by 70% and 80% respectively, while no improvement of ductility was observed
by addition of fibers in case of CFRP. Figure 2. 7 (a) & (b) shows the load vs mid-span deflection
of beams with GFRP bars without fibers (GG), with steel fibers (GG-ST), with synthetic fibers
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(GG-SN) and beams with CFRP bars without fibers (CC), with steel fibers (CC-ST), with synthetic
fibers (CC-SN) respectively.
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Figure 2. 7: Load vs mid-span deflection for beams with different types of fibers (Yang et al., 2012)

2.2 FRP Bars Reinforced Concrete Beams under shear

Kaszubska et al. (2018), investigated the shear behavior of GFRP bars reinforced concrete beams.
Seven T-shaped beams were cast with varying reinforcement ratio (1%, 1.4%, and 1.8%) and
tested. The authors used digital image correlation technique to observed the behavior. The bars
were arranged in different number of layers and different number of bars in each layer and their
influence on the shear behavior of the beam is also studied in her work. Figure 2. 8 shows the

specimen details of the beams.
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Figure 2. 8: Beam specimen details (Kaszubska et al., 2018)

The authors concluded that the shear failure crack has a tendency to increase with the flexural
reinforcement ratio. With the increase in the flexural reinforcement ratio, the beam’s loading
carrying capacity and the stiffness have increased due to the decrease of the maximum crack
opening. Higher FRP ratio had favorable effects on the concrete aggregate interlock and dowel
shear stress mechanisms. Placing the flexural bars in two layers increases the shear strength by
28% when compared to the beam with same reinforcement ratio, but placed in one layer. Doubling
the reinforcement ratio caused an increase in the beam’s shear capacity of 11% when the flexural
reinforcement was disposed of in one layer. However, it increased to 25% when arranged in two

layers. Figure 2. 9 shows the shear stress versus mid-span deflection of different beams.
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Figure 2. 9: Shear stress vs average mid-span deflection (Kaszubska et al., 2018)

2.3 Inferences from the Review of Literature

Beams with FRP bars have higher load carrying capacity than the corresponding beams

with an equal area of steel bars.

e Load carrying capacity increased with increase in FRP reinforcement ratio.

e Beams with FRP bars failed typically in a brittle mode.

e Fiber reinforced concrete can increase the ductility of the beams with FRP bars.

e Crack widths reduced in case of fiber reinforced concrete when compared with plain
concrete GFPR reinforced beams.

e Addition of fibers delayed the initiation of the cracks and provided pseudo-ducitlity.

e Increasing the flexural reinforcement ratio increased the shear capacity of the FRP

reinforced beams.
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Chapter 3

Experimental Program

3.1 Specimen Preparation

In total, ten reinforced concrete beams were cast which includes two control beams with steel
reinforcement, two beams with GFRP bars without fibers (control specimens) and six beams with
GFRP bars and varying fiber dosages (0.35%, 0.70% & 1.00% by volume). All the beams were
designed as over-reinforced sections so that the beams fail due to concrete crushing. For the beams
reinforced with steel reinforcement, 3 bars of 12 mm diameter are provided on the tension side
whereas for the beams with GFRP as internal reinforcement, 12 bars of 12 mm diameter are
provided in order to keep the stiffness of both the beams same (equivalent area concept as
discussed in Sec. 1.4). On the compression side, 2 GFRP bars each of 12 mm diameter is provided
for beams with steel as internal reinforcement. Moreover, for the beams with GFRP bars as internal
reinforcement 2 bars each of 12 mm diameter is provided. Reinforcement ratio is kept same on the
compression side for all the specimens as the moment contribution from compression bar is
minimal. Macro-synthetic polyolefin fibers were used for fiber reinforced concrete. All specimens
were 3600 mm long with a rectangular cross-section of 250mm x 300 mm. The details of the test
specimen are shown in Table 3. 1. The shear span (a) to depth (d) ratio chosen is 4.9. The beam
had a constant moment region of 600mm @ mid-span and shear span (a) of 1350 mm. Steel stirrups
of 8 mm diameter were provided only in the shear span at a center to center spacing of 75mm in
order to arrest possible shear failure. The test specimen and cross-section details of the beams are

illustrated in Figure 3. 1.
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Figure 3. 1: Beam specimen details (dimensions in mm)

Table 3. 1: Test matrix

(c) Beams with GFRP reinforcement

Specimen | Number of Cross- Fiber content Area of bars pt | Reinforcement
ID Specimens | section (mm) | (by volume) | (tension) (mm?) | (%) type
STOO 2 250x300 0.00% 3912=339 | 045 Steel
GF00 2 250x300 0.00% 12912 =1356 | 1.81 GFRP
GF35 2 250x300 0.35% 12912 =1356 | 1.81 GFRP
GF70 2 250x300 0.70% 12912 =1356 | 1.81 GFRP
GF100 2 250x300 1.00% 12912 =1356 | 1.81 GFRP
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3.2 Material Properties

3.2.1 Concrete

The details of mix design are given in Table 3. 3. Concrete was designed as per IS 10262-2008 to
have a target cube compressive strength of 40 MPa. The particular value of concrete strength is
selected so that capacity of the beam should not go beyond the capacity of the MTS actuator. High
Range Water Reducing (HRWR) admixture was used to maintain the workability of concrete mix.
Blended coarse aggregates of two different sizes (20 mm: 10 mm = 0.40: 0.60) were used for
concreting. In addition, cubes and cylinders were cast to investigate the compression strength and
stress-strain behavior of concrete (Figure 3. 2). The results of cube and cylinder tests are

summarized in Table 3. 2.

Table 3. 2: Results of cube and cylinder tests under compression

STOO GF00 GF35 GF70 GF100
Cube 47.72 48.46 47.69 50.49 51.00
Cylinder 35.79 37.79 41.49 40.39 45.50

*all units are in MPa

Figure 3. 2: Tested cube and cylinder
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Table 3. 3: Details of mix design

Unit weight (kg/m?3)
Cement Fine aggregate  Coarse aggregate Water HRWR
360 752 1196 144 54

3.2.2 Macro-synthetic polyolefin fibers

The fibers used in FRC are macro-synthetic polyolefin fibers. Polyolefin fibers are non-corrosive
and its workability is better when compared to steel fibers. Also, being macro fibers it can arrest
the structural cracks. The fibers are of 50 mm in length having a diameter of 0.5mm and were
randomly distributed in the concrete mix (Figure 3. 3). Fibers have an aspect ratio of 100. The
elastic modulus of the fibers is 10 GPa and tensile strength of 918 MPa. The properties of fibers
provided by the supplier are given in Table 3. 4.

Table 3. 4: Mechanical properties of Polyolefin fibers

Diameter Length Aspect ratio Modulus of Tensile strength
(mm) (mm) Elasticity (GPa) (MPa)
0.5 50 100 10 918

Figure 3. 3: Distributing fibers in concrete mix
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3.2.3 Reinforcing Steel bars

Grade of steel which was used for both longitudinal and transverse reinforcement was Fe500.
There were total of three longitudinal bars of 12mm diameter provided on the tension side (two on
the sides and one at the center) and two on the compression side of the beam to hold the stirrups.

Properties of the bar used is given in Table 3. 5.

3.2.4 Reinforcing GFRP bars

GFRP bars used in the beams were 3.5m long. Twelve bars of 12 mm diameter were used on
tension side. Bars were placed by tying two bars together and then tying with the stirrups (Figure
3. 4). Two bars were provided on the compression side of the beam to hold the stirrups. Bars have
an elastic modulus of 53.5 GPa and a yield strength of 848 MPa. Tensile test was done as per the
guidelines provided in ACI 440 (Figure 3. 5). Properties of the bar used is given in Table 3. 5.

Figure 3. 6 shows the stress-strain curve obtained for GFRP bars’ tension test.

Figure 3. 4: Preparation of reinforcement cages with GFRP bars

Table 3. 5: Mechanical properties of Steel and GFRP bars

Bar type Diameter Area Modulus of Yield strength Tensile
(mm) (mm?) Elasticity (GPa) (MPa) strength (MPa)
Steel 12 113.06 200 510 622
GFRP 12 113.06 53.5 848
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Figure 3. 5: Test setup for tensile test (left) and GFRP bars after failure (right)

Stress (MPa)

1000
900
800
700
600
500
400
300
200
100

A — - GFRP -1
Ve

Yo . ----GFRP -2
7’ |

5 . ——GFRP-3
.I. |
I
|
|
|

0 0005 001 0015 0.02 0025 003 0.035

Strain (Overall)

Figure 3. 6: Stress-strain curve for GFRP bars
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3.3 Test setup and instrumentation
3.3.1 Test setup

The shear span to depth ratio (a/d) of 4.9 is considered to simulate the flexure-shear behavior. Kani
investigated the effect of different a/d ratios on the behavior of RC beams. It was found that the
beams had flexure dominant behavior above a/d ratio of 6. Moreover, it was observed that the a/d
ratio of 2.5 is a transition point below which the beams were shear critical and the corresponding
bending moment at failure was found to be minimum. Below the a/d ratio of 2.5, the beam is shown
to develop an arch action with a considerable reserve strength beyond the first cracking point.
Similarly, for a/d ratio between 2.5 and 6, the failure was due to sudden diagonal shear tension and
flexure-shear mode. Therefore, a higher a/d ratio close to five is considered in this study to
understand the influence of steel and synthetic fibers on the flexure-shear behavior. All the beams
were tested in a four-point bending configuration and the beams were simply supported. The

horizontal movement of the support is restrained.
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Figure 3. 7: Schematic Representation of Test Setup
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The specimens are not restrained as they are simply supported and the same is portrayed in the
Figure 3. 7. Support width is expected to have minimal influence on the behavior as the specimens
are tested at higher a/d ratio of 4.9. All the beams had a test span (constant moment zone) of 600
mm. The beams were simply supported. | — beams was used as loading beams. The load from the
MTS actuator was transferred to the loading beams with the help of a spreader beam. The loading
beams were placed at a distance of 300 mm one each on both sides from the center of the beam.
The effect of different a/d ratio, support conditions, cross section details and size effect on the
behavior of fiber reinforced concrete beams would be interesting and is scope for further work. In
total 10 beams were cast with different fiber dosages of 0.00%, 0.35%, 0.70% and 1.00% and were
water-cured for a period of 28 days at room temperature. The beam schematic and loading

configuration are presented in the Figure 3. 7.

3.3.2 Instrumentation

During testing, the specimens are highly instrumented to measure the local and global behavior.
Strain gauges are instrumented on the tension and compression reinforcements of the beams during
casting. All the beams were tested in a displacement-controlled mode using servo-controlled 250
kN MTS actuator in a closed loop system. The instrumentation details are shown in Figure 3. 8.
All the beams were loaded at a rate of 0.05 mm/sec. The loading is paused intermittently at
intervals of 10 KN to mark the crack propagations and to observe the failure mechanism while
testing. Instrumentations for measuring the data during the loading protocol is carried out with the
help of Data Acquisition System (DAQ) connected with Linear Variable Displacement Transducer
(LVDT) and strain gauges. Two LVDTs of 100 mm stroke are used at the mid-span to determine
the displacement. In addition, two LVDTs of 50mm stroke are used to determine the entire
curvature profile of the member. Four LVDT’s of 20mm stroke is installed in the horizontal
direction to determine the curvature of the section @ mid-span. Digital Image Correlation (DIC)
technique is used to monitor the surface strains and crack width at the predefined locations

(constant moment zone) where the failure is expected to occur.
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1. 250 KN MTS Actuator; 2.HBM DAQ system; 3. DIC camera; 4. DAQ Controller; 5. MTS Controls system; 6.
Light source for DIC; 7. Test Specimen

Figure 3. 8: Test setup and Instrumentation Details
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Chapter 4

Test results and Discussions

4.1 General

This chapter summarizes the experimental results of the tested specimens. A total of 10 GFRP
reinforced concrete beams were tested with varying fiber dosages. The performance of beams with
GFRP and steel as internal reinforcement is discussed in this chapter. Also, the role of macro-
synthetic polyolefin fibers in increasing the ductility of the beam reinforced with GFRP bars is
explained. The results obtained from DIC is highlighted. In addition, various plots such as load vs
deflection, moment-curvature, load vs strain and crack width are presented to understand the role
of fibers in performance improvement. The effect of fiber ratio on the failure mode is also

highlighted in this chapter.
4.2 Load- Deflection Behavior

The load-deflection for all the specimens are discussed in this part of Chapter 4. The results are
compared with results obtained from DIC analysis. Also, the overall comparison of the results is

reported in this part.
4.2.1 Beams with steel as internal reinforcement without fibers (control specimens)

The steel reinforced specimens were designed to fail in under-reinforced manner. It had a low
tension reinforcement ratio of 0.45%. The peak load for the first control specimen (ST00-1) was
89.23 kN while for the second specimen was 89.36 kN. The average peak load for the control
specimen observed was 89.3 kN. The first crack appears at a load of around 20 kN and steel bars
started yielding at a load of about 70 to 80 kN for both the specimens. The steel rebars yielded
before failure. The specimen underwent large ultimate displacement of about 86 mm showing a

ductile behavior. Load vs deflection curve is portrayed in Figure 4. 1.
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4.2.2 Beams with GFRP as internal reinforcement without fibers

All the GFRP reinforced specimens had a tension reinforcement ratio of 1.82%. Typically, RC
specimens will have a balanced failure within reinforcement ratio of 2.5 to 3.0% depending on the
concrete strength. However, this limit may not be applicable for GFRP reinforced beams. When
the steel reinforcement is replaced with GFRP equivalent area, the beam had peak load capacity
of 141.3 kN which is around 59.2% improvement when compared to the steel reinforced specimen.
However, the beam had a severe reduction in ultimate displacement. It failed at 49 mm
displacement which is only 24% with respect to steel specimens. The beam failed suddenly as soon
as it reached its peak load and did not show any ductility. Load vs deflection curve for this set of
beams is illustrated in Figure 4. 2.

4.2.3 Beams with GFRP as internal reinforcement with 0.35% fibers

For beams reinforced with GFRP bars and 0.35% PO fibers, the peak load capacity is found to be
154.1 kN. When compared to steel reinforced beams, the load capacity increased by 72.6%. The
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ultimate displacement was found to be 56 mm which is only 46% of the steel reinforced beams.
Beams showed some ductility when compared to beams reinforced with GFRP bars without fibers.

Load vs deflection curve for this set of beams is presented in Figure 4. 3.
4.2.4 Beams with GFRP as internal reinforcement with 0.70% fibers

For beams with 0.70% fiber addition, the peak load improvement is more than 100% when
compared to beam with steel reinforcement. Moreover, the ultimate displacement is restored by
79% when compared to steel reinforced beams. Load vs deflection curve for this set of beams is

plotted in Figure 4. 4.
4.2.5 Beams with GFRP as internal reinforcement with 19 fibers

When the beams are added with 1% fiber dosage, the peak strength is about 138 kN which is 55%
higher than steel reinforced beams. It is worth mentioning that, beams had negligible strength
improvement when compared to GFOO0 specimens. However, the ultimate displacement ductility

is restored completely. Load vs deflection curve for this set of beams is presented in Figure 4. 5.

4.2.6 Overall Comparison

The overall comparison of beams is shown in Figure 4. 6. Replacement of steel with equivalent
GFRP as longitudinal reinforcement resulted in significant strength improvement but a cost of
sudden brittle failure and reduced ultimate displacement. However, the addition of fibers
significantly improved the ultimate displacement and energy absorption capacity of the beams.
With the addition of 0.70% fibers, beams showed good load carrying capacity. At 1% PO fiber
addition, the ductility is completely restored similar to steel reinforced RC beams. The failure
mode is changed from brittle over-reinforced failure (GF00) to ductile flexure mode (GF100).
With the results, we can also say that with high fiber dosage reduces the strength of the beams.
This could be due to the bundling of fibers resulting in less cohesion of fibers with concrete at the
tension region which resulted in quicker crack propagation and changed the failure progression.
Summary of the results is presented in Table 4. 1.
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Figure 4. 6: Overall load vs displacement comparison
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Table 4. 1: Summary of test results

Parameters ST00-1 | ST00-2 | GF00-1 | GF00-2 | GE35-1 | GE35-2 | GE70-1 | GF70-2 | GF100-1 | GF100-2
Cracking Load (kN) | 19.02 | 1874 | 1848 | 16.23 16 17.11 1918 | 1690 | 15.12 | 1847
Deflection at 1.01 1.02 1.06 1.04 0.53 0.88 1.18 0.73 0.73 1.22
cracking load (mm)
Peak Load (kN) 8923 | 8939 | 14565 | 137.48 | 162.61 | 14567 | 180.80 | 171.99 | 139.01 | 137.13
Increase ('g}o ?eak load - - 62.50 53.41 82.09 63.12 1025 92.6 55.65 53.41
Deflectionatpeak | -) 09 | 7688 | 4742 | 3971 | 4551 | 4092 | 5656 | 5297 | 4572 | 4569
load (mm)
Deflectionatfailure | g, o0 | 7508 | 4901 | 4923 | 4575 | 6490 | 7086 | 5515 | 8631 | 75.99
load (mm)
Strain energy (Joule) | 7394 5883 4509 4060 4281 5665 8149 5820 8874 6997
Increase In strain - - .32 -38.8 -355 -14.7 22.7 -12.3 33.7 5.4
energy (%)
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4.3 Load — Strain

Load vs strain for all the beams have been plotted in Figure 4. 7. Both the compression and tension
strains have been plotted. Strain gauges were placed in the center of the bar. From the plots we can
see that for the beams with GFRP without fibers (Figure 4. 7 (a)) and with 0.35% fibers (Figure 4.
7 (b)) are failing as soon as it reaches its peak load whereas beam with 0.70% and 1% fibers (Figure
4.7 (c) & (d)) is showing some ductility. Beam with steel bars (Figure 4. 7 (e)) are showing very

good ductility. Overall comparison of load vs strain is shown in Figure 4. 7 (f).
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Figure 4. 7: Load versus strain

4.4 Failure mode comparison

Beams with steel bars failed by crushing of concrete at the compression side (Figure 4. 8 (a)) under
flexure as the beams designed were heavily under reinforced. For the beams with GFRP bars
without fibers, failure zone shifted from constant moment zone to shear span and failed in flexure
shear mode (Figure 4. 8 (b)). Beams with fiber content of 0.35%, the failure is due to the flexure
shear mode with the sudden crack development in the shear span zone (Figure 4. 8 (c)). Beams
with a fiber content of 0.70% failed in flexure shear mode (Figure 4. 8 (d)). The failure zone shifted
from constant moment zone to shear span. However, the beams with 1.0% fiber content failure
mode changed from brittle over-reinforced type to ductile flexure mode (Figure 4. 8 (e)). Table 4.

2 summarizes the types of failure observed for the different set of beams.
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Table 4. 2: Summary of Failure modes

Series name Failure Mode
STOO Flexure Mode
GF00 Flexure — Shear Mode
GF35 Flexure — Shear Mode
GF70 Flexure — Shear Mode

GF100 Flexure Mode

(a) Steel Reinforced Beam

(b) GFRP Reinforced Beam
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(e) GFRP Reinforced Beam with 1.0% PO Fiber

Figure 4. 8: Failure Mode Comparisons for RC Beams

4.5 Load-Displacement comparison (DIC & LVDT)

Mid-span deflection is obtained by the analysis of images captured through DIC camera and
compared to the data obtained from LVVDTs placed at the mid-span of the beam. Load-deflection
data from DIC shows very good agreement with the data obtained from LVDTs through DAQ.
Figure 4. 9 shows comparison of data obtained from LVDT and DIC.
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(d) Beam with GFRP bars with 0.70% PO fibers
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Figure 4. 9: Load-displacement comparison (DIC & LVDT)

4.5 Crack width comparison

Figure 4. 10 shows crack width comparison for beams reinforced with GFRP bars. Crack width
was one of the most important aspects which needs to be considered when using brittle reinforcing
materials like GFRP bars as they show higher crack width when compared to traditional steel
reinforcing bars. The crack width was captured in the constant moment zone and the values are
plotted for the crack with higher crack width when there is more than one crack. Also, if the cracks
are of nearly equal widths, average crack width was taken. Crack width was obtained at the level
of tension reinforcement, i.e., a distance of 25mm from the bottom, using DIC. The crack width is
obtained at 25%, 50%, 75% and at the peak load of the beam. We conclude from the analysis that
with the increase of fiber dosage, the crack width reduces. So, use of FRC is a good way to reduce
the crack width of the beams with GFRP bars as internal reinforcement. Figure 4. 11 shows contour
plot of the beams at a load of 80kN.
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Chapter 5
Analytical Study

5.1 Analytical model for Moment-curvature predictions

5.1.1 General

For the analytical study for moment-curvature, the stress-strain curve model proposed by Chang
et al. (2012) for fiber reinforced concrete is considered. They used the parabolic model for plain
concrete in compression proposed by Carreira and Chu (1985) with some modifications
incorporating the effect of fibers in concrete. In the current study, the model proposed by Chang
et al. (2012) is modified to predict the compressive behavior of concrete reinforced with macro

synthetic polyolefin fibers.

5.1.2 Carreira and Chu model for plain concrete in compression

£ PG .
P -1+ @
where
_ 1
B - _ flc
Eitglc (2)

Here, B is a material parameter depends on the shape of the stress-strain diagram. The variables
used in the equations are defined in the nomenclature. Chang et al. (2012) used this model to

develop his model for concrete with steel fibers in compression.
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5.1.3 Chang et al. (2012) model for concrete with steel fibers in compression

Chang et al. (2012) in his model used the same parabolic model which Carreira and Chu proposed
for plain concrete. But they modified the equation for B. In their modified equation of B, they
showed P to be a function of reinforcing index. Reinforcing index, on the other hand, depends on
the volume fraction of fiber used, length of the fiber and diameter of the fiber. They also modified
the compressive strength of the concrete and strain at the peak stress and made it a function of

reinforcing index. The modified model proposed is given below:

Ec
o B(SC f)

f’c = _1 S_C P

B D) (3)
where,

Per= e+ 2.35(RI\) (4)
€Cf = €co + 00007(R|v) (5)
p = 0.71(RI\)? 2.00(RIy) + 3.05 (5)
Rl = vf*é (6)

5.1.4 Proposed model for concrete with macro-synthetic polyolefin fibers

The model used in this study used the same equations proposed by Chang et al. (2012) in their
model for ¢, ecf and B. Chang et al. (2012) model was improved using a modification factor of

0.5 to simulate the behavior with respect to the experiments. The proposed model is given below:

Ec
o 0BG

< ()
fer -14+(—
p-1+G)
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5.1.5 Comparison of the test result and analytical predictions

The model proposed shows good agreement with the experimental results except for the beams
with 1% fiber dosage. As mentioned earlier, with high fiber dosage strength of the beam reduces
and hence, the experimental result doesn’t show good agreement with 1% fiber dosage. Figure 5.
1 shows comparison of moment curvature plot for experimental results and proposed analytical
model. Table 5. 1 summarizes the result obtained from analytical model and experimental results.

Table 5. 1: Comparison of analytical and experimental results

Experimental Analytical
5E &5 SE & 5
Specimen 1D EZ L e~ EZ e~ Mexp/ Man

o= 2 SE 2 2 SE

=~ S ES = = T EF

%3 Sx | %4 Sx

g2 S & g S &
GF00 98.3117 0.03340 96.52 0.03395 1.02
GF35 98.33 0.03217 102.68 0.03748 0.96
GF70 120.416 0.05349 109.05 0.04058 1.09
GF100 92.738 0.02959 114.79 0.04435 0.81
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Figure 5. 1: Moment-curvature comparison

50



5.2 Analytical model for load — deflection predictions
5.2.1 General

For conventional FRP bar reinforced concrete beams, the concrete contribution in the tension zone
is usually neglected after cracking. However, in the case of FRC beams reinforced with FRP bars,
as the tensile stress can be carried by the fibers in cracked section, the contribution of fibers in the
cracked section must be considered. For load-deflection predictions, we used the model proposed
by Haitang Zhu et al. (2017) for fiber reinforced concrete with FRP bars to calculate deflection in
the beam under flexure. Zhu in his model modified the model proposed by ACI 440.1R-15 which

was applicable for plain concrete.
5.2.2. ACI 440.1R-15 model

ACI 440.1R-15 suggests that the deflection caused in a beam under flexure can be calculated by

the equation given below:

A=—2 (312 — 482) (8)

T 48E.l,
Variables used are defined in nomenclature. ACI 440.1R-15 suggests ¢ i.e., effective moment of

inertia, can be calculated by Eq. (9).

— ICT

le = 5 <lqg where Ma > My
(52 -l ®)
where,
—_ MCT
y = 1.72-0.72(3) (10)
_o
=2 (11)
ler = §d3k3 +npAcd?(1 — k)2 (12)
k=./2pns + (png)? — pns (13)
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ACI 440.1R-15 assumes that before cracking of concrete, the section is homogenous and the
contribution of reinforcement to the moment of inertia of the gross section is negligible and is
given by Eq. (11). Also, based on the assumption that the concrete contribution in the tension zone
can be neglected after the cracking of concrete ACI 440.1R-15 suggests that the moment of inertia

of cracked section can be calculated by Egs. (12) and (13).

5.2.3 Haitang Zhu et al. (2017) model

Zhu et al. (2017) in his model, included the contribution of fibers in the calculation of moment of
inertia of the cracked section and gross section. Since the distance of the centroid of every single
fiber from the neutral axis of the beam is unknown the area and moment of inertia of a single fiber
cannot be calculated. To obtain the area and moment of inertia of fibers, the fibers can be
considered as a whole. The average distance of the steel fibers in compression zone from the
neutral axis is considered 0.5 times of the depth of compression zone and the average distance of
steel fibers in tension zone from the neutral axis is considered 0.5 times of the depth of tension
zone. Based on these considerations, gross and cracked moment of inertia can be calculated by Eqg.
(14) and (17) respectively.

TLSf—l

Asplxo® + (h = x0)°]  (14)

lg =2 [xo® + (h = x0)] + (ny — 1)A(d — x0)? + L= 4,

where,

1 nsf -1

Xn =

The total area of steel fiber can be calculated by the Eqg. (16), where the factor 0.16 is the
effective coefficient of the fibers which includes non-uniformity of fiber distribution and
orientation of fibers (Gao, 1992).
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b ner — 1 n
I, = gxcf’ + anf(d - xcr)z + Sf3h Asfxcr3 + %Asf(h - xcr)3 17

where,

2 A n
Xer = Asf

b=

(18)

5.2.4 Comparison of test results with analytical predictions

Based on Zhu’s model deflection was calculated at service loads and compared with deflection
values from experiment results for the given load values. The experimental and theoretical
deflections at service load are shown in Table 5. 2. The model developed by Zhu shows good

agreement with the experimental results.

Table 5. 2: Comparison of experimental and theoretical deflections at service load

Specimen Fsc Ae (mm) At (mm) A,

(KN) Experimental Theoretical A
GF00-1 87.35 19.93 19.38 1.03
GF00-2 82.49 20.33 18.11 1.12
GF35-1 97.54 23.32 21.98 1.06
GF35-2 87.40 20.74 19.36 1.07
GF70-1 108.45 26.35 24.73 1.06
GF70-2 103.17 25.68 23.39 1.10
GF100-1 83.41 21.03 18.27 1.15
GF100-2 82.20 19.07 17.95 1.06
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Chapter 6
Summary and Conclusions

Ten RC beams were cast and tested as part of this study to understand the effect of structural
macro-synthetic fibers on the flexural behavior. Beams were tested in a four-point bending
configuration. Shear span to effective depth (a/d) ratio of 4.9 is selected in this study to have
predominant bending dominant behavior. DIC technique was used to measure the crack width and
deflection of the beams along with conventional displacement sensors (LVDTSs). The following

major conclusions can be drawn from the results presented and discussed in this work:

Steel vs GFRP as Internal Reinforcement:

. When steel reinforcements are replaced with GFRP bars of equivalent area (EsAs = EfAs),
the failure mode changed from flexure to flexure-shear. However, the load carrying
capacity of the beam increased significantly when GFRP bars replaced steel of equivalent
area.

. Due to low-tension reinforcement ratio, the steel reinforced beams failed in flexure due to
crushing of concrete at the compression side after the yielding of tension reinforcement.
Moreover, the specimen underwent lager deflection before failure.

. Equivalent area of replacing steel with GFRP bars resulted in change of failure mode from

flexure mode to flexure - shear.

Effect of Addition of Fibers:

. Addition of fibers improved the ductility of the beams and reduced the brittle failure nature
of the GFRP reinforced beams.

. GFRP reinforced beams exhibited good improvement in strength and strain energy
absorption till a fiber volume fraction of 0.7%.
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Effect of High Fiber Dosage:

. Addition of 1% of poly-olefin fiber changed the failure mode again from brittle over-
reinforced mode to ductile flexure mode. Moreover, the ductility beams are completely

restored with good strength improvement when compared to steel reinforced beams.

. It is worth mentioning that 1% addition converted the failure mode from flexure — shear to
flexure.
. The ultimate strength of the beam reduced at higher fiber dosage. This could be due to the

bundling of fibers resulting in less cohesion of fibers with concrete at the tension region,

which resulted in quicker crack propagation and changed the failure progression.

Crack Width Measurements using DIC:

. The load-displacement data obtained from DIC showed good agreement with the test data
obtained from DAQ.
. The data obtained from crack width analysis signifies that, with the increase of fiber dosage

crack width reduces for any load.

Analytical Studies:

. The proposed analytical model for moment curvature predictions shows good agreement
with the experimental results except for the beams with 1% polyolefin fibers as the
experimental result shows reduction in load carrying capacity with high fiber dosage. Also,
with the increase of fiber dosage, the curvature at the peak moment was also observed to
be increasing.

. Deflection predictions at service load levels matched closely with test results. This
indicates that the analytical approach presented in this study can be used to predict the

deflections of the GFRP reinforced beams at different fiber dosages.
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