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ABSTRACT 

Many defects have been found in concrete bridge girders by means of historical 

assessment, including early-age-micro-cracks (EAMC), surface erosion, blisters, spalling, 

crazing, scaling, and mortar flaking. Among all these defects, EAMC is the major defect 

which conclusively mitigates durability and serviceability of concrete bridge girders. The 

factors which cause EAMC in concrete are high compressive strength gained by high cement 

content, temperature variation, water content, and shrinkage strain. The low tensile strength 

also provides less resistance to EAMC. The rate of cracking in concrete can be reduced by 

enhancing its tensile, compressive and flexural strengths. These improved mechanical 

properties will help to reduce the flaws in concrete bridge girders. The concept of using fibers 

to enhance the concrete mechanical properties is very old. The use of glass fibers as 

reinforcement in matrix has gained considerable attention due to its low density, more 

ductility, lightweight, and resistant to heat.  

The overall aim of the research is to enhance concrete mechanical properties to 

control EAMC in concrete bridge girders along with the considerable control of other flaws 

by using fiber reinforced concrete (FRC). In this work, firstly glass-fiber-reinforced-concrete 

(GFRC) is examined for the increase in compressive strength (CS), splitting-tensile strength 

(SS), and modulus of rupture (MoR) by comparing it with that of plain concrete (PC), and 

secondly GFRC beam-lets with flexural and shear reinforcements are investigated for the 

increase in flexural strength (FS) by comparing it with that of respective PC beam-lets. The 

mix-design (MD) ratio of PC is 1:2:4 (cement: sand: aggregate) with w/c ratio of 0.7. Glass 

fibers (GF) having a 50 mm length and 5% fiber content by mass of cement, with the same 

MD as that of PC, are used to prepare GFRC. For the first task, the material-properties of 

specimens with MD ratio of 1:2:4 have been determined and contrasted with that of 

1:3.33:1.67 (a previous study). This comparison is made in order to study the trend of 

material-properties and behavior of specimens. For the second task, experimental behaviors 

of PC and GFRC with varying flexural and shear reinforcement are studied. Their strengths, 

energy-absorptions, and toughness indices are determined. Finally, a design equation of the 

moment capacity of FRC is modified for predicting the moment capacity of GFRC.  

The tests are performed on PC and GFRC in the fresh and hardened state. The slump 

of GFRC is decreased by 50% when contrasted with that of respective PC. For MD ratio of 

1:2:4, the considerable increase in SS and MoR of GFRC are 8.3% and 11.6%, respectively, 

but CS of GFRC decreases by 4% when contrasted with that of respective PC. Almost, the 



 

 xv 

same trend was observed with MD ratio of 1:3.33:1.67. It is also observed that the FS, 

energy-absorption, and toughness index of GFRC beam-lets with varying flexural 

reinforcement are increased up to 9.2%, 31.7%, and 17.5%, respectively. An increment of 

8.8%, 30%, and 11% is observed in GFRC with varying shear reinforcement for FS, energy-

absorption, and toughness index, respectively, when contrasted with that of their respective 

PC beam-lets. The modified design equation for the precise prediction of moment and shear 

capacities has an error of 15% and 9%, respectively. It is concluded that GFRC with flexural 

and shear reinforcements is appropriate for mitigating EAMC in concrete bridge girders.  
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CHAPTER 1  

 INTRODUCTION 

 Prologue 1.1

Plain concrete (PC) is a brittle material. Brittleness of PC is the main cause of 

shrinkage cracks (Panzera et al. 2013). Many flaws have been found in concrete bridge 

girders, including early-age micro crack (EAMC), surface erosion, blisters, spalling, crazing, 

scaling, and mortar flaking (NZ Transport Agency 2001). Among these flaws, EAMC is the 

dominant defect which conclusively mitigates durability and serviceability of the structure, 

reported by Schmitt and Darwin (1999), Folliard (2003), Darwin et al. (2004), Saadeghvaziri 

and Hadidi (2005), Qiao et al. (2010), Wright et al. (2014), Mazzoli et al. (2015), Khan and 

Ali (2016), and Fu et al. (2016). Controlling EAMC will also help to reduce the other flaws 

of bridge girders. Therefore, certain properties of concrete need to be enhanced to control 

EAMC. The factors which cause EAMC are rapid loss of water from concrete in the fresh 

state, the sudden rise of temperature, chemical reactions or any other factors which change 

the volume of concrete (Sivakumar and Santhanam 2006 and Mazzoli et al. 2015). The 

EAMC allows the structures to become vulnerable to the disastrous event. These cracks can 

be controlled by improving the compressive, tensile, and flexural strengths of concrete as 

reported by Khan and Ali (2016) and Qiao et al. (2010). These mechanical properties can 

either be enhanced by fiber reinforced concrete (FRC) and/or admixtures (James et al. 2002). 

FRC is a composite material consisting of a matrix (i.e. concrete) containing a random 

dispersion of small discrete fibers, either artificial or natural. Wright et al. (2014) studied the 

reasons of early-age cracking near expansion joint repair sections in concrete bridge-deck. 

According to this study, one of the causes of cracking in bridge-deck was material properties 

of concrete. Causes of cracking in bridge-deck were divided into three broad classes: design 

of structures, material-properties of concrete, and construction practices. It was observed that 

the low cement content in concrete reduces EAMC in bridge-decks. Saadeghvaziri and 

Hadidi (2005) reported that increased compressive strength results in EAMC in concrete if 

achieved with a high cement content. The low tensile strength in concrete provided less 

resistance to EAMC in bridge-decks (Qiao et al. 2010). Glass-fiber-reinforced-concrete 

(GFRC) with flexural and shear reinforcements can be utilized in order to mitigate EAMC in 

concrete bridge girders, which ultimately results in the improved durability and long 

serviceable life of the bridge girders. This experimental program is the proceeding work of 
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Khan and Ali (2016) study, which was carried out to determine the material-properties of 

GFRC and NFRC in order to control early-age cracks in bridge-decks. In this work, the 

material-characteristics of GFRC are evaluated for MD ratio of 1:2:4 and contrasted with that 

of 1:3.33:1.67 determined by Khan and Ali (2016). GFRC beam-lets with flexural and shear 

reinforcement are also investigated for the increase in its flexural strength (FS) by comparing 

with that of respective plain concrete (PC) beam-lets. In addition, a modified equation of 

design moment capacity is proposed for GFRC beams having rebars.  

 Research Motivation and Problem Statement 1.2

The major flaws in a bridge-deck/girder can be early-age-micro-cracks (EAMC), 

surface erosion, blisters, spalling, crazing, scaling, and mortar flaking (NZ Transport Agency 

2001). Among these flaws, EAMC is the dominant defect due to which the durability and 

serviceability of the structure reduce. The other flaws (e.g. surface erosion, blisters, 

spalling, crazing, scaling, and mortar flaking as reported by NZ Transport Agency 2001) of 

bridge girders may also reduce up to some extent by controlling EAMC only. The presence 

of EAMC in bridges makes them vulnerable to the disastrous events. If EAMC is 

controlled, then it can be claimed that the bridges will be more durable for a long 

serviceable life. Many researchers have reported cracking in bridge girders at early-ages, and 

this problem is a great concern in developing countries. The early-age micro crack converts 

to macro cracks with the passage of time. Both environmental and traffic loading causes the 

concrete to crack further, which accelerates the deterioration process by allowing agents, such 

as water and chlorides to enter the concrete. Therefore, deterioration of bridge girders cannot 

be reduced unless crack formation is controlled and minimized. The design of bridge-girders 

can be based on mechanical performance criteria associated with enhanced post cracking 

behavior of FRC. Thus, the problem statement is as follows: 

“The high-performance concrete was achieved by utilizing steel/polypropylene 

fiber reinforced concrete (SFRC/PFRC) in beams with steel-rebars. Even, the 

concrete beams with GFRP rebars had also been investigated to replace steel-

rebars. The design equations were proposed by the researchers in order to 

predict the theoretical moment capacity of SFRC/PFRC beams with steel rebars 

and concrete beams with GFRP rebars. On the other hand, only the material-

properties of GFRC was investigated to control EAMC in bridge-decks. GFRC 

with steel rebars was studied for deep beams only to eliminate stirrups. However, 
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GFRC with flexural and shear reinforcement still need to be investigated for thin 

beams/girders. Accordingly, a modification in design equation is required to 

predict their moment and shear capacities. In addition, the optimized MD of 

GFRC may also help in further improving its mechanical properties.”  

 Overall / Specific Research Objectives and Scope of Work 1.3

The overall objective of this research program is to enhance the concrete mechanical 

properties, in order to control early-age-micro-cracks in concrete bridge girders/decks (for 

making them more durable and serviceable for a long life) along with the considerable 

control of other defects by using fiber reinforced concrete.  

The specific objective of this MS research is: 

“To explore glass-fiber-reinforced-concrete (GFRC) beams with flexural 

and shear reinforcement along with the modification in MD of GFRC and 

design equation of moment capacity for possible application in bridge 

girders, mainly to control early-age-micro-cracks”. 

The above mentioned specific goal is achieved with the help of following three 

tasks (defining the scope of current work): 

i) To determine experimentally the material-properties PC and GFRC 

with a MD ratio of 1:2:4 and to compare these with that of 1:3.33:1.67 

(a previous study) for possible improvement in the MD of GFRC. A total 

of 12 specimens (six for PC and six for GFRC) are investigated.  

ii) To study the experimental behavior of PC and GFRC beams with 

varying flexural and shear reinforcement. A total of 10 specimens (five 

with PC beams having rebars and five with GFRC beams having 

rebars) are investigated. 

iii) To propose modification in design equation for prediction of moment 

and shear capacities of GFRC beams with flexural and shear 

reinforcements. 

 Research Methodology 1.4

For this research, a total of 22 specimens (12 for material properties and 10 for beams 

with steel rebars) are considered. For investigating the material-properties, a total of 12 

specimens of both PC and GFRC are cast: four for compressive strength test, four for 
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splitting-tensile strength test, and four for modulus of rupture. The ratio of cement, sand, 

aggregates and water for PC is 1, 2, 4, and 0.7. Glass fibers with length and fiber content (by 

cement mass) of 50 mm and 5%, respectively, with the same MD as that of PC, are used to 

prepare GFRC. The material-properties investigated with MD ratio of 1:2:4 are also 

contrasted with that of the material-properties with MD ratio of 1:3.33:1.67 (a previous study 

by Khan and Ali 2016). All the tests are performed according to the ASTM standards. In 

fresh state of concrete, the slump cone test is performed in order to measure the workability 

of PC and GFRC. The CS, SS, and FS tests are carried out in hardened state of concrete (i.e. 

PC and GFRC). 

For investigating the strength, energy-absorption, toughness index, and behavior of 

steel-reinforced beam-lets, a total of 10 beam-lets with varying flexural and shear 

reinforcement are cast. The steel-reinforced beam-lets are tested with the help of servo-

hydraulic testing machine. The dial gauge is used in order to measure the mid span deflection 

of the beam-lets. The load-deflection curve and crack propagation are recorded. The loads at 

different stages, maximum deflection, number of cracks, and failure modes are noted. The 

strength, energy-absorption at different stages and toughness index are also determined.  

An equation of design moment capacity for FRC beam with steel rebars is modified, 

based on experimental results, in order to precisely predict the theoretical design moment and 

shear capacities of GFRC beams with rebars. 

 Thesis Layout 1.5

The thesis layout contains a total of six chapters. These are: 

Chapter 1 comprises of introduction. It explains the flaws in bridge girders, research 

motivation and problem statement, overall and specific research objectives, research 

methodology, and thesis layout. 

Chapter 2 contains the literature review. It consists of background, early-age-micro-cracks in 

bridge girders, fiber reinforced concrete without and with rebars, design equations for 

moment capacity, and summary of chapter 2. 

Chapter 3 includes the experimental procedures. It contains the background, raw materials, 

mixing and casting procedures of PC and GFRC, specimen details, testing procedures, and 

summary of chapter 3.  
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Chapter 4 comprises of results and analysis. It explains the background, material-properties 

of the mixes (i.e. PC and GFRC), flexural properties and behavior of specimens with flexural 

and shear reinforcement, and summary of chapter 4. 

Chapter 5 comprises of discussion. It consists of background, trend comparison of material-

properties, trend behavior of steel-reinforced beams with previous studies, modified design 

equation of moment capacity, prediction of moment and shear capacities, improvement in 

EAMC, and summary of chapter 5. 

Chapter 6 consists of conclusions and recommendations.  

All references are listed after chapter 6. 

Annexure A explains the details of load-time curves and behavior of other tested specimens 

during compressive, splitting-tensile, and modulus of rupture tests. 
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CHAPTER 2 

 LITERATURE REVIEW 

  Background 2.1

Early-age micro crack is the major flaw which conclusively mitigates durability and 

serviceability of the concrete bridge girders. The other flaws of the bridge girders can also be 

reduced while mitigating early-age-micro-cracks (EAMC) by enhancing the mechanical 

properties of concrete. These cracks can be controlled by improving the compressive, tensile, 

and flexural strengths of concrete. These mechanical properties can either be enhanced by 

utilizing fiber reinforced concrete (FRC) and/or admixtures. The utilization of GFRC with 

flexural and shear reinforcements may help to reduce the EAMC in concrete bridge 

girders. The explanation of EAMC in bridge girders, fiber reinforced concrete without and 

with rebars, and design equations for moment capacities are discussed in detail in this 

chapter. 

  EAMC in Bridge Girders 2.2

It is found that mostly cracks in concrete are developed in fresh state. These micro 

cracks conclusively converted into macro cracks with the passage of time and makes the 

structure permeable which leads towards the deterioration of concrete and corrosion of steel 

(Mazzoli et al. 2015). The factors, which increase the density of cracks in bridge-decks, are 

content of cement, water, and total volume of cement-paste used in the concrete (Darwin et 

al. 2004). Wright et al. (2014) studied the reasons of early-age cracking near expansion joint 

repair sections in concrete bridge-deck. According to this study, one of the causes of cracking 

in bridge-deck was material properties of concrete. Accordingly, material-properties of 

concrete were studied in detail; various MD ratios for concrete deck of bridge were 

investigated experimentally. The ratios of cement, sand and aggregates i.e. 1 : 2.73 : 4.67 and 

1 : 2.37 : 4.34 with w/c ratios of 0.44 and 0.43, respectively, were used. It was observed that 

low cement content in concrete reduced EAMC in bridge-decks. It can be claimed that 

concrete with low cement content and improved mechanical properties may reduce EAMC in 

bridge-decks or girders. Saadeghvaziri and Hadidi (2005) performed a study on transverse 

cracking of concrete bridge-decks. This study presented the results of the comprehensive 

finite-element analysis of bridge-deck and girder in order to understand and evaluate the 

patterns of cracks, stress histories, and also the effect of structural stiffness on transverse 
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cracking. It was observed that compressive strength increased EAMC in concrete if achieved 

with a high cement content. National Ready Mix Concrete Association reported that flexural 

strength (FS) is basically the indirect measure of tensile strength. Concrete with a low tensile 

strength provided less resistance to EAMC in bridge-decks (Qiao et al. 2010). Observed 

EAMC in recently constructed concrete bridge girder is shown in the Figure 2-1. To 

minimize EAMC in concrete bridge girders, mechanical properties needs to be enhanced. The 

responsible properties are compressive, tensile, and flexural strengths of concrete, which can 

increase durability and serviceability of structures by reducing EAMC in concrete, as 

reported by Purkiss (1985), Peyton et al. (2012), and Khan and Ali (2016). The improved 

mechanical properties can be exploitable for the mitigation of EAMC in bridge girders. 

 

Figure 2-1 Observed EAMC in recently constructed concrete bridge girder 

 

  Fiber Reinforced Concrete Without and With Steel Rebars 2.3

2.3.1 Fiber Reinforced Concrete without Steel Reinforcement 

Many researches have been proposed in the last few decades to minimize the flaws of 

bridges to make them more durable and serviceable for a long life. Researchers all over the 

world are working to develop high performance concrete (HPC) by using admixtures, 

optimized cement content, and/or inclusion of fibers up to a certain limit in concrete. Fibers 

in concrete acts as “crack arrester” (James et al. 2002 and Kene et al. 2012). The dynamic and 

static properties of concrete are improved by the addition of small discrete fibers in the 

concrete matrix (Ali et al. 2012). Even Ali (2014) investigated the seismic performance of 

coconut-fibre-reinforced-concrete columns with different reinforcement configurations of 

coconut-fibre ropes found satisfactory results. The coconut-fiber ropes were used instead of 

steel rebars. FRC with rebars is discussed in detail in next sub-section. The presence of fibers 

in concrete prevented the width of cracks from leading to increase; due to which stiffness and 
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ultimate load carrying capacity increased (Kamal et al. 2014). Artificial or natural fiber 

reinforced concrete can enhance mechanical properties (James et al. 2002). Preferably, 

artificial fibers were used in concrete due to its durable nature for a long serviceable life. To 

start with, glass fibers are selected. Different types of fibers and their benefits are given in 

Table 2-1. Glass fibers gained considerable attention due to its low density, highly durable 

and safe, more ductility, and lightweight, economical, energy efficient, weather and fire 

resistant (Shakor and Pimplikar 2011; Ravikumar and Thandavamoorthy 2011). 

 

Table 2-1  Different types of fibers and their benefits 

Sr. 

No. 
Fibers Benefits References 

1 Nylon fiber Strong, more elastic, light 

weight, heat and cold resistant, 

not water absorbent, stable, 

excellent in abrasion resistance, 

and more resiliency 

Banthia (2010) and  

James et al. (2002) 

2 Polypropylene fiber Low specific gravity, high 

density, more ductility, no water 

absorbent, very good in 

elasticity and resiliency, 

excellent ability to protest 

friction 

Banthia (2010) and  

James et al. (2002) 

3 Glass fiber Low density, high durability, 

more ductility, light weight, 

economical, energy efficient, 

weather and fire resistant 

Shakor and Pimlikar 

(2011), Ravikumar and 

Thandavamoorthy (2011), 

and James et al. (2002) 

4 Steel fiber Hight density, more ductility, 

energy efficient, no water 

absorbent 

James et al. (2002) 

5 Basalt fiber Low density, light weight, high 

elastic modulus, resulting in 

excellent specific gravity 

Banthia (2010) 
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Khan and Ali (2016) performed an experimental study to investigate the strength-

properties of NFRC and GFRC for possible application of reducing EAMC in bridge-decks. 

The researchers used 5% fiber content by mass of cement having 50 mm cut length in 

concrete. The same MD ratio of PC (i.e. 1 : 3.33 : 1.67) having a water cement ratio of 0.71, 

was used for NFRC and GFRC. Samples were then tested for strength properties. It was 

found that slumps of NFRC and GFRC were decreased by 68.7% and 37.5%, respectively. 

While the densities of NFRC and GFRC were 1.8% and 2.4%, respectively, less than that of 

PC. The flexural and splitting-tensile strengths (FS and SS, respectively) of GFRC were 

improved by 5.6% and 11%, respectively, contrasted with that of PC (Table 2-2). The SS and 

FS of NFRC were increased by 84% and 3%, respectively. Although the compressive 

strengths of NFRC and GFRC were decreased by 2.8% and 5.8%, respectively, but showed 

satisfactory performance. Qureshi and Ahmed (2013) experimentally studied the mechanical-

characteristics of GFRC with various MD ratios. The MD of 1:1.5:3 with a w/c ratio of 0.6 

was used for plain concrete.  Glass fibers of different contents (i.e. 0%, 0.5%, 1%, 1.5%, 2%, 

2.5%, 3%, and 3.5%, by cement mass) were used. Samples were cast and tested for 

compressive, flexural, and splitting-tensile strength. It was observed that 1.5% glass fiber 

content by mass of cement was the optimum percentage. The compressive, tensile, flexural 

strengths were improved by 13%, 11%, and 50%, respectively, when contrasted with that of 

respective plain concrete samples (Table 2-2). Kene et al. (2012) performed an experimental 

study on behavior of steel and glass-fiber-reinforced-concrete composites.  The MD ratio of 

1:1.75:2.87 with a w/c ratio of 0.5 was used for PC. The same MD was used for steel and 

glass-fiber-reinforced-concrete composites except the addition of steel fibers (0.5% by 

volume fraction) and glass fibers (0.25% by mass of cement). It was observed that 

compressive strength of steel and glass-fiber-reinforced-concrete were increased by 13.6% 

and 9.1%, respectively. It was also found that the splitting-tensile strength of steel and glass-

fiber-reinforced-concrete were increased by 22.7% and 18.2%, respectively, when contrasted 

with that of respective PC (Table 2-2). It was found that the steel fiber reinforced concrete 

performed better than that of glass-fiber-reinforced-concrete.  

Ravikumar and Thandavamoorthy (2011) performed an experimental study to 

investigate strength and fire resistant properties of PC and GFRC. In this experimental study, 

inclusion of glass fibers in concrete had been used up to 1% by volume fraction having 450 

mm length.  
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Table 2-2 CS, SS and MoR of PC and GFRC by Previous Studies 

Concrete type MD 
CS 
(%) 

SS 
(%) 

MoR 
(%) 

Reference 

PC ― 100 100 100 ― 

GFRC  (5%)
 a
           

 
1:3.33:1.67 97.2 111 105.6 Khan and Ali (2016) 

GFRC (1.5%)
 a 1:1.5:3 113 111 150 Qureshi and Ahmed (2013) 

GFRC (0.25%)
 a
 1:1.75:2.87 109.1 118.2 ― Kene et al. (2012) 

GFRC (0.5%)
 b

             
 
1:2:4 113 120 142 Ravikumar and 

Thandavamoorthy (2011) 
GFRC  (1%)

 b
               

 
1:2:4 135 137 175 

GFRC (0.025%)
 b

 1:3.24:5.1 110 ― 108 Deo (2015) 

GFRC (0.03%)
 b

 1:1.31:2.54 119 115 115.1 Chandramouli et al. (2010) 

GFRC (0.75%)
 b

 1:1.21:2.59 107.5 126.7 135 Kizilkanat et al. (2015) 

Note: 
a 
content by mass of cement, 

b
 content by volume fraction of concrete.  

 

It was found that the compressive, flexural and tensile strengths were increased by 13%, 

42%, and 20%, respectively, when contrasted with that of conventional concrete in case of 

0.5% addition of fibers. By using 1% fiber volume fraction in concrete, the compressive, 

flexural, and tensile strengths were increased by 35%, 75%, and 37%, respectively, when 

contrasted with that of reference concrete (Table 2-2). Fire resistant test was also performed 

after heating the concrete for 2 hours at 573
o
 K. Significant decrease in compressive strength 

was observed. For 0%, 0.5%, and 1% fiber volume fraction, compressive strength decreased 

by 32%, 25%, and 10%, respectively. Conclusively, GFRC had better fire-resistant 

properties. Deo (2015) conducted a parametric-study on GFRC in order to improve its 

durability, hence eventually mitigating cracking. It was reported that the micro cracks 

converted into macro cracks, when the load was applied. The specimens (i.e. beams and 

cylinders) were cast for flexural and compressive strength tests. The MD ratio of 1 : 3.24 : 5.1 

was used with a water cement ratio of 0.5. In addition to that, glass fibers of 0.025% by 

volume of concrete were used. It was concluded that the compressive and flexural strengths 

were increased by 10% and 8%, respectively, when contrasted with that of respective control 

mix (Table 2-2). From this study, it was concluded that GFRC was more durable than that of 

respective PC. Chandramouli et al. (2010) performed an experimental study on the strength 

properties of glass-fiber-reinforced-concrete. Four different MD ratios i.e. 1:2.3:3.52, 
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1:1.96:3.25, 1:1.51:2.93, and 1:1.31:2.54 with w/c ratio of 0.55, 0.5, 0.4, and 0.36, 

respectively, were used to study the effect of CS, SS, and MoR.  The glass fibers were 

included by 0.03% by volume fraction, in the all mixes. The highest strengths were observed 

at MD of 1:1.31:2.54. The CS, SS, and MoR were increased by 19%, 15%, and 15.1%, 

respectively, when contrasted with that of respective PC (Table 2-2). Kizilkanat et al. (2015) 

performed an experimental study on mechanical properties and fracture behavior of basalt 

and glass-fiber-reinforced-concrete. The researchers were used 0%, 0.25%, 0.5%, 0.75%, and 

1% fiber content by volume fraction of concrete for both basalt and glass-fiber-reinforced-

concrete. The same MD ratio of PC (i.e. 1:1.21:2.59) having a w/c ratio of 0.45, was used for 

basalt and glass-fiber-reinforced-concrete. A total of nine mixes were then prepared with 

different fiber volume fractions for strength properties. It was found that the slumps of basalt 

and glass-fiber-reinforced-concrete reduced up to 39% and 56%, respectively. While 

densities of basalt and glass-fiber-reinforced-concrete were decreased up to 1.6% and 2.6%, 

respectively, when contrasted with that of control mix. The CS, SS, and MoR of basalt fiber 

reinforced concrete (BFRC) were increased up to 6.5%, 41.7%, and 35%, respectively, when 

contrasted with that of PC. Similarly, the CS, SS, and MoR, of GFRC were increased up to 

7.5%, 26.7%, 35%, respectively, when contrasted to that of respective PC (Table 2-2). It was 

concluded that the BFRC performed better than that of GFRC.  

 

2.3.2 Fiber Reinforced Concrete with Steel Reinforcement 

The researchers all over the world are also working to develop fiber reinforced 

concrete (FRC) with steel reinforcement and glass fiber reinforced polymer (GFRP) rebars as 

reported by Imam et al. (1997), Furlan and Hanai (1997), Ashour (2006), Beshara et al. 

(2012), Kamal et al. (2014), and Rathi et al. (2014). Strength properties of concrete have a 

more prominent effect by utilizing FRC with steel rebars. Kamal et al. (2014) performed an 

experimental study on behavior and strength properties of beams by using different fibers. It 

was reported that ultra-high performance of concrete was achieved by utilization of 

polypropylene and steel fibers. A total of twelve beams with and without shear 

reinforcements were cast and tested in flexure.  The reinforcement ratio of 0.012 and 0.017 

were used for the beam-lets without and with stirrups, respectively. The steel rebars of 

diameter (10 mm and 12 mm) were used as a tensile reinforcement in the concrete. The steel 

and polypropylene fibers were added as 40 kg/m
3
 and 1 kg/m

3
, respectively, in the concrete. 

It was concluded that the compressive strength of steel fiber reinforced concrete (SFRC) with 
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steel rebars was increased by 2.5%, and that of polypropylene reinforced concrete (PFRC) 

was increased by 6%. It was also found that the ultimate load was increased by 48% and 15% 

with steel and polypropylene fibers, respectively. Beshara et al. (2012) performed a 

parametric study on nominal flexural strength of high strength fiber reinforced concrete 

beams with steel rebars. The steel ratio of 0.0017, 0.0064, 0.0075, 0.012, 0.015, and 0.022 

were used as tensile reinforcement. Whereas the steel ratio of 0.0045 and 0.0047 were used as 

compression reinforcement. An equation for design moment capacity was also proposed in 

order to compare the experimental and theoretical moment capacities of steel fiber reinforced 

concrete beams with steel rebars. The steel fibers were used as 0%, 0.5%, 1%, and 2% by 

volume fraction in the concrete matrix. It was concluded that the predicted flexural strength 

by proposed approach was reasonably good. The error of ±38% was observed in the proposed 

equation. The mean value of the ratio between the measured and predicted strengths was 1.5 

and that of standard deviation was 0.3. It was also found that measured and predicted flexural 

strengths for partially steel fiber reinforced concrete beams with rebars is less than that of the 

respective fully reinforced beams. Furlan and Hanai (1997) performed an experimental study 

on shear behavior of fiber reinforced concrete beams. A total of fourteen beams were 

prepared from seven different mix proportions. In these mixes, the fibers (Polypropylene and 

steel) were added by different volume fractions. The aim of the research was to increase shear 

strength, stiffness, and ductility. The polypropylene fibers were used as 0.5% by volume 

fraction, steel fibers were used as 0.5%, 1%, and 2% by volume fraction in the concrete. The 

observed compressive and tensile strengths for the different seven mixes were up to 54.8 

MPa and 4.3 MPa, respectively. The error of ±30% was observed for beam-lets with stirrups, 

while the error for the beam-lets without stirrups was observed as ±86%. It was concluded 

that the progress of cracking in FRC was relatively slow and deflections were reduced. Rathi 

et al. (2014) performed an experimental study on glass-fiber-reinforced-concrete moderate 

deep beam with and without stirrups. For this, six tee-beams of constant overall span and 

depth 150 mm, 200 mm, 250 mm, 300 mm with span to depth (L/D) ratios of 4, 3, 2.4 and 2 

were cast, and glass fibers with cut length and diameter of 12 mm and 0.0125 mm, 

respectively, were added at volume-fractions of 0%, 0.25%, 0.5%, 0.75% and 1%. Two-point 

load test was performed for all beams. The maximum compressive and splitting-tensile 

strengths of GFRC (with 0.75% fiber content) were increased by 24.73% and 11.88%, 

respectively, when contrasted with that of respective PC. The flexural strength, shear stress, 

and ductility of moderate deep beams were increased up to 30.25%, 21.19%, 10.45%, 
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respectively, by the inclusion of 0.75% glass fiber, when contrasted with that of respective 

PC deep beams. The ultimate load carrying capacity of GFRC moderate deep beam was 

increased with 0.75% fiber content, but it was decreased again at 1% fiber content. 

Ultimately, it was concluded that the fiber content of 0.75% by volume fraction showed 

satisfactory results in all conducted tests. Ashour (2006) investigated the flexural and shear 

capacities of concrete beams reinforced with GFRP rebars. A total of twelve beam-lets 

reinforced with GFRP rebars were cast, and performed four-point load test on them. Two 

modes of failure (i.e. flexural and shear) were observed in all performed tests. The error of 

±18% was observed in GFRP reinforced beams, when experimental and theoretical flexural 

capacity was contrasted. It was also observed that the flexural failure occurred due to tensile 

failure of GFRP bars, and shear failure was initiated by a major diagonal crack within shear 

span of the beam.  

  Design Equations for Moment Capacities 2.4

The stress distribution of concrete beam having steel rebars is shown in Figure 2-2a. 

The actual and equivalent stress distribution proposed by Nilson et al. (2010) is limited and 

not applicable for fiber reinforced concrete. The design moment capacity of normal 

reinforced concrete can be calculated from the following equations, which are proposed by 

Nilson et al.: 

MR =  s(  
 

 
)  in N-mm   (2.1) 

The tensile strength of steel (Ts) is given by 

  Ts = As x fy    in N    (2.1a) 

The depth of equivalent distribution of compressive stresses ‘a’ in Figure 2-2a can be 

calculated by 

   
       

              
  in mm    (2.1b) 

Where As is the area of steel (mm
2
), fc’ is the 28-day cylinder compressive strength of 

concrete (MPa), fy is the yielding strength of steel (MPa), b is the cross-sectional width 

(mm), and d is the effective depth (mm). The idealized stress and strain distribution for fiber 

reinforced concrete (FRC) proposed by Beshara et al. (2012) is shown in Figure 2-2b. 

Accordingly the design moment capacity of steel-reinforced FRC can be calculated by the 

following equations:  

MF1 =  s(  
 

 
)   f1 {(  

  

 
)  

 

 
}    (2.2) 
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Where Ts, a, and d are same as explained for equation (2.1). t is the total depth of beam, tf is 

the effective height of equivalent stress of FRC in tension region. The tensile strength of FRC 

‘Tf1’ is given as below: 

Tf1 = [1.64 Vf (lf /Øf)] b tf     (2.2a) 

Where Vf is the fiber volume fraction used in the concrete, lf is the length of fiber, Øf is the 

diameter of the steel fibers. It may be noted that Beshara et al. (2012) proposed Eq. (2.2a) on 

the basis of empirical evaluation of compressive strength and post-cracking strength of fiber 

reinforced concrete.  

 

 

 

 

 

 

 

Figure 2-2 Stress distribution of concrete beam having steel rebars: (a) for plain 

concrete by Nilson et al. (2010), and (b) for fiber reinforced concrete by Beshara et al. 

(2012) 

  Summary 2.5

It can be claimed from the previous studies that concrete with low cement content and 

improved mechanical properties may reduce EAMC in bridge-decks and girders. Also, it was 

observed that compressive strength increased EAMC in concrete if achieved with high 

cement content. To minimize EAMC in concrete bridge girders, mechanical properties need 

to be enhanced. These properties include compressive, tensile, and flexural strengths of 

concrete, which can increase durability and serviceability of structures by reducing EAMC in 

concrete. The presence of fibers in concrete prevents the width of cracks from leading to 

increase; due to which stiffness and ultimate load carrying capacity increases. Artificial fibers 

are usually used in concrete due to its durable nature for long serviceable life. Glass fibers 

gained considerable attention due to its low density, highly durable and safe, more ductility, 

and lightweight, economical, energy efficient, weather and fire resistant. Thus, glass fibers 

can be appropriate for mitigating EAMC.  

(b) 
(a) 
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As stated earlier, few researches had been performed to achieve the high-performance 

concrete by utilizing the steel or polypropylene fibers having different fiber contents in the 

concrete (i.e. SFRC/PFRC) beams with steel-rebars. Even, concrete beams with GFRP rebars 

had also been investigated to replace steel-rebars. The design equations were also proposed 

by the researchers in order to predict the theoretical moment capacity of SFRC/PFRC beams 

with steel rebars (Beshara et al. 2012 and Kamal et al. 2014) and concrete beams with GFRP 

rebars (Ashour 2006). GFRC with steel rebars is only studied for deep beams to eliminate 

stirrups (Rathi et al. 2014). Khan and Ali (2016) investigated only the material-properties of 

GFRC to control EAMC in bridge-decks. GFRC beams with flexural and shear reinforcement 

still need to be investigated for thin beams. According to authors information, no research is 

carried on the GFRC with steel rebars for thin beams with the emphasis on the reduction (not 

the elimination) of flexural and shear reinforcement and the control of early-age-micro-

cracks. Accordingly, a modification in design equation is required to predict their moment 

and shear capacities. In addition, the optimized MD of GFRC may also help in further 

improving its mechanical properties. 
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CHAPTER 3 

 EXPERIMENTAL PROCEDURES 

 Background 3.1

Glass fibers gained considerable attention due to its low density, highly durable and 

safe, more ductility, and lightweight, economical, energy efficient, weather and fire resistant. 

As stated earlier, the behavior of GFRC with steel rebars need to be investigated. And the 

material-properties of the same GFRC is also important. The control specimens are plain 

concrete and normal reinforced concrete. The mixing and casting procedures, specimen’s 

details and testing procedures are discussed in detail in this chapter. 

 Raw Materials, MD and Casting Procedures of PC and GFRC 3.2

The ingredients used to prepare PC and GFRC are ordinary Portland cement, locally 

available sand, coarse aggregates, potable water, and glass fibers. Since glass fibers are 

locally available in the form of sheets. The preparation of glass fibers on required length is 

time consuming and difficult task. Glass fibers are pulled out from sheets and cut to the 

required length of 50 mm. The measured diameter of the glass fiber is 0.15 mm. the steel 

rebars of Ø6 have been used as a primary reinforcement in PC and GFRC. The maximum 

aggregates size is 19 mm.  

The ratio of cement, sand, and aggregates for PC is 1, 2, and 4 with a w/c ratio of 0.7. 

For preparation of GFRC, the same MD ratio is used except with the addition of 5% fiber 

content by mass of cement having 50 mm length. A saturated surface dry condition was 

missing. Therefore, a relatively high w/c ratio was used for the concrete mix. It may also be 

noted that no bleeding was observed during workability test and filling of moulds (which may 

insure no loss in strength of GFRC). The major concept to prepare PC and GFRC is taken 

from Khan and Ali (2016) study, particularly for preparing and compacting GFRC in layers. 

All the materials are added layer by layer for uniform dispersion of fibers in the concrete 

matrix. The addition of fibers is compromising the workability due to which the pouring of 

moulds is quite difficult. Therefore, an additional technique is adopted to minimize this issue.  

For each layer of GFRC, moulds are free-fall from a height of about 100-150 mm for self-

compaction in order to eliminate air voids. The specimens are de-moulded after 24 hours of 

pouring. All the specimens are then kept in water at room temperature for 28 days before 

testing. 
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 Specimens 3.3

3.3.1 Specimens for Material-properties 

Cylinders (i.e. diameter and height of 102 mm and 204 mm, respectively) are cast for 

CS and STS tests. A total of eight cylinders (four with PC and four with GFRC) were cast. 

Labels S-PC1, S-PC2, S-PC3, and S-PC4 for plain concrete cylinders and S-GF1, S-GF2, S-

GF3, and S-GF4 for GFRC cylinders were tagged for identification. Two samples of each 

materials are used for compressive strength tests and two are used for splitting-tensile 

strength tests. Usually three specimens are cast. However, two are also acceptable to make 

some conclusion as used by Khan and Ali (2016), Atis (2003), Lim et al. (2000), Poon and 

Chan (2007), and ASTM C39/C39M-15a. 

Beam-lets (i.e. width, depth, and length of 102 mm, 102 mm, and 457 mm, 

respectively) are cast for flexural strength (MoR) test. A total of four beam-lets (two with PC 

and two with GFRC) without steel reinforcement are cast. Labels mentioned for PC beam-lets 

are B-PC1 and B-PC2, whereas labels for GFRC beam-lets are B-GF1 and B-GF2. Thus, a 

total of twelve samples (six for PC and six for GFRC) are used for determining materials 

properties experimentally. An average of two readings is taken for each property. 

3.3.2 Specimens with Steel Reinforcement 

The sizes of beam-lets with flexural and shear reinforcements are same (i.e. 102 mm 

x 102 mm x 457 mm) as that of beam-lets used for MoR. A total of ten beam-lets (five with 

PC and five with GFRC) are cast. The labelling scheme along with rebars detailing is given 

in Table 3-1. The selected reinforcement combinations are made with smaller diameter rebars 

by keeping the reinforcement ratio between minimum and maximum limit. The structural 

details of beam-lets with rebars is shown in Figure 3-1. 

 

 Table 3-1 Labelling scheme of beam-lets with steel rebars 
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S. No Flexural Shear 
Labels 

PC GFRC 

1 2-Ø6 Ø6-76 mm PF1 GF1 

2 3-Ø6 Ø6-76 mm PF2/PS2 GF2/GS2 

3 2+2-Ø6 Ø6-76 mm PF3 GF3 

4 3-Ø6 Ø6-64 mm PS1 GS1 

5 3-Ø6 Ø6-89 mm PS3 GS3 
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Figure 3-1 Structural details of beam-lets with steel rebars: (a) cross-sections of PC, (b) 

cross-sections of GFRC, and (c) elevation of beam-lets with a decrease in shear 

reinforcement 

(c) 

(a) 

(b) 

(c) 
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 Procedures for Testing 3.4

 For Material-properties of Fresh and Hard Concrete 3.4.1

Slump, density, compressive, modulus of rupture and splitting-tensile tests are 

performed as per ASTM C143/C143M-15a, ASTM C138/C138M-16, ASTM C39/C39M-

15a, ASTM C496/C496M-11, and ASTM C78/C78M-15b, respectively, for determining the 

properties of PC. The samples of GFRC are also tested in a similar manner in order to 

compare the properties. During compressive, modulus of rupture, and splitting-tensile tests, 

their respective load-time curves and crack propagation are recorded. The loading rate of 

100-250 pounds/second are used in all tests. It may be noted that the loading rate was 

controlled manually. The first crack load ‘P1’ and the maximum load ‘P’ are noted. The pre-

crack energy-absorption ‘P.E’, energy-absorption up to the maximum load ‘E’, cracked 

energy-absorption ‘Cr.E’, strength, and toughness index ‘T.I’ are also determined. As 

mentioned earlier, it may be noted that all these properties are of those specimens with MD of 

1:2:4. These properties are also contrasted with that of specimens with MD of 1:3.33:1.67 in 

Khan and Ali (2016) study. 

 

 

 

 

 

 

 

 

Figure 3-2 Testing of beam-lets with rebars: (a) schematic diagram, and (b) 

experimental setup 

 For Beam-lets with Steel Rebars 3.4.2

The schematic diagram and experimental setup are shown in Figure 3-2. The flexural 

load is applied with the help of servo-hydraulic testing machine. The mid-span deflection is 

measured by a dial gauge. The load-deflection curve and crack propagation are recorded. 

From this information, the first crack load ‘Pf’, the maximum load ‘Pm’, the ultimate load 

‘Pu’, the maximum deflection ‘∆’, number of cracks at the ultimate load, and failure mode are 

(b) (a) 
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noted. The flexural strength ‘F.S’, energy-absorption up to the first crack ‘Ef’, energy-

absorption from the first crack to the maximum load ‘Em’, energy-absorption from the 

maximum load to the ultimate load ‘Eu’, total energy-absorption ‘T.E’, and total toughness 

index ‘T.T.I’ are determined. The experimental and theoretical moment and shear capacities 

are also determined and contrasted. 

 Summary 3.5

The ratio of cement, sand, aggregates for PC and GFRC is 1, 2, and 4 with a w/c ratio 

of 0.7. In addition to that, 5% fiber content, by mass of cement, are used in case of GFRC. 

For this study, the measured diameter and cut length of the glass fibers are 0.15 mm and 50 

mm, respectively. The other fiber contents (increased or decreased than that of 5% fiber 

content) were used in the previous studies, which are already discussed earlier in chapter 2. 

This study is the proceeding part of Khan and Ali (2016) study, that is why the same fiber 

content is used in the current study as that is used in the previous study. Steel rebars of Ø6 are 

used as a primary reinforcement in PC and GFRC. A total of twenty-two specimens (twelve 

for material-properties and ten for behavior of steel-reinforced beams) are cast. The slump, 

density, compressive, splitting-tensile, and modulus of rupture tests are performed as per 

ASTM standards. The same ASTM standards are followed for determining the properties of 

GFRC. The load-deflection curves and failure modes are noted for studying the behavior of 

steel-reinforced beams. The analysis and results are discussed in detail in the next chapter. 
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CHAPTER 4 

 ANALYSIS AND RESULTS 

 Background 4.1

The specimens are cast with the cement: sand: aggregate ratio of 1:2:4 and a w/c ratio 

of 0.7 for PC. For preparation of GFRC, the same MD is used except with the addition of 5% 

fiber content, by mass of cement, having a length of 50 mm. The measured diameter of the 

glass fiber is 0.15 mm. The results of tests performed on PC and GFRC specimens are 

discussed in detail in this chapter. Firstly, the materials properties of PC and GFRC, 

determined through ASTM standards, are explained. Then, the behavior of steel-reinforced 

PC and GFRC is described. 

 Material-properties of PC and GFRC 4.2

4.2.1 Slump of Fresh Concrete and Density of Hard Concrete 

The slump of fresh concrete and density of hard concrete are given in Table 4-1. It is 

observed that the slump of PC is more than that of GFRC by 20 mm for the same water 

cement ratio i.e. 0.7. Consequently, the GFRC slump is decreased by 50% than that of PC. As 

predicted, the decrement in the slump of GFRC is observed because of confinement and 

retention effect of GF. The densities of PC and GFRC are 2375 kg/m
3
 and 2284 kg/m

3
, 

respectively. It is found that the density of GFRC is reduced by 91 kg/m
3
. The percentage 

reduction in the density of GFRC is 3.83% contrasted to that of PC. This reduction is due to 

the inclusion of glass fibers (less dense in nature) to the concrete.  

4.2.2 Behavior in Compression 

The compressive load - time graphs, appearance of the first crack, cracks at the 

maximum load, and the comparison of percentage increase or decrease of compressive 

strength (CS), compressive pre-crack energy-absorption (C.P.E), compressive energy-

absorption up to the maximum load (C.E) and compressive toughness index (C.T.I) of plain 

concrete and glass-fiber-reinforced-concrete specimens are illustrated in Figure 4-1a. The 

behavior (i.e. load-time curve and crack propagation) of PC and GFRC is noted while 

performing compressive strength test, which is more or less same as reported by Khan and 

Ali (2016). The first crack of PC and GFRC specimens is recorded at 81% and 79%, 

respectively, of their maximum load. 
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Table 4-1 W/C ratio, slump, and density of plain concrete and glass-fiber-reinforced-

concrete 

Batch W/C ratio 
Slump                     Density 

(mm) (kg/m
3
) 

Plain Concrete 0.7 40 2375 

Glass-Fiber-Reinforced-Concrete 0.7 20 2284 

 

It is observed that the number of cracks and their lengths increase with an increase of 

application of load in both cases (PC and GFRC). At the maximum loading, the PC specimen 

breaks into pieces; while in case of GFRC, the concrete contact has been completely 

eliminated and purely bridged by the presence of glass fibers. The GFRC specimens are 

deliberately broken in two pieces to perceive the failure of fiber. It is observed in fractured 

surfaced of GFRC specimens that around 80% of GF are hauled out and 20% of GF are 

wrecked. Shorter development length is the main cause of fibers pulled out. On the fractured 

surface (with visual inspection), the broken aggregates are approximately 3% in PC and 5% 

in GFRC specimens because of their less compressive strength. The P1, C.P.E, P, CS, C.E, 

C.T.I, and C.Cr.E of PC and GFRC are given in the second and third columns, respectively, 

of Table 4-2. It may also be noted that the same procedure is adopted as used by Khan and 

Ali (2016) for the calculation of CS, C.P.E, C.E, C.Cr.E, and C.T.I. A considerable decrease 

has been observed in P1 of GFRC than that of PC. A similar trend (decrement) is observed in 

C.P.E, P, CS, C.E, C.T.I, and C.Cr.E of GFRC when contrasted with that of PC. The 

percentage decrease in P1, C.P.E, P, CS, C.E, C.T.I, and C.Cr.E of GFRC is 6.3%, 0.02%, 4%, 

4%, 1.4%, 1.9%, and 21%, respectively, when contrasted with that of PC. The reason for the 

percentage decrement may be either proper compaction of PC than that of GFRC or 

heterogeneity of GFRC mix. The inclusion of glass fibers of 5%, by mass of cement, may 

have caused heterogeneity in GFRC. Filled void effect may have formed due to the presence 

of glass fibers (low dense in nature) in GFRC. There might be relatively more air voids in 

GFRC contrasted with that of PC. 

4.2.3 Behavior in Splitting-tension  

The splitting-tensile load - time curves, appearance of the first crack, cracks at the 

maximum load, and the comparison of percentage increase or decrease of splitting-tensile 

strength (SS), splitting-tensile pre-crack energy-absorption (S.P.E), splitting-tensile energy-
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absorption up to the maximum load (S.E) and splitting-tensile toughness index (S.T.I) of 

plain concrete and glass-fiber-reinforced-concrete specimens are presented in Figure 4-1b. 

The first crack in the GFRC cylinder during splitting-tensile strength test is observed at 85% 

of its maximum load. At the peak load, the PC specimen breaks into two pieces. While in 

case of glass-fiber-reinforced-concrete, the contact of two pieces have been entirely 

eradicated and the bridging phenomena takes place due to the addition of GF. The GFRC 

specimens are deliberately separated into two pieces in order to perceive the failure of fibers. 

It is noted, based on pictorial scrutiny from fractures surface of GFRC specimens, that about 

15% of fibers hauled out and 85% of fibers are wrecked. The shorter development length 

provides less grip to the surrounding matrix. The fibers wrecked due to appropriate 

development length and no de-bonding of fibers occurred with the surrounding matrix. On 

the fractured surface (with visual observation), the damaged aggregates are about 15% in PC 

and 10% in GFRC specimens. The P1, S.P.E, P, SS, S.E, S.T.I, and S.Cr.E of PC and GFRC 

specimens are given in the fourth and fifth columns of Table 4-2. The procedure adopted for 

the calculation of SS, S.P.E, S.E, S.Cr.E, and S.T.I is same as followed by Khan and Ali 

(2016). A decrement of 7.5% is observed in P1 of GFRC than that of PC, but a significant 

increment is observed in S.P.E, P, SS, S.E, S.T.I, and S.Cr.E of GFRC when contrasted with 

that of plain concrete. The percentage increases in S.P.E, P, SS, S.E, and S.T.I of glass-fiber-

reinforced-concrete are 7.8%, 8.3%, 8.3%, 16.4%, and 8%, respectively, when contrasted 

with that of plain concrete. The S.Cr.E of glass-fiber-reinforced-concrete is 100 times more 

than that of PC because PC specimens break into two pieces at the maximum load. It may be 

noted that the addition of GF in concrete matrix is the cause of enhancement in S.P.E, P, SS, 

S.E, and S.T.I.  

4.2.4 Behavior in Flexure  

The flexural load - time curves, appearance of the first crack, cracks at the maximum 

load, and the comparison of percentage increase or decrease of modulus of rupture (MoR), 

flexural pre-crack energy-absorption (F.P.E), flexural energy-absorption up to the maximum 

load (F.E) and flexural toughness index (F.T.I) of plain concrete and glass-fiber-reinforced-

concrete specimens are illustrated in Figure 4-1c. The area under load - time graph up to the 

first crack is considered as the flexural pre-crack energy-absorption (FPE). Flexural energy-

absorption (FE) is the total area under the load - time curve. Flexural toughness index (FTI) is 

obtained by dividing flexural energy-absorption with the energy-absorption up to the first 
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crack load (i.e. FE/FPE). The observed behavior of PC and GFRC beam-lets is more or less 

same as reported by Khan and Ali (2016). The first crack of GFRC beam-lets during the 

flexural strength test has been observed at 84% of its maximum load. The PC samples breaks 

into two halves at the maximum load, while in case of glass-fiber-reinforced-concrete, the 

bridging phenomena takes place due to the glass fibers existence. The GFRC specimens are 

consciously separated into two pieces in order to know the failure of fiber. It is noted on the 

basis of visual examination from fractured surfaces of GFRC beam-lets that around 30% of 

fibers tugged out and 70% of fibers are wrecked. The causes of pulling and breaking of fibers 

have already been discussed earlier (i.e. the same reason as explained for splitting-tensile 

strength test).  

Table 4-2 Compressive, flexural and splitting-tensile properties of PC and GFRC 

specimens with MD ratio of 1:2:4 

Intended 
Properties 

Compressive  Splitting-tensile  Flexural 

PC GFRC  PC GFRC  PC GFRC 
(1) (2) (3)  (4) (5)  (6) (7) 

P1 (kN)) 147.1 137.8  76.8 71.0  21.1 19.7 

P.E (kN.s) 13147.9 13145.7  6119.0 6596.5  287.1 307.5 

P (kN) 182.5 175.3  76.8 83.2  21.1 23.5 

Strength 
(MPa) 

22.5 21.6 
 

2.4 2.6 
 

13.8 15.4 

E (kN.s) 14031.8 13842.0  6119.0 7121.7  287.1 318.8 

T.I (-) 1.07 1.05  1.00 1.08  1.00 1.04 

Cr.E (kN.s) 883.9 696.3  0 525.2  0 11.3 

Note: P1 = First crack load, P.E = Pre-crack energy-absorption, P = Maximum load, E = Energy-absorption 

up to the maximum load, T.I = E/P.E = Toughness index, and Cr.E = Cracked energy-absorption. 

  

On the fractured surface the damaged aggregates are about 10% in PC and 5% in GFRC 

specimens. The flexural behavior is recorded up to the maximum load only. The post 

cracking behavior is not recorded because of testing machine limitations at that time. The P1, 

F.P.E, P, MoR, F.E, F.T.I, and F.Cr.E of PC and GFRC are given in the sixth and seventh 

columns of Table 4-2. The same procedure is adopted for the calculation of MoR, F.P.E, F.E, 

F.Cr.E, and F.T.I as followed by Khan and Ali (2016). A decrease in P1 of GFRC beam-lets is 

about 6.6% contrasted to that of PC beam-lets, but a considerable increment is observed in 
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F.P.E, P, MoR, F.E, F.T.I, and F.Cr.E of GFRC when contrasted with that of PC specimens. 

The increments in percentage of F.P.E, P, MoR, F.E, and F.T.I of glass-fiber-reinforced-

concrete are 7.1%, 11.5%, 11.5%, 11%, and 4%, respectively, when contrasted with that of 

PC.  
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(b) 

(c) 
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Figure 4-1 Material-properties of PC and GFRC specimens with MD ratio of 1:2:4 

(typical load-time curves, tested specimens at the first crack and at the maximum load, 

and comparison of average strength, energy-absorption, and toughness index): (a) 

compressive, (b) splitting-tensile, and (c) flexural 

 

Like splitting-tensile strength test, F.Cr.E of GFRC is 100 times more than that of PC because 

PC specimens break into two pieces at the peak load. The MoR, F.E, and F.T.I are better in 

case of GFRC than that of the PC, that is why, GFRC is suitable to be used as a crack arrester 

in concrete. 

 Properties and Behavior of Steel-reinforced Specimens 4.3

4.3.1 Beam-lets with Varying Flexural Reinforcement and Constant Shear 

Reinforcement (Ø6-76 mm) 

a) Load-deflection behavior with varying flexural rebars 

The recorded mid-span load-deflection curves of beam-lets (PC and GFRC) with 

varying flexural reinforcement and constant shear reinforcement are presented in Figure 4-2. 

The first crack, cracks at the maximum load, and cracks at the ultimate load during the 

testing, and the tested beam-lets (PC and GFRC) with varying flexural reinforcement and 

constant shear reinforcement (Ø6-76 mm) are shown in Figure 4-3. The flexural 

reinforcement is increased by 2-Ø6, 3-Ø6, and 2+2-Ø6 in both cases i.e. PC and GFRC. It is 

observed that, before the appearance of first crack, all the load-deflection curves are more or 

less linearly increased. The area under the load-deflection curve represents energy-absorption 

of the tested beam-lets. The behavior (appearance of first crack and cracks propagation) of 

beam-lets with rebars are noted during the flexural strength test. However, few facts e.g. first 

crack length and number of cracks at the peak load and at the ultimate load are discovered in 

current study. The first cracks of PF1, GF1, PF2, GF2, PF3, and GF3 are appeared at 84.1%, 

80.1%, 91.1%, 85.1%, 92.9%, and 89.6%, respectively, of their respective peak load. The 

length (noted with the help of grid lines) and width of the first crack in steel-reinforced PC 

beam-lets is more than that of the respective steel-reinforced GFRC beam-lets. It is also 

observed that the length of the first crack decreases with an increase in flexural 

reinforcement. The length of the first crack in PF1, PF2, and PF3 beam-lets is approximately 
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89 mm, 70 mm, and 63 mm, respectively, and it is approximately 76 mm, 57 mm, and 50 mm 

in GF1, GF2, and GF3 beam-lets, respectively. At the maximum load, cracks width and 

length, and number of cracks are more in steel-reinforced PC beam-lets when contrasted with 

that in respective steel-reinforced GFRC beam-lets. At ultimate load, cracks width and 

length, and number of cracks are further increased than that at the maximum load. The 

appeared cracks are helped to perceive the failure mode. It is found that steel-reinforced 

GFRC beam-lets perform better than that of steel-reinforced PC beam-lets, against cracks. 

The utilization of glass fibers in concrete with steel rebars enhanced the performance 

(resistance to cracks) of tested beams-lets.  

  

 

 

 

 

 

 

Figure 4-2 Load-deflection curve of specimens with an increase in flexural 

reinforcement: (a) 2-Ø6, (b) 3-Ø6, and (c) 2+2-Ø6 

b) Effect of varying flexural rebars on load, deflection, and cracks 

The load carrying capacities, maximum deflections, number of cracks at the ultimate 

failure, and failure modes are given in Table 4-3. The first cracking load (Pf) is taken from 

the load-deflection curves of tested beam-lets. The Pf recorded with the help of synchronized 

time of the appearance of first crack and load-deflection curve. The Pf is given in the second 

column of Table 4-3. The Pf of PF1, GF1, PF2, GF2, PF3, and GF3 are 66.7 kN, 69.4 kN, 

75.4 kN, 76.6 kN, 80.3 kN, and 84 kN, respectively. The Pf of GF1, GF2, and GF3 are 

increased by 2.7 kN, 1.2 kN, and 3.7 kN, respectively, when contrasted with that of PF1, PF2, 

and PF3, respectively. This is 4%, 1.6%, and 16.8% increase in Pf of GF1, GF2, and GF3, 

respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This increment is 

due to the inclusion of glass fibers in the concrete matrix. A linear increase is observed in Pf 

for both PC and GFRC beam-lets with increasing flexural rebars and constant shear 

(a) (b) (c) 
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reinforcement. Similarly, the maximum load (Pm) is taken from the load-deflection curve of 

the tested beam-lets. The values of Pm are given in the third column of Table 4-3. The Pm of 

PF1, GF1, PF2, GF2, PF3, and GF3 are 79.3 kN, 86.6 kN, 82.7 kN, 90 kN, 86.4 kN, and 93.8 

kN, respectively. The Pm of GF1, GF2, and GF3 are increased by 7.3 kN, 7.3 kN, and 7.4 kN, 

respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This is 9.2%, 

8.8%, and 8.6% increase in Pm of GF1, GF2, and GF3, respectively, when contrasted with 

that of PF1, PF2, and PF3, respectively. The reason of increment is the inclusion of GF in 

GFRC matrix. The trend (i.e. linear increase) is also observed in Pm likewise in Pf. The 

ultimate load (Pu) is also taken from the recorded mid-span load-deflection curves of the 

tested beam-lets. The Pu are given in the fourth column of Table 4-3. The Pu of PF1, GF1, 

PF2, GF2, PF3, and GF3 are 39.8 kN, 43.3 kN, 41.3 kN, 44.5 kN, 43.1 kN, and 46.4 kN, 

respectively. The Pu of GF1, GF2, and GF3 are increased by 3.5 kN, 3.2 kN, and 3.3 kN, 

respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This is 8.8%, 

7.7%, and 7.7% increase in Pu of GF1, GF2, and GF3, respectively, when contrasted with that 

of PF1, PF2, and PF3, respectively. The addition of GF in concrete increases load carrying 

capacities of the GFRC beam-lets. The deflection (∆) at mid-span of beam-let is recorded 

with the help of a dial gauge. The values of maximum mid-span deflection are given in the 

fifth column of Table 4-3. The maximum deflection of PF1, GF1, PF2, GF2, PF3, and GF3 

beam-lets during flexural strength tests are 5.12 mm, 5.88 mm, 4.91 mm, 5.78 mm, 4.88 mm, 

and 5.67 mm, respectively. The decrement in the mid-span deflection is observed in the 

specimens with an increase in their flexural reinforcement. The reason for the decrease in 

deflections of the beam-lets at mid-span is the increase in stiffness of the respective beam-lets 

with an increase in flexural reinforcement; because the stiffness of the beam-lets is 

proportional with the steel ratio (Kamal et al. 2014). The number of cracks in tested beam-

lets at the ultimate failure is given in the sixth column of Table 4-3. The number of cracks of 

PF1, GF1, PF2, GF2, PF3, and GF3 beam-lets are 5, 4, 4, 4, 3, and 2, respectively. It is 

observed that the crack width in PC beam-lets is more than that of respective GFRC beam-

lets. The crack lengths in PC beam-lets are also more than that in GFRC beam-lets. The 

reason behind the less crack width and smaller crack length in GFRC beam-lets than that in 

PC beam-lets is due to the presence glass fibers. The bridging phenomena takes place in 

GFRC beam-lets. Initially, the glass fibers prevent the first crack development, then the crack 

enhancement and hence act as a crack arrester. The failure mode of the tested beam-lets is 

given in the seventh column of Table 4-3. The observed failure modes for PF1 and GF1 are 
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flexural, for PF2 and GF2 are balanced, and that for PF3 and GF3 are shear. Flexural failure 

is due to relatively less reinforcement and shear failure is due to relatively less shear 

reinforcement. Flexural failure mode indicates that the failure is caused by flexural cracks, 

shear failure mode indicates that the failure is caused by shear cracks (propagated at 45
o
), and 

balanced failure mode indicates that the number of flexural and shear cracks are almost the 

same at the ultimate failure.  
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Figure 4-3 Behavior of specimens with varying flexural reinforcement and constant 

shear reinforcement (Ø6-76 mm) 
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Table 4-3 Experimental results (loads and deflections) of tested specimens with varying 

flexural reinforcement and constant shear reinforcement (Ø6-76 mm) 

Specimens 

First 
cracking 

load 
Pf 

(kN) 

 
Max. 
load  
Pm 

(kN) 

 
Ultimate 

load  
Pu  

(kN) 

 
Maximum 
Deflection  

∆ 
(mm) 

No. of 
cracks at the 

ultimate 
failure 

(-) 

Failure 
Mode 

(-) 

(1) (2) (3) (4) (5) (6) (7) 

PF1 (2-Ø6) 66.7 79.3 39.8 5.12 5 Flexure 

GF1 (2-Ø6) 69.4 86.6 43.3 5.88 4 Flexure 

PF2 (3-Ø6) 75.4 82.7 41.3 4.91 4 Balanced 

GF2 (3-Ø6) 76.6 90.0 44.5 5.78 4 Balanced 

PF3 (2+2-Ø6) 80.3 86.4 43.1 4.88 3 Shear 

GF3 (2+2-Ø6) 84.0 93.8 46.4 5.67 2 Shear 

 

c) Effect of varying flexural rebars on strength, energy-absorption, and toughness 

index 

The flexural strength (F.S), energy-absorption, and toughness index of beam-lets with 

varying flexural reinforcement and constant shear reinforcement are given in Table 4-4. The 

F.S of PF1, GF1, PF2, GF2, PF3, and GF3 are calculated by using the Pm from the load-

deflection curves of the respective specimens. The F.S are given in the second column of 

Table 4-4. The F.S of PF1, GF1, PF2, GF2, PF3, and GF3 are 51.9 MPa, 56.7 MPa, 54.1 

MPa, 58.9 MPa, 56.5 MPa, and 61.3 MPa, respectively. The percentage increase in F.S of 

GF1, GF2, and GF3 are 9.2%, 8.9%, and 8.5%, respectively, when contrasted with that of 

PF1, PF2, and PF3, respectively. The trend observed in the F.S of PF1, GF1, PF2, GF2, PF3, 

and GF3 beam-lets is similar to that of Pm of the respective specimens, which is discussed 

earlier. The area under the load - deflection graph up to Pf is considered as the energy-

absorption up to the first crack (Ef). The values of Ef are given in the third column of Table 4-

4. The Ef of PF1, GF1, PF2, GF2, PF3, and GF3 are 91 kN.s, 96.7 kN.s, 104.1 kN.s, 121.7 

kN.s, 125.9 kN.s, and 144.4 kN.s, respectively. The Ef of GF1, GF2, and GF3 are increased 

by 5.7 kN.s, 17.6 kN.s, and 18.5 kN.s, respectively, when contrasted with that of PF1, PF2, 

and PF3, respectively. This is 6.3%, 16.9%, and 14.7% increase in Ef of GF1, GF2, and GF3, 
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respectively, when contrasted with that of PF1, PF2, and PF3, respectively. The linear 

increase is observed in Ef for both PC and GFRC beam-lets with increasing flexural 

reinforcement and constant shear reinforcement. Similarly, the area under load-deflection 

curve from Pf to Pm is taken as the energy-absorption from the first crack to the maximum 

load (Em). The values of Em are given in the fourth column of Table 4-4. The Em of PF1, GF1, 

PF2, GF2, PF3, and GF3 are 65.6 kN.s, 99 kN.s, 33.3 kN.s, 60.8 kN.s, 33.2 kN.s, and 40.7 

kN.s, respectively. The Em of GF1, GF2, and GF3 are increased by 33.4 kN.s, 27.5 kN.s, and 

7.5 kN.s, respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This is 

50.9%, 82.6%, and 22.6% increase in Em of GF1, GF2, and GF3, respectively, when 

contrasted with that of PF1, PF2, and PF3, respectively. The trend of convex decrease is 

observed in Em for both PC and GFRC beam-lets with varying flexural reinforcement and 

constant shear reinforcement. Likewise, the area under load-deflection curve from Pm to Pu is 

taken as the energy-absorption from the maximum load to the ultimate load (Eu). The values 

of Eu are given in the fifth column of Table 4-4. The Eu of PF1, GF1, PF2, GF2, PF3, and 

GF3 are 93.9 kN.s, 116.9 kN.s, 115.1 kN.s, 145.9 kN.s, 95 kN.s, and 149.5 kN.s, 

respectively. The Eu of GF1, GF2, and GF3 are increased by 23 kN.s, 30.8 kN.s, and 54.5 

kN.s, respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This is 

24.5%, 26.8%, and 57.4% increase in the Eu of GF1, GF2, and GF3, respectively, when 

contrasted with that of PF1, PF2, and PF3, respectively. The trend of concave increase is 

same in Eu for both PC and GFRC beam-lets with varying flexural rebars and constant shear 

reinforcements. The T.E is calculated by summing the values of Ef, Em, and Eu, which is 

same as the area under the load-deflection curve from zero to the Pu. The values of T.E is 

given in the sixth column of Table 4-4. The T.E of PF1, GF1, PF2, GF2, PF3, and GF3 are 

250.5 kN.s, 312.6 kN.s, 252.5 kN.s, 328.3 kN.s, 254.1 kN.s, and 334.6 kN.s, respectively. 

The T.E of GF1, GF2, and GF3 are enhanced by 62.1 kN.s, 75.8 kN.s, and 80.5 kN.s, 

respectively, when contrasted with that of PF1, PF2, and PF3, respectively. This is 24.8%, 

30%, and 31.7% increase in T.E of GF1, GF2, and GF3, respectively, when contrasted with 

that of PF1, PF2, and PF3, respectively. The trend of linear increase is observed in T.E for 

both PC and GFRC beam-lets with varying flexural reinforcement and constant shear 

reinforcement. The total toughness index (T.T.I) is obtained by dividing total energy with the 

energy-absorption up to the first crack load (i.e. T.E/Ef). The values of T.T.I are given in the 

seventh column of Table 4-4. The T.T.I of PF1, GF1, PF2, GF2, PF3, and GF3 are 2.75, 3.23, 

2.43, 2.7, 2.02, and 2.32, respectively. The T.T.I of GF1, GF2, and GF3 are increased by 
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0.48, 0.27, and 0.3, respectively, when contrasted with that of PF1, PF2, and PF3, 

respectively. This is 17.5%, 11.1%, and 14.9% increase in T.T.I of GF1, GF2, and GF3, 

respectively, when contrasted with that of PF1, PF2, and PF3, respectively. The trend linear 

decrease is observed in T.T.I for both PC and GFRC beam-lets with varying flexural 

reinforcement and constant shear reinforcement. It may be noted that the F.S, Ef, Eu, and T.E 

are increased with an increase in flexural reinforcement, but a decrement is observed in Em 

and T.T.I with an increase in flexural reinforcement. The reason for the decrease in Em is the 

reduction of gap between Pf and Pm due to which area under the curve from Pf to Pm reduces. 

The reason for the decrement in T.T.I is the increment in Pf due to which Ef increases, and Ef 

is inversely proportional to T.T.I. Toughness is basically the capacity of the structural 

member or material to plastically deform before rupture, while ductility is the measure of 

how much something deforms plastically before break. As already discussed earlier, that the 

stiffness of the beam-lets is proportional with the reinforcement ratio (Kamal et al. 2014). 

Stiffness of the beam-lets reduced with an increase in its ductility, that is why the T.T.I of the 

beam-lets with steel rebars reduced with an increase in flexural reinforcement.   

4.3.2 Beam-lets with Varying Shear Reinforcement and Constant Flexural 

Reinforcement (3-Ø6)   

a) Load-deflection behavior with varying shear reinforcement 

The load-deflection curves of PC and GFRC beam-lets with varying shear 

reinforcement and constant flexural reinforcement are presented in Figure 4-4. The first 

cracks, cracks at the maximum load, cracks at the ultimate load, and the tested PC and GFRC 

beam-lets with varying shear reinforcement and constant flexural reinforcement (3-Ø6) are 

shown in Figure 4-5. The shear reinforcement is decreased by increasing the stirrups spacing 

i.e. Ø6-64 mm, Ø6-76 mm, and Ø6-89 mm in both cases i.e. PC and GFRC. The load-

deflection curves of beam-lets with varying shear reinforcement is more or less same as that 

of beam-lets with varying flexural reinforcement. The first cracks of PS1, GS1, PS2, GS2, 

PS3, and GS3 are noted at 90.5%, 91.6%, 91.2%, 85.1%, 93%, and 91.6%, respectively, of 

their corresponding peak load. As likely, the width of the first crack is comparatively lesser, 

contrasted with that of cracks width at the peak load in both batches (i.e. plain concrete and 

glass-fiber-reinforced-concrete). It is observed that the length of the first crack increases with 

a decrease in shear reinforcement. The length of first crack is noted with the help of grid lines 

marked on the beam-lets. The length of the first crack in PS1, PS2, and PS3 beam-lets is 
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approximately 66 mm, 70 mm, and 89 mm, respectively, and it is about 50 mm, 57 mm, and 

76 mm in GS1, GS2, and GS3 beam-lets, respectively. It is found that the first crack length in 

steel-reinforced normal concrete beam-lets is more (up to 32%) than that of respective steel-

reinforced GFRC beam-lets, such kind of information is revealed in this work. At the 

maximum load, cracks width and length, and number of cracks are more in steel-reinforced 

PC beam-lets when contrasted with that in respective steel-reinforced GFRC beam-lets. At 

ultimate load, cracks width and length, and number of cracks are more than that of observed 

at the peak load in both cases i.e. steel-reinforced PC and GFRC beam-lets. The appeared 

cracks helped to perceive the failure mode. The inclusion of glass fibers in concrete improved 

the performance (resistance to crack development and propagation) of tested beams-lets.  

Table 4-4 Comparison of strength, energy-absorption, and toughness index of beams-

lets with varying flexural reinforcement and constant shear reinforcement (Ø6-76 mm) 

Specimens 
(1) 

F.S  
(MPa) 

(2) 

Ef (Up to Pf) 
(kN.s) 

(3) 

Em (Pf to Pm) 
(kN.s) 

(4) 

Eu (Pm to Pu) 
(kN.s) 

(5) 

T.E  
(kN.s) 

(6) 

T.T.I 
(-) 
(7) 

PF1 (2-Ø6) 51.9 91.0 65.6 93.9 250.5 2.75 

GF1 (2-Ø6) 56.7 96.7 99.0 116.9 312.6 3.23 

PF2 (3-Ø6) 54.1 104.1 33.3 115.1 252.5 2.43 

GF2 (3-Ø6) 58.9 121.7 60.8 145.9 328.3 2.70 

PF3 (2+2-Ø6) 56.5 125.9 33.2 95.0 254.1 2.02 

GF3 (2+2-Ø6) 61.3 144.4 40.7 149.5 334.6 2.20 

Note: F.S = Flexural strength, Ef = Energy-absorbed up to first crack, Em = Energy absorbed from the first 

crack to the maximum load, Eu = Energy absorbed from the maximum load to the ultimate load, T.E = 

Total energy-absorption, and T.T.I = T.E/Ef = Total toughness index. 

b) Effect of varying shear reinforcement on load, deflection, and cracks 

The load carrying capacities, maximum deflections, number of cracks at the ultimate 

failure, and the failure modes are given in Table 4-5. The first cracking load ‘Pf’ is the noted 

during tests, when the first crack appeared. The Pf for the beam-lets with varying shear 

reinforcement and constant flexural reinforcement are given in the second column of Table 4-

5. The Pf of PS1, GS1, PS2, GS2, PS3, and GS3 beam-lets are 75.9 kN, 81.4 kN, 75.4 kN, 

76.6 kN, 75.2 kN, and 77.8 kN, respectively. The Pf of GS1, GS2, and GS3 are increased by 

5.5 kN, 1.2 kN, and 2.6 kN, respectively, when contrasted with that of PS1, PS2, and PS3, 
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respectively. This is 8.2%, 1.6%, and 2.5% increase in Pf of GS1, GS2, and GS3, 

respectively, when contrasted with that of PS1, PS2, and PS3, respectively. 

 

Figure 4-4 Load-deflection curve of specimens with a decrease in shear reinforcement: 

(a) Ø6-64 mm, (b) Ø6-76 mm, and (c) Ø6-89 mm 

A linear decrease is observed in Pf for PC and GFRC beam-lets with a decrease in shear 

reinforcement and a constant flexural reinforcement. The Pm of tested beam-lets is given in 

the third column of Table 4-5. The Pm of PS1, GS1, PS2, GS2, PS3, and GS3 beam-lets are 

83.9 kN, 91 kN, 82.7 kN, 90 kN, 80.9 kN, and 84.9 kN, respectively. The Pm of GS1, GS2, 

and GS3 are increased by 7.1 kN, 7.3 kN, and 4 kN, respectively, when contrasted with that 

of PS1, PS2, and PS3, respectively. This is 6%, 8.8%, and 4.9% increase in Pm of GS1, GS2, 

and GS3, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. A linear 

decrease is observed in the Pm for both PC and GFRC beam-lets with a decrease in shear 

reinforcement and a constant flexural reinforcement. The Pu of tested beam-lets is given in 

the third column of Table 4-5. The Pu of PS1, GS1, PS2, GS2, PS3, and GS3 are 41.9 kN, 

45.5 kN, 41.3 kN, 44.5 kN, 40.2 kN, and 42 kN, respectively. The Pu of GS1, GS2, and GS3 

are increased by 3.6 kN, 3.2 kN, and 1.8 kN, respectively, when contrasted with that of PS1, 

PS2, and PS3, respectively. This is 7.2%, 7.7%, and 4.5% increase in Pu of GS1, GS2, and 

GS3, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. The trend of 

linear decrease is also observed in Pu likewise in Pf and Pm. It can be noted that the addition 

of GF in concrete increases the load carrying capacities of the steel-reinforced GFRC beam-

lets contrasted to that of steel-reinforced PC beam-lets. The values of maximum deflection 

are given in the fifth column of Table 4-5. The maximum deflection at the mid-span of PS1, 

GS1, PS2, GS2, PS3, and GS3 beam-lets during flexural strength tests are 5.11 mm, 5.47 

mm, 4.91 mm, 5.68 mm, 4.21 mm, and 5.01 mm, respectively. The increment observed in the 

(a) (b) (c) 
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deflections of the respective specimens with a decrease in their shear reinforcement. The 

number of cracks at the ultimate failure are given in the sixth column of Table 4-5.  
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Figure 4-5 Behavior of specimens with varying shear reinforcement and constant 

flexural reinforcement (3-Ø6) 

 

The number of cracks in PS1, GS1, PS2, GS2, PS3, and GS3 beam-lets are 5, 6, 4, 4, 2, and 

3, respectively. It is observed that the behavior and the propagation of cracks in beam-lets 

with varying shear reinforcement is similar to that of the beam-lets with varying flexural 

reinforcement. The failure mode for tested beam-lets is given in the seventh column of Table 

4-5. The observed failure modes for PS1 and GS1 are diagonal tension, that for PS2 and GS2 

are balanced, and that for PS3 and GS3 are shear. Based on propagation of cracks and visual 

inspection, failure modes are recorded. Shear failure mode indicates that the failure is caused 

by shear cracks (propagated at 45
o 
near supports), diagonal tension failure mode indicates that 

the failure is caused by flexural cracks (propagated at 90
o
 at mid-span), and balanced failure 

mode indicates that the flexural and shear cracks appear simultaneously at the ultimate 

failure.  

Table 4-5 Experimental results (loads and deflections) of tested specimens with varying 

shear reinforcement and constant flexural reinforcement (3-Ø6) 

c) Effect of varying shear reinforcement on strength, energy-absorption, and 

toughness index 

Specimens 

First 
cracking 

load 
 

Pf 
(kN) 

 
Max. 
load 

 
Pm 

(kN) 

Ultimate 
load 

 
Pu 

(kN) 

 
Maximum 
Deflection 

 
∆ 

(mm) 

No. of 
cracks 

at 
ultimate 
failure 

(-) 

Failure 
Mode 

 

(-) 

(1) (2) (3) (4) (5) (6) (7) 

PS1 (Ø2-64 mm) 75.9 83.9 41.9 5.11 5 
Diagonal 
tension 

GS1 (Ø6-64 mm) 81.4 91.0 45.5 5.47 6 
Diagonal 
tension 

PS2 (Ø6-76 mm) 75.4 82.7 41.3 4.91 4 Balanced 

GS2 (Ø6-76 mm) 76.6 90.0 44.5 5.78 4 Balanced 

PS3 (Ø6-89 mm) 75.2 80.9 40.2 4.21 2 Shear 

GS3 (Ø6-89 mm) 77.8 84.9 42.0 5.01 3 Shear 
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The flexural strength (F.S), energy-absorption, and toughness index of beam-lets with 

varying shear reinforcement and constant flexural reinforcement are given in Table 4-6. The 

same procedure is followed for the calculation of F.S, Ef, Em, Eu, T.E, and T.T.I for 

specimens with varying shear reinforcement, as followed for the specimens with varying 

flexural reinforcement. The F.S of beam-lets with varying shear reinforcement and constant 

flexural reinforcement are given in the second column of Table 4-6. The F.S of PS1, GS1, 

PS2, GS2, PS3, and GS3 are 54.9 MPa, 59.3 MPa, 54.1 MPa, 58.9 MPa, 52.9 MPa, and 55.5 

MPa, respectively. The percentage increase in F.S of GS1, GS2, and GS3 are 8%, 8.9%, and 

4.9%, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. The F.S of 

steel-reinforced GFRC beam-lets increased than that of steel-reinforced PC beam-lets, as 

observed in the beam-lets with varying flexural reinforcement. The Ef of specimens with 

varying shear reinforcement and constant flexural reinforcement are given in the third column 

of Table 4-6. The Ef of PS1, GS1, PS2, GS2, PS3, and GS3 are 101.5 kN.s, 118.5 kN.s, 104.1 

kN.s, 121.7 kN.s, 90.8 kN.s, and 103.4 kN.s, respectively. The Ef of GF1, GF2, and GF3 are 

increased by 5.7 kN.s, 17.6 kN.s, and 18.5 kN.s, respectively, when contrasted with that of 

PS1, PS2, and PS3, respectively. This is 16.7%, 16.9%, and 13.9% increase in Ef of GS1, 

GS2, and GS3, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. 

The trend of concave decrease is observed in Ef for both PC and GFRC beam-lets with a 

decrease in shear reinforcement and a constant flexural reinforcement. The values of Em are 

given in the fourth column of Table 4-6. The Em of PS1, GS1, PS2, GS2, PS3, and GS3 are 

45.4 kN.s, 64.9 kN.s, 33.3 kN.s, 60.8 kN.s, 29.8 kN.s, and 54.8 kN.s, respectively. The Em of 

GS1, GS2, and GS3 are increased by 19.5 kN.s, 27.5 kN.s, and 25 kN.s, respectively, when 

contrasted with that of PS1, PS2, and PS3, respectively. This is 43%, 82.6%, and 83.9% 

increase in Em of GS1, GS2, and GS3, respectively, when contrasted with that of PS1, PS2, 

and PS3, respectively. A linear decrease is observed in Em for both PC and GFRC beam-lets 

with a varying shear reinforcement and a constant flexural reinforcement. The values of Eu 

are given in the fifth column of Table 4-6. The Eu of PS1, GS1, PS2, GS2, PS3, and GS3 are 

131.6 kN.s, 149.9 kN.s, 115.1 kN.s, 145.9 kN.s, 99 kN.s, and 130.7 kN.s, respectively. The 

Eu of GS1, GS2, and GS3 are increased by 18.3 kN.s, 30.8 kN.s, and 31.7 kN.s, respectively, 

when contrasted with that of PS1, PS2, and PS3, respectively. This is 13.9%, 26.8%, and 

32% increase in the Eu of GS1, GS2, and GS3, respectively, when contrasted with that of 

PS1, PS2, and PS3, respectively. The observed trend of linear decrease is same in Eu for both 

PC and GFRC beam-lets with a varying shear reinforcements and a constant flexural rebars. 
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The values of T.E is given in the sixth column of Table 4-6. The T.E of PS1, GS1, PS2, GS2, 

PS3, and GS3 are 278.6 kN.s, 333.2 kN.s, 252.5 kN.s, 328.3 kN.s, 219.7 kN.s, and 271.6 

kN.s, respectively. The T.E of GS1, GS2, and GS3 are increased by 54.6 kN.s, 75.8 kN.s, and 

51.9 kN.s, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. This is 

19.6%, 30%, and 23.6% increase in T.E of GS1, GS2, and GS3, respectively, when 

contrasted with that of PS1, PS2, and PS3, respectively. The T.E of GFRC beam-lets 

increased than that of respective steel-reinforced PC beam-lets, as observed in the beam-lets 

with varying flexural reinforcement. The values of T.T.I are given in the seventh column of 

Table 4-6. The T.T.I of PS1, GS1, PS2, GS2, PS3, and GS3 are 2.74, 2.81, 2.43, 2.7, 2.42, 

and 2.63, respectively. The T.T.I of GS1, GS2, and GS3 are increased by 0.07, 0.27, and 

0.21, respectively, when contrasted with that of PS1, PS2, and PS3, respectively. This is 

2.6%, 11.1%, and 8.7% increase in T.T.I of GF1, GF2, and GF3, respectively, when 

contrasted with that of PS1, PS2, and PS3, respectively. The trend of increase is observed in 

T.T.I of GFRC beam-lets than that of respective PC beam-lets with an increase in flexural 

reinforcement, as observed with a decrease in shear reinforcement. Overall, it may be noted 

that the values of F.S, Ef, Em, Eu, T.E, and T.T.I are decreased with a decrease in shear 

reinforcement of beam-lets (i.e. PC and GFRC). However, these values of steel-reinforced 

GFRC beam-lets are more than that of steel-reinforced PC beam-lets. 

Table 4-6 Comparison of strength, energy-absorption, and toughness index of beams-

lets with varying shear reinforcement and constant flexural reinforcement (3-Ø6) 

Specimens 
(1) 

F.S  
(MPa) 

(2) 

Ef (Up to Pf) 
(kN.s) 

(3) 

Em (Pf to Pm) 
(kN.s) 

 (4) 

Eu (Pm to Pu) 
(kN.s) 

(5) 

T.E  
(kN.s) 

(6) 

T.T.I 
(-) 
(7) 

PS1 (Ø6-64 mm) 54.9 101.5 45.4 131.6 278.6 2.74 

GS1 (Ø6-64 
mm) 

58.1 118.5 64.9 149.9 333.2 2.81 

PS2 (Ø6-76 mm) 54.1 104.1 33.3 115.1 252.5 2.43 

GS2 (Ø6-76 
mm) 

58.9 121.7 60.8 145.9 328.3 2.70 

PS3 (Ø6-89 mm) 52.9 90.8 29.8 99.0 219.7 2.42 

GS3 (Ø6-89 
mm) 

55.5 103.4 54.8 130.7 271.6 2.63 
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Note: F.S = Flexural strength, Ef = Energy absorbed up to the first crack, Em = Energy absorbed from the first 

crack to the maximum load, Eu = Energy absorbed from the maximum load to the ultimate load, T.E = 

Total energy-absorption, and T.T.I = T.E/Ef = Total toughness index. 

 Summary 4.4

The material-properties are investigated with the MD of 1:2:4. It is observed that the 

slump, density, and compressive strength are decreased, when contrasted with that of PC. 

Whereas, the splitting-tensile and flexural strengths are increased than that of respective PC. 

The similar trend was observed in the previous study (Khan and Ali 2016). The utilization of 

GFRC with steel rebars increased the load carrying capacity, flexural strength, total energy-

absorption, and total toughness index, when contrasted with that of respective PC beam-lets.  

Therefore, GFRC with steel rebars can be utilized for mitigating EAMC in bridge girders.  
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CHAPTER 5 

 DISCUSSION 

5.1 Background 

The recorded mid-span load-deflection curves, behavior, mode of failure, flexural 

properties of the beam-lets (PC and GFRC) with varying flexural reinforcement and varying 

shear reinforcement have been described in detail in chapter 4. It is found that the GFRC 

beam-lets with flexural and shear reinforcements performed better than that of respective PC 

beam-lets. In this chapter, the comparison of material-properties with the previous studies, 

the modified design equation, the prediction of moment and shear capacities, and the 

improvement in EAMC are discussed in detail.  

5.2 Trend Comparison of Material-properties with Previous Studies 

The material-properties of PC and GFRC (having MD ratio of 1:2:4) are determined 

in this study. However, Khan and Ali (2016) determined the material-properties of PC and 

GFRC by using almost the same parameters except with a different MD ratio of 1:3.33:1.67. 

The material properties in the previous study were investigated by using mix-design ratio of 

1:3.33:1.67. In this mix-design ratio, the sand content was approximately twice of aggregate 

content. As far as the mix-design ratio (i.e. 1:2:4) of the current study is concerned, the 

aggregate content is taken two times of the sand content. The reason for this change is to 

study the effect of individual ingredients of MD ratio on the concrete properties and behavior. 

In both studies, it is observed that the CS of GFRC is decreased, while SS and MoR are 

increased, when contrasted with that of PC. However, the magnitude of properties with MD 

ratio of 1:3.33:1.67 are better. The reason for this betterment may be the well grasped glass 

fibers due to the presence of more mortar in concrete. While, there is less mortar in case of 

mix-design ratio of 1:2:4. As already mentioned earlier in section 2.3.1, Qureshi and Ahmed 

(2013), Kene et al. (2012), Ravikumar and Thandavamoorthy (2011), Deo (2015), 

Chandramouli et al. (2010), and Kizilkanat et al. (2015) has reported a considerable increase 

up to 35% in CS, 37% in SS, and 75% in MoR contrasted with that of respective PC. These 

may be because of different types of glass fibers, MD ratios, fiber content, and w/c ratios. 

Mechanical properties of FRC can further be enhanced with admixtures. 
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5.3 Trend Comparison of Steel-reinforced GFRC with Steel-reinforced FRC 

The strength properties of PC and GFRC beam-lets with flexural and shear 

reinforcements are also determined. Different reinforcement combinations of flexure and 

shear are used in order to study the behavior of PC and GFRC beam-lets. The increasing 

trend is observed in load carrying capacity, flexural strength, energy-absorption, and 

toughness index in GFRC beam-lets with steel rebars. A comparison of strength properties is 

made in beam-lets having reinforcement ratio of 0.015, 0.018, and 0.022 (current study) with 

the beam-lets of same reinforcement ratios (previous studies). It can be noted that the trend of 

increase in strength properties is same in the current study and in the previous studies (Furlan 

and Hanai 1997, Beshara et al. 2012, Kamal et al. 2014, Rathi et al. 2014). The magnitude of 

the strength properties of beam-lets with steel rebars is quite different from the magnitude 

reported in previous studies. The reason behind this difference can be the different types of 

fibers, fiber content, MD, and shear reinforcement. The difference in predicted moment and 

shear capacities is less than that of the error reported in previous studies. This shows the 

precise prediction of moment and shear capacities in current study. 

5.4 Modified Design Equation for Moment Capacity 

The design equation proposed by Beshara et al. (2012) is modified for the relatively 

precise prediction of moment and shear capacities of GFRC with rebars. The reason behind 

this modification is the observed error, which is less in modified equation contrasted to that 

of Beshara’s equation. The design moment capacity of GFRC with steel rebars can be 

calculated by the following equations: 

 MF2 =  s(  
 

 
)   f2 {(  

  

 
)  

 

 
}    (5.1) 

Where Ts, d, a, t, and tf are same as explained earlier for equation (2.2) in section 2.4. The 

tensile strength of FRC ‘Tf2’ is given as below: 

Tf2 = 0.5 [τf] b tf      (5.1a) 

Where τf is the increased flexural strength of glass-fiber-reinforced-concrete with respect to 

that of PC.  
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5.4.1 Prediction of Moment Capacities 

The experimental and theoretical moment capacities are given in Table 5-1. The steel 

ratio (ρ) is the ratio of the area of steel to the cross-sectional area of the beam-let (i.e. As/bh). 

The values of ρ are given in the second column of Table 5-1. The ρ of PF1, GF1, PF2, GF2, 

PF3, and GF3 are 0.015, 0.015, 0.018, 0.018, 0.022, and 0.022, respectively. These are within 

the limits of minimum and maximum steel ratios, showing that these are singly reinforced 

beams. The experimental shear capacity (Vexp) is taken as the half of Pm because of three-

point load test. The values of Vexp are given in the fourth column of Table 5-1. The Vexp of 

PF1, GF1, PF2, GF2, PF3, and GF3 are 39.7 kN, 43.3 kN, 41.4 kN, 45 kN, 43.2 kN, and 46.9 

kN, respectively. The experimental moment capacity (Mexp) are then calculated by taking the 

area of the shear capacities of the respective specimens (i.e. Vexp x X). The values of Mexp are 

given in the fifth column of Table 5-1. The Mexp of PF1, GF1, PF2, GF2, PF3, and GF3 are 

3025.1 kN-mm, 3299.5 kN-mm, 3154.7 kN-mm, 3429 kN-mm, 3291.8 kN-mm, and 3573.8 

kN-mm, respectively. As expected, an increase in Vexp and Mexp of specimens is observed 

with increasing flexural reinforcement and constant shear reinforcement. The theoretical 

moment capacities of normal reinforced concrete beam-lets are calculated using equation 2.1 

and are given in sixth column. Whereas, the theoretical moment capacities of GFRC beam-

lets with rebars are calculated using equation 2.2 (these values are given in seventh column of 

Table 5-1) and equation 5.1 (these values are given in eighth column of Table 5-1). All these 

moment capacities have increasing trend with an increase in flexural reinforcement. 

However, the theoretical moment capacity calculated by Behsara’s equation (i.e. Eq. 2.2) in 

case of GFRC is underestimated than that of PC. The reason behind this underestimation is 

the compressive strength, which is less in GFRC than that of PC. The depth of equivalent 

distribution of compressive stress in Eq. 2.1b (i.e. a) is inversely proportional to the 

compressive strength which ultimately affects the theoretical moment capacity. As far as 

comparison between the output of equations 2.2 and 5.1 is concerned, the values from 

equation 2.2 are under estimated (see column ninth in Table 5-1). The error in Beshara’s 

equation is up to 22% (see column tenth in Table 5-1), while the error in modified equation is 

up to 13% (see column eleventh in Table 5-1). The theoretical moment capacities of GFRC 

with steel rebars calculated by the modified equation are considered for comparison with the 

experimental values (see column thirteenth in Table 5-1) and with moment capacities of 

normal reinforced concrete (see column fifteenth in Table 5-1).  
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The experimental and theoretical moment capacities are in good agreement i.e. difference is 

up to only ±15%. The enhanced moment capacities of GFRC beam-lets w.r.t that of PC 

beam-lets are up to 6%-9% in case of experimental and theoretical values. 

5.4.2 Prediction of Shear Capacities 

The comparison of experimental and theoretical shear capacities is given in Table 5-2. 

The provided shear reinforcement is given in the second column of Table 5-2. It may be 

noted that ρ is same (i.e. 0.018) for all the beam-lets with constant flexural reinforcement and 

varying shear reinforcement. This is within limits of minimum and maximum steel ratios (i.e. 

ρmin < ρ < ρmax), showing that these are singly reinforced beams.The shear reinforcement of 

PS1, GS1, PS2, GS2, PS3, and GS3 are 0.499 mm
2
/mm, 0.499 mm

2
/mm, 0.416 mm

2
/mm, 

0.416 mm
2
/mm, 0.356 mm

2
/mm, and 0.356 mm

2
/mm, respectively. The Vexp is calculated by 

the same procedure, as calculated for the beam-lets with varying flexural reinforcement. The 

Vexp are given in the fourth column of Table 5-2. The Vexp of PS1, GS1, PS2, GS2, PS3, and 

GS3 are 42 kN, 45.5 kN, 41.4 kN, 45 kN, 40.5 kN, and 42.5 kN, respectively. As expected, a 

decrement is observed in Vexp of beam-lets with a decrease in shear reinforcement. For 

calculating theoretical shear capacity (Vtheo), the theoretical moment capacities are first 

calculated and then divided by the shear span (i.e. X = 76 mm). The experimental and 

theoretical shear capacities are in good agreement i.e. difference is up to only ±9%. The 

improved shear capacity of GFRC beam-lets w.r.t that of PC beam-lets is up to 5%-9% in 

case of experimental and theoretical values.  

5.5 Improvement in EAMC 

It is concluded from the previous studies (Wright et al. 2014 and Saadghvaziri and 

Hadidi 2005) that the compressive strength increases EAMC in concrete if achieved with a 

high cement content. Therefore, the concrete with less cement content and enhanced CS may 

guarantee the mitigation of EAMC, which can improve the durability and serviceability of 

bridge girders. EAMC may also be caused due to drying shrinkage of concrete (Yoneda et al. 

2013). An increase in tensile strength can reduce shrinkage of concrete (Mesbah and Buyle-

Bodin 1999). In this study, the material-properties are investigated with MD ratio of 1:2:4. 

The inclusion of GF in the same MD ratio (as that of PC) means that the cement content is 

less in GFRC when contrasted with that of respective PC. Thus, in current study, the 

compressive strength of GFRC is decreased due to the less cement content and the trend of 
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increase is observed in splitting-tensile and flexural strengths due to the inclusion of GF in 

concrete matrix. The similar trend of increase for mechanical properties was reported in the 

previous studies: Chandramouli et al. (2010), Ravikumar and Thandavamoorthy (2011), Kene 

et al. (2012), Qureshi and Ahmed (2013), Deo (2015), Kizilkanat et al. (2015), and Khan and 

Ali (2016), which is already been discussed earlier in section 2.3.1. Thus, the enhanced 

material-properties may help to reduce EAMC in bridge girders. 

 Flexural strength is basically an indirect measure of tensile strength (National ready 

mix concrete association). The low tensile-strength in decks of bridge caused low resistance 

to EAMC (Qiao et al. 2010). Therefore, enhanced tensile strength properties can mitigate 

EAMC in concrete bridge girders. As discussed above, the observed load carrying capacity, 

F.S, and post cracking behavior of GFRC with flexural and shear reinforcements is better 

than that of respective PC with flexural and shear reinforcements. Consequently, EAMC in 

bridge girders is expected to be reduced by utilizing GFRC with steel rebars, which 

ultimately results in the improved durability and serviceability of bridge girders. 

 Summary 5.6

The trend of increase or decrease contrasted for the material-properties with previous 

studies. The observed trend of increase is same for the investigated material-properties with 

MD of 1:2:4 as reported in literature. Likewise, the trend of increase in strength properties of 

beam-lets with steel rebars is also contrasted with that of previous studies. The similar 

increasing trend is also observed for the strength properties of beam-lets with steel rebars as 

reported in literature. The design equation proposed in literature is modified for the relatively 

precise prediction of moment and shear capacities. The reason behind this modification is the 

observed error, which is less in modified equation. The experimental and predicted moment 

and shear capacities (calculated with the assistance of modified design equation) of steel-

reinforced beam-lets are in good agreement.  Also, the improved mechanical properties and 

post cracking behavior of GFRC with steel rebars can help to reduce EAMC.  
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CHAPTER 6 

 CONCLUSIONS AND RECOMMENDATIONS 

6.1  Conclusions 

 Glass-fiber-reinforced-concrete (GFRC) with flexural and shear reinforcement is 

examined in this experimental research for possible application of mitigating early-age-

micro-cracks (EAMC) in bridge-girders. For the preparation of GFRC, the glass fibers of 5% 

fiber content, by mass of cement, having a 50 mm length are incorporated in the same MD 

(i.e. 1:2:4) as that of PC. The material-properties of specimens (PC and GFRC) are 

determined experimentally, and the behavior of PC and GFRC beam-lets with flexural and 

shear reinforcements are investigated. The material-properties achieved by 1:2:4 MD is also 

contrasted with the properties of samples having MD of 1:3.33:1.67, reported by Khan and 

Ali (2016). Following conclusions are made:  

 The compressive strength, density, and slump of GFRC are decreased by 4%, 3.8%, 

and 50%, respectively, when contrasted with that of PC. Whereas, the flexural and 

splitting-tensile strengths are improved by 11.6% and 8.3%, respectively, when 

contrasted with that of PC. Also, the toughness-index and energy-absorption under 

compression are reduced and that under splitting-tension and flexure are increased. 

For MD of 1:2:4, almost the same trend is observed as that with MD of 1:3.33:1.67 

(Khan and Ali 2016), but a difference in magnitude of strength properties is observed. 

The MD of 1:3.33:1.67 is best fit for increasing the mechanical properties of GFRC. 

 The load carrying capacity, flexural strength, total energy-absorption, total toughness 

index, and experimental moment capacity of GFRC beam-lets with varying flexural 

reinforcement and constant shear reinforcement are increased up to 9.2%, 9.2%, 

31.7%, 17.5%, and 9%, respectively, when contrasted with that of respective PC 

beam-lets. On the other hand, the load carrying capacity, flexural strength, total 

energy-absorption, total toughness index, and experimental shear capacity of GFRC 

beam-lets with varying shear reinforcement and constant flexural reinforcement are 

increased up to 8.8%, 8.8%, 30%, 11%, and 8.7%, respectively, when contrasted with 

that of respective PC beam-lets. 

 The experimental moment and shear capacities of GFRC having steel rebars are in 

good agreement with that of respective moment and shear capacities calculated with 
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the help of modified design equation. The percentage errors in moment and shear 

capacities are up to 15% and 9%, respectively. 

Considering these outcomes, GFRC with flexural and shear reinforcement can be utilized 

in bridge-girders for mitigating EAMC, and hence increasing its serviceability and durability. 

6.2  Recommendations  

Future recommendations are: 

 To investigate the material-properties of GFRC with admixtures. 

 To investigate the experimental behavior of GFRC with GFRP rebars. 

 To study the numerical behavior of GFRC with flexural and shear reinforcement. 

 To study the behavior of GFRC in pre-tension and post-tension bridge girders. 
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ANNEXURES 

Load-Time Curve and Tested Samples of PC and GFRC (i.e. Remaining Specimens) 

Annexure A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure A1: Material-properties of PC and GFRC specimens with MD ratio of 1:2:4 

(load-time curves and tested specimens at the first crack and at the maximum load): 

(a) compressive, (b) splitting-tensile, and (c) flexural 
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