Comparison of Plain-Concrete and Glasg-iber-
Reinforced-Concrete Beams with Different Flexural and

Shear Reinforcement

By

Faheem Ahmad Gul
(MCE153021)

MASTER OF SCIENCE IN CIVIL ENGINEERING
(With Specialization in Structures)

APRIL 2017

DEPARTMENT OF CIVIL ENGINEERING
CAPITAL UNIVERSITY OF SCIENCE & TECHNOLOGY
ISLAMABAD, PAKISTAN



Comparison of Plain-Concrete andGlassFiber-
Reinforced-Concrete Beams with Different Flexural and

Shear Reinforcement

By

Faheem Ahmad Gul
(MCE153021)

A research thesis submitted to the Department of Civil Engineering,
Capital University of Science & Technology, Islamabad, Pakistan

in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE IN CIVIL ENGINEERING
(With Specialization in Structures)

APRIL 2017

DEPARTMENT OF CIVIL ENGINEERING
CAPITAL UNIVERSITY OF SCIENCE & TECHNOLOGY
ISLAMABAD, PAKISTAN



.‘.6\\\3, of '%rll’/[r(‘ CQU.S.T.

CAPITAL UNIVERSITY OF SCIENCE & TECHNOLOGY
Baigran ISLAMABAD

2, -
onpyn

CERTIFICATE OF APPROVAL

COMPARISON OF PLAINCONCRETE AND GLASSFIBER-REINOFORCEDCONCRETE
BEAMS WITH DIFFERENT FLEXURAL AND SHEAR REINFORCEMENT

By
Faheem Ahmad Gul

(MCE153021)

THESIS EXAMINING COMMITTEE

S No Examiner Name Organization

@) External Examiner Engr.Dr. Rao Arsdan NUST, Islamabad, Pakistan
(b) Internal Examiner Engr. Dr. Munir Ahmed CUST, Islamabad, Pakistan
(c) Supervisor Engr.Dr. Majid Ali CUST, Islamabad, Pakistan

Engr. Dr. Majid Ali

Thesis Supervisor

April, 2017
Engr. Dr. Ishtiag Hassan Prof.Engr. Dr. Imtiaz Ahmad Te
Head Dean
Department oCivil Engineering Faculty of Engineering
CUST, Islamabad, Pakistan CUST, Islamabad, Pakistan

Dated: April, 2017 Dated: April, 2017



Certificate

This is to certify that Mr. Faheem Ahmad Gul (REgMCE153021) has incorporated all

observations, suggestions and comments made by the external as well as the internal examiner:
and thes supervisor. The title of hifite si s i s : i C oQopceete arsl Gladsbed P | a
ReinforcedConcrete Beams withiDf f er ent Fl exur al and Shear Re¢

Forwarded for necessary action.

Engr. Dr. Majid Ali
(Thesis Supervisor)



DEDICATION

This exertion is committed to my regarded and loving parents, who helped me thvaugh
troublesome of my life and sacrificed all the comforts of their lives for nghbfuture. This
is alsoa tribute to my best instructors who guided me to confront the difficulties of existence

with persistence and fearlessness, and who made mé arhabday.

Faheem Ahmad Gul
(Reg # 153021)



ACKNOWLEDGEMENTS

. Wealthiest thanks to Almighty Allah for a tremendous measurxetalfty, power and

the miraaulous pushes occurring in a swedly coordinated mannewonly a few to
mention,which drive our lives.

. This thesisappearsn its current formis due to the guidance of my supervisor. |
express my gratefulness to my advisor Engr. Dr. Majid Ali. His advice and support
throughout the preparation of this research and thesis is sinegnetgciated His

part in creating me a& researchewill never be forgotten | have never seen such a
genuine, capable and persevering teacher/professional trainer likdt ngna great
honor for me to work with him on this research.

. The materiad donation and testing support fromepartmentof Civil Engineering,
CUST is gratefully acknowledged.am alsoexceptionally grateful to Engr. Mehran
Khan for his kindsupportduring this research.

. | am deeply and forever obligated to my parents for their affection, support and
encouragement. | am also extremely thankduiy siblings who upheld me in every
single moment of my life.

vi



TABLE OF CONTENTS

ACKNOWLEDGEMENTS..... oo e e st eeennan e e e e e e annnmmen s V]
TABLE OF CONTENT S, .ottt ernee e e e e e e e et e e e s mmra s Vii
LIST OF TABLES.......oeeiiii ittt ettt e e et e e e e e e s ennnrseeeeeeeannnes iX
LIST OF FIGURES. ... ...ttt eees e e e e e s sttt e e e e e e s smmns s nsnneeeae s X
LIST OF ABBREVIATIONS. .. .ot eenme e e et e e et e e e eaan s Xi
N 1T I ¥ O Xiv
LIST OF INTENDED PUBLICATIONS... ..o e s e et e eeeme e e e e XVi
CHAPTER 1 INTRODUCTION. ... .utiiiiiieiiiiiiiiie e e et e e e s sneee e e e ensrnaeeas 1
0 A 0] (o o T 1S 1
1.2 Research Motivation and Problem Statement............cccoooviiieecie 2
1.3 Overall / Specific Research Objectives and Scope of Wark............cccceevveeeee. 3
1.4  Research MethOdOIOgY ... ... uiiiiiiie e eeeeecc e eeeeeeeee e e e e e 3.
1.5  THESIS LAYOUL.....uuiiiii i eeeeeeee et e eennannnaas 4
CHAPTER 2 LITERATURE REVIEW......ccou et eeeee e 6
2. 1BACKGIOUNG. ....coeiiiiiiiieeeeee et eneee bbb e e e 6
2.2EAMC in Bridge GIFUEIS......ccviiiiiiiiiiii e e e et e e e e e e e e e e e e aeees e e e e e e e e e e e e e eeeeaeaaannae 6
2.3Fiber Reinforced Concrete Without and With Steel Rebars...........cccccccvvieeenneen. 7
2.3.1 Fiber Reinforced Concrete without St&ainforcement..................oovvvvvvnneee. 7
2.3.2 Fiber Reinforced Concrete with Steel Reinforcement.............ccccoeeeveeeees 11

2.4 Design Equations for Moment Capaciti€sS.........ccccoeeeeeeeiiieeeiiiiiec e eeeeeeeeeeen 13
P2 YU 1 11 4= /PP 14
CHAPTER 3 EXPERIMENTAL PROCEDURES..........coi i, 16
3.1 BaCKgrOUNG........cooiiiiiiie et e e e e e e e et 16
3.2 Raw Materals, MD and Casting Procedures of PC and GERC...................... 16

G TG T Y 01T [ 1= o PRSPPI 17
3.3.1 Specimens for MaterigirOPerties........ccuuuuriiiiiiiiiieieeeiieiree e e 17
3.3.2 Specimens with Steel Reinforcement..............ccoovvvvieeee e 17

3.4 Procedures fOr TeSHING .. ..ccciiiiiii et mmmr e e e 20
3.4.1 For Materiatproperties of Fresh and Hard Concrete............ccccceeeeeeeeenn. 20
3.4.2 For Beamlets with Steel Rebars.........ccccooviiiiiiiiiiceeiiciiee e 20

3.5 SUMMAIY ..o e e e e e e e e e e renn e e e e e 21



CHAPTER 4 ANALYSIS AND RESULTS......oiiiiiiiiee e 22

g R = 7= T4 (o | (o 11 [ PR SRPPRPP 22
4.2  Materialproperties of PC and GFRC............ooiiiiiiiiiiieeeeeeeeee 22
4.2.1 Slump of Fresh Concrete and Density of Hard Concrete....................... 22
4.2.2 Behavior in CoOmMPreSSIQN......cciiiiie e e eeeeeeeieees e e e mmme e e e e e eeeaeees 22
4.2.3 Behavior in SPIittiNGENSION...........uuuiiiiiiiiiiiiii e 23
4.2.4  Behavior inN FIEXUIE.........oooeiiiiiiii e 24
4.3 Properties and Behavior of Stageinforced Specimens..............ccccevvvvvvieeenennn. 27

4.3.1 Beanlets with Varying Flexural Reinforcement and Constant Shear

Reinforcement (BG6 MM)..........oooiiiiiiiiiiiiiirres e erer e 27

4.3.2 Beamlets with Varying Shear Reinforcement and Constant Flexural
ReINfOrCemMENt (BB6) ......oiveieiiiie et 34
U [ 010 0= U PP RUPPR” 3 |
CHAPTER 5  DISCUSSION......uuiiiiiiiiiiiiiiiiee s imme s esiiiee e e e s s sibaeeesseemneeesesnssaeeeeessennnes 42
5.1 BaCKQrOUNG........cooiiiiiiieeee et e e e e e e e e e e e e s e e e e e 42
5.2 Trend Comparison of Materigiroperties with Previous Studies.....................42
5.3 Trend Comparison ddteetreinforced GFRC with Steekinforced FRC............. 43
5.4 Modified Design Equation for Moment Capacity................vvvvvviicocreeeeeerrnnnnn. 43
5.4.1 Prediction of Moment CapacitieS..........cceevvviiiiiiiieceiiiiiiiiiieeeeeeeeeeeeenneen A4
5.4.2 Prediction of Shear CapacilieS...........uuuuiiiiiiiiiieeeiiiieiiieeee e a7
5.5 Improvement in EAMC.........ccoooiiiiiiiiiiieeee e AT
5.6 SUMMAINY..cciiiiiiiiiiii ettt sennme e e e e e e ern e e esnnsmaneseesnnneeeses A8
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS........ccoviiieei e 49
G0 R @0 o3 U1 o] o =SSR 49
6.2 RECOMMENUALIONS ... .cuiiiiiiiiiiiie et eeee e eeenees 50
REFERENGCES.......ooi ittt ettt ettt e e e e e et e e e e e et e e ennmna e e e s s nnsnneeeaens 51
ANNEXURES . ... et e e e e et e e e e e ameme et e e e e e e e eennns 55

viii



LI' ST OF TABLES

Table 21 Different types of fibers and their benefits..........cccooooviiiiiieeciiiiii 8.
Table 22 CS, SS and MoR of PC and GFRC by Previous Studies..............ccceevieeenn... 10
Table 31 Labelling scheme of bealats with steel rebars...............oovvviiiiccceiiiiiiiinnnns 17

Table 41 W/C ratio, slump, and dsity of plain concrete and glaéber-reinforced

(070 ] g Te] £ 1 =TT PRSPPI 23
Table 42 Compressive, flexural and splitthtgnsile propertiesfd®C and GFRC

specimens With MD ratio Of 1:2:4.........ooooiiiiireee e 25
Table 43 Experimental results (loads and deflections) of tested specimens with varying

flexural reinforcement and constant shear reinforcemenZ@®my............... 32
Table 44 Comparison of strength, energgsorption, and toughness index of beams

lets with varying flexural reinforcement and stent shear reinforcement

(% 1SS 11111 P EPUP R UOPPRPPRR 35
Table 45 Experimental results (loads and deflections) of tested specimens with varying

shear reinforcement and constant flexural reinforcemeg@R........................ 38
Table 46 Comparison of strength, energgsorption, and toughneisglex of beams

lets with varying shear reinforcement and constant flexural reinforcement (3

715 ) ISP ERRSOPPPRPR 40
Table 51 Comparison of experimental and theoretical moment capacities ofletsam

with varying flexural reinforcement and constant sheafoecement (2676

10110 TR SO TPPPOPP 45
Table 52 Comparisorof experimental and theoretical shear capacities of Hetam

with varying shear reinforcement and constant flexural reinforceme#i6(3

RO N 0 ) PP O OPSRP 46


file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536327
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536327
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536327
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536328
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536328
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536328

LI'ST OF FI GURES

Figure 21 Observed EAMC in recently constructed concrete bridge gitder.................. 1.
Figure 22 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).......cooeieeiiiiiiiee e errn e e e e e e 14
Figure 31 Structural details of beafats with steel rebars: (a) cressctions of PC, (b)
crosssectims of GFRC, and (c) elevation of bedets with a decrease in
Shear reiNfOrCEMENL...........ooviiiii e e e e e e e eee s 19
Figure 32 Testing of beartets with rebarsf(a) schematic diagram, and (b)
EXPErMENTAl SETUD.......evviriiiiiiiee e et e e e e e e e e e e eeeera s s s e e e e e e e e eaeeeeeeesnnees 20
Figure 41 Materiatproperties of PC and GFRC specimens with MD ratio o#1:2
(typical loadtime curves, tested specimens at the first crack and at the
maximum load, and comparison of average strength, eraagpyrption, and
toughness index): (a) compressive, (b) splitiagsile, and (c) flexural........... 27
Figure 42 Loaddeflection curve of specimens with an increase in flexural
reinforcement: (a) -6, (b) 3@6, and (C) 2+2D6...........ccccoeeveiiiiiiiiieeee e 28
Figure 43 Behavior of specimens with varying flexural reinforcement and constant
shear reinforcement (@B5 MIM).......cooiiiiiiiiieiiiiiree e 31
Figure 44 Loaddeflection curve of specimens with a decrease in shear reinforcement:
(a) 9664 mm, (b) @676 mm, and (C) BB MM........ooerrriiiiiiiiiiiiiiiiieeeeeeeeens 36
Figure 45 Behavior of specimens with varying shear reinforcement and constant
flexural reinforcement (86)..........oovveeeeeiii i 38
Figure Al: Materialproperties of PC and GFRC specimens with MD ratio of 1:2:4
(loadtime cures and tested specimens at the first crack and at the maximum
load): (a) compressive, (b) splittingnsile, and (c) flexural..............cc.evveeeeeee. 55


file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536348
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536348
file:///C:/Users/Dell/Desktop/thesis%20for%20final/Thesis%20(Rev%2014).docx%23_Toc480536348

L |

As
BFRC

C.E
C.P.E
C.E
C.G.E
CS
C.T.

EAMC
=

Em

Eu
fco
fy
F.E
F.G.E
F.P.E
FRC
F.S
F.T.
GF
GFRC
GFRP

HPC
MD
IVlexp

ST OF ABBREVI ATI ONS

Aggregate

Area of steel

Basalt fiber reinforced concrete
Cement

Compressive energgbsorption
Compressive prerack energyabsorption
Cracked energgbsorption
Compressive cracked energlgsorption
Compressive strength

Compressive toughness index
Effective depth

Energyabsorption up tthe maximum load
Early-agemicro crack

Energy absorbed up thefirst crack
Energy absorbed frothefirst crack tothe maximum load
Energy absorbed fromhe maximum load tdhe ultimate load
Compressive strength of concrete
Yielding strength of steel

Flexural energyabsorption

Flexural cracked enereggbsorption
Flexuralpre-crack energyabsorption
Fiber reinforced concrete

Flexural strength

Flexural toughness index

Glass fiber
Glassfiber-reinforcedconcrete

Glass fiber reinforced polymer

Height of bearret

High performance concrete

Mix -design

Experimental moment capacity

Theoretical moment capacity of fiber reinforced concrete proposec
Xi



Mg

IVltheo
MoR
NFRC

Py
PC
P.E
PFRC
P

Pm

S.E
S.G.E
SFRC
S.P.E
S.S
S.T.

V4

Beshara et al. (2012)

Theoretical moment capacity of fiber reinforced concrete proposec
Authors(Gul and Ali)

Theoretical moment capacity of normal reinforced concrete
Theoretical moment capacity

Modulus of rupture

Nylon-fiber-reinforcedconcrete

Maximum load for materigproperties

First crack loador materialproperties

Plain concrete

Precrack energyabsorption

Polypropylene fiber reinforced concrete

First cracking load for steekinforced beantets (PC and GFRC)
Maximum load for steeteinforced beantets (PC andGFRC)
Ultimate load for steeteinforced beantets (PC and GFRC)
Sand

Splitting-tensile energyabsorption

Splitting-tensile cracked eneregbsorption

Steel fiber reinforced concrete

Splitting-tensile precrackenergyabsorption

Splitting-tensile strength

Splitting-tensile toughness index

Increased flexural strength of glafdser-reinforcedconcrete w.r.t PC
with the saméVID ratio

Tensile strength of steel

Tensile strengtlof FRC proposed by Beshara et al. (2012)
Tensile strength of FRC proposed by the authors (Gul and Ali)
Total energyabsorption

Toughness index

Total toughness index

Experimental shear capacity

Theoreticakhear capacity

Watercement

Xii



Deflection

Steel ratio

Xiii



ABSTRACT

Many defects have been found in concrete bridge girders by means of historical
assessment, includingarly-agemicro-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 corete are high compressive strength gained by high cement
content, temperature variation, water content, and shrinkage Streriow tensile strength
also provides less resistanceBEAMC. The rate of cracking in concrete can be reduced by
enhancingits tensile, compressive and flexural strengths. These improved mechanical
propertieswill help to reduce the flaws iooncrete bridge girders. The concept of using fibers
to enhance the concreteechanicalproperties is very oldThe 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 atpwith the considerable control of other flaws
by using fiber reinforced concrete (FRC). In this work, firgflgssfiber-reinforcedconcrete
(GFRC) is examined for the increase in compressive strength (CS), sqgttsite strength
(SS), and modulusfaupture (MoR) by comparing it with that of plain concrete (PC), and
secondly GFRC beathets with flexural and sheaeinforcemerd areinvestigated for the
increase in flexural strength (FS) by comparing it with that of respective PGlbeesarfihe
mix-design(MD) ratio of PC is 1:2:4 (cement: sand: aggregate) withratio of 0.7. Glass
fibers (GF) having a 50 mm length and 5% fiber content by mass of cementheshme
MD as that of PC, are used to prepare GFR@. the first task,he materia-propertiesof
specimens withMD ratio of 1:2:4 have beerdeterminedand contrastedwith that of
1:3.33:1.67 (a previous studyJhis comparison is made in order to study the trend of
materiatpropertiesand behavior of specimenBor the second taskxperimental behaviors
of PC and GFRC with varying flexural and shear reinforcement are studied. Their strengths,
energyabsorptions, and toughness indices are determined. Finally, a design equ#ten of
moment capacitpf FRC is modified for predicting th@moment capacity of GFRC.

The tests are performed on PC and GFR@a&fresh and hardened state. The slump
of GFRC is decreased by 508ten contrasted witthat of respective PG:or 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% wiventrastedvith that ofrespectivePC. Almost, the

XV



same trend was observed withD ratio of 1:3.33:1.67.lt is also observed #t the FS,
energyabsorption, and toughness indeX¥ GFRC beanlets with varying flexural
reinforcement are increased up to 9.2884,7%, and 17.5%, respectivelin increment of
8.8%, 30%, ad 11%is observed in GFRC with varyirghear reinforcemerior FS energy
absorption, and toughness indegspectivelywhen contrastedwith that of their respective
PC beamlets. The modifieddesignequationfor the preciseprediction of moment and shear
capacitieshas an error of 15% and 9%, respectivétlys concludedhat GFRC with flexural

and sheareinforcementss appropriate for mitigating EAMC in concrete bridge girders.
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CHAPTER 1
| NTRODUCTI ON

1.1  Prologue

Plain concrete(PC) is a brittle material. Brittleness of PC is th@ain cause of
shrinkage cracksP@nzera et al2013). Many flaws have been found in concrete bridge
girders, includingearly-agemicro crack EAMC), surface erosion, blisters, spalling, crazing,
scaling, and mortar flakingNZ Transport Agency001). Among these flaws, EAMC is the
dominantdefect which conclusively mitigates durability and serviceability of the strycture
reported by Schmitind Darvin (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 ontrolling EAMC will also help to reduce the other flaws
of bridge girders Therefore,certain properties of concrete need to be enhanced to control
EAMC. Thefactors which causEAMC are rapid loss of water from concrete in the fresh
state, the sudden rise of temperature, chemical reactions or any other factorshahigh
the volume of concrete (Sivakumand Santhanam2006 and Mazzoli et al. 2015The
EAMC allows the structures toecome vulnerable to the disastrous event. These cracks can
be controlled by improving the compressive, tensile, and flexural strengthsoncreteas
reported by Khan and Ali (2016) and Qiao et al. (20I®)esemechanicalproperties can
either be enhanced by fiber reinforced concrete (F@pr admixtures (James et al. 2002)
FRC is a composite material consistinf a matrix (i.e. concrete)containing a random
dispersion of small discrete fibers, either artificial or natikaight et al. (2014 ftudiedthe
reasonsof earlyage crackinghearexpansion joint repair sectioms concrete bridgeleck
According to this study, anof the causes of cracking in briddeck was material properties
of concreteCauses of cracking in bridgieck weredivided into three broadlassesdesign
of structuresmateriatproperties of correte, ancconstruction practices. It was observed that
the low cement content in concrete reduces EAMCbmdgedecks. Saadeghvaziri and
Hadidi (2005)reported that increasembmpressive strength results in EAMC in concrete if
achieved with a high cement contefihe low tensile strengtin concrete providedess
resistance to EAMOn bridgedecks (Qiao et al. 2010)Glassfiber-reinforcedconcrete
(GFRC)with flexural and shear reinforcemsmtan beutilized in ader to mitigate EAMC in
concrete bridge girderswhich ultimately results in the improved durability and long
serviceable life othe bridge girdersThis experimental program is the proceeding work of



Khan and Ali (2016) study, which was carried out to determinentageriatpropertiesof
GFRC andNFRC in order tocontrol earlyage crackdn bridgedecks. In this work, the
materiatcharacteristicef GFRC are evaluated fdD ratio of 1:2:4 andcontrastedvith that
of 1:3.33:1.67 determined by Khan and Ali (2016). GFRC bEamwith flexural and shear
reinforcementarealso investigated for the increase infiexural strengthES) by comparing
with that of respectivelain concrete RC) beamlets. In adlition, a modified equation of

design moment capacity is proposed@HRC beam having rebars.

1.2 Research Motivationand Problem Satement

The major flaws in éridgedeckgirder can beearlyagemicro-cracks(EAMC),
surface erosion, blisters, spallirmyazing, scaling, and mortar flakiiyZ Transport Agency
2001). Among these flawsEAMC is the dominant defect due to which the durability and
serviceability of thestructure reduce The other flaws(e.g. surface erosion, blisters,
spalling, crazing, scalg, and mortar flaking as reported by NZ Transport Agency 2001)
bridge girders may also reduce up to some extent by controlling E&IWM The presence
of EAMC in bridges makes them vulnerable to the disastrous evéntSAMC is
controlled, then it can be claimed that the bridges will be more durable for a long
serviceable lifeMany researchers have reported crackingridge girders aarly-ages, and
this problem is a great concern in developing countfigs.early-agemicro crack converts
to macrocrackswith the passage of timBoth environmental and traffic loadirausegshe
concrete to cracfurther, which accelerates the deterioration process by allowing ageicts
as water and chlorides to enter the cotecréherefoe, deterioration of bridge girdecsinnot
be reduced unless crack formation is controlled and minimizeeldesignof bridgegirders
can bebased on mechanical performance criteria associatedenfidinced post cracking
behaviorof FRC. Thus, the problem statement is as follows:

AThe highperformance concretevas achievedy utilizing steel/polypropylene
fiber reinforced concretdSFRC/PFRC)n beamswith steelrebars. Even, the
concretebeamswith GFRP rebars had also been investigatedeplace steel
rebars. The design equations were proposed by the researchers in order to
predict the theoretical moment capacitySffiRC/PFRCbeams with steel rebars

and concrete beams with GFRP reba@n the other hand, onlyhé materiat
propertiesof GFRC was investigatedo control EAMC inbridge-decls. GFRC

with steel rebars was studied for deep beams only to eliminate stiHopsver,



GFRC with flexural and shear reinforcenestill need to be investigated for thin
beams/girders. Accordingly, a mhfication in design equation is required to
predict their moment and shear capacities. In addition, the optimzedof

GFRC may also help in further improving its mechanical propedties.

1.3 Overall / Specific Research Objectiveand Scope of Work

The overd objective of this researchprogramis to enhancéhe concrete mechanical
properties in order tocontrol early-agemicro-cracksin concrete bridge girdeidecks(for
making them more durable and serviceable for a long lifalong with the considerable
control of other defectby using fiber reinforced concrete

Thespecific objectiveof thisMS researchs:

ATo e xgldsfiber-einforcedconcrete(GFRQ beams wth flexural

and shear reinforcememtiong with the modification iMD of GFRC and

design equation of moment capacity for possible application in bridge

girders, mainly to controkarly-agemicro-crack® .

The alove mentioned specific goal &hieved with the help of following three

tasks (defining the scope afirrentwork):

i) To determine experimentally theateriatproperties 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) fgpossible improvement in tidD of GFRC.A total
of 12 specimens (six for PC and six for GFR@® iavestigated.

i) To study the experimental behavior of PC and GFRC beams with
varying flexural and shear reinforcemew.total of 10 specimens (five
with PC beamshaving rebars and five with GFRGeamshaving
rebars) are investigated.

iii) To proposemodification in design equation for prediction of moment
and shear capacities of GFRC Ima with flexural and shear

reinforcemers.

1.4 Research Methodology

For this research, a total of 22 specimens (12 for material properties and 10 for beams
with steel rebes) are considered-or investigating themateriatproperties a total of 12

specimensof both PC and GFRGre castfour for compressive strengttest, four for



splitting-tensile strengthest, and four for modulus of ruptureThe ratio ofcement, sand
aggregateand wateffor PC is 1 2,4, and0.7. Glass fibersvith length and fiber content (by
cement mass) A0 mm and 5% espectivelywith the sameMD as that of PC, are used to
prepare GFRC.The materialpropertiesinvestigatel with MD ratio of 1:24 are also
contrastedvith that of themateriatpropertieswith MD ratio of 1:3.33:1.67 & 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 performedien tor 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 thestrength energyabsorption, toughness index, and behawior
steelreinforced beantets, a total of 10 beamlets with varying flexural and shear
reinforcement are casthe steekeinforced beanrtets are tested with the help eérve
hydraulic testing machine. The dial gauge is used in order to measure the mid span deflection
of the bearrlets The loaddeflection curve and crack propagation are recoriibd.loads at
different stages, maximum deflection, number of cracks, and failure modes are noted. The
strength, energgbsorption at different stages and toughness index are also determined.

An equdion of design moment capacitygr FRC beam with steel rebars is modified,
based on experimental results, in ordepreciselypredictthe theoretical design moment and

shear capacitiesf GFRC beams with rebars

1.5 Thesis Layout

The thesis layoutortainsa totalof six chapters. These are:

Chapter 1comprisesof introduction. It explainsthe flaws in bridge girdersresearch
motivation and problem statemenbverall and specificresearch objectivwe research

methodology, and thesis layout.

Chapter 2 contains the literature review. It consists of backgreankyagemicro-cracksin
bridge girders,fiber reinforced concretevithout and with rebarsdesign equationgor

moment capacityand summary of chapter 2.

Chapter 3 includethe experimental procedures. tontainsthe backgroundraw materials,
mixing and casting procedures PC and GFRCspecimen details, testing procedyrasd
summaryof chapter 3



Chapter 4comprises of results and analysis. It explainskiekgroundmateriatproperties
of the mixeg(i.e. PC and GFRCjlexural propertiesnd behavior of specimsmwith flexural
and shear reinforcemerand summary of chapter 4.

Chapter 5comprises of discussion. ¢onsists obackgroundfrendcomparison omateriat
properties trend behavior of steeteinforced beamsvith previous studies, modified design
equation of moment capacity, prediction of momant shearcapacities, improvement in

EAMC, and summary of chapter 5
Chapter 6 consists of conclusgemnd recommendations.
All references are listed after chapter 6.

Annexure A explains the detaits loadtime curves and behavior ofhertested specimens

during compressive, splittiaggnsile,and modulus of rupturests



CHAPTER
LI TERATURE REVI EW

2.1 Background

Early-agemicro crackis themajor flawwhich conclusively mitigates durability and
serviceability of theconcretebridge girdersThe other flaws of the bridge girdecanalsobe
reducedwhile mitigating earlyagemicro-cracks (EAMC) by enhancingthe mechanical
properties of concret@hese cracks can lsentrolledby improving the compressive, tensile,
and flexural strengths of concrete. These mechanical properties can either be enhanced by
utilizing fiber reinforced concrete (FRC) aod admixtures The utilizaion of GFRC with
flexural and sheareinforcementsmay help to reduce the EAMC in concrete bridge
girders. The explanation ofEAMC in bridge girders, fiber reinforced concrete without and
with rebars and design equations for moment capacites discussed in detaiih this

chapter.

2.2 EAMC in Bridge Girders

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 leatdsvardsthe deterioration of concretand corrosiorof steel
(Mazzoli et al.2019. The factorswhich increase the density of cracksbindgedecls, are
content ofcementwater, and total volume of cemepaiste used in the concrete (Darwin et
al. 2004).Wright et al. (2014¥studiedthe reasonf early-agecrackingnear expansion joint
repair sectionsni concretebridgedeck According to this study, one of the causes of cracking
in bridgedeck was material properties of concrefecordingly, materialproperties of
concrete were studied in detaWvarious MD ratios for concretedeck of bridge were
investigated experimentally. The ratioscement, sand and aggregatesl : 2.73: 4.67and
1:2.37: 4.34with w/c ratiosof 0.44and0.43 respectively, were used. It was observed that
low cement content in concrete reducddAMC in bridgedecls. It can be claimed that
concrete with low cement content and improved mechanical properties may reduce EAMC in
bridgedecks or girders Saadeghvaziri and Hadidi (2005) performed a studyramsverse
cracking of concretdridgedecks. This study presentedhe results of the comprehensive
finite-elementanalysisof bridgedeck and girder in order to understamahd evaluate the

patterns of cracks, stress histories, and also the effect ofuséustiffness on transvess



cracking.It was observed thabmpressive strength increddeAMC in concrete if achieved

with a high cement conterfilational Ready Mix Concretes&ociation reported that flexural
strength(FS)is basically the indiret measure of tensile streng@oncrete witha low tensile
strength providedess resistance to EAMC ibridgedecls (Qiao et al. 2010)Observed

EAMC in recently constructed concrete bridge girder is shown in the FiglreT®
minimize EAMC in concretéridge girders, mechanical properties retedbe enhanced. The
responsible properties are compressive, tensile, and flexural strengths of concrete, which can
increase durability and serviceability of structures regucing EAMC in concrete as
reported byPurkiss(1985, Peyton et al(2012, and Khan and Al{(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

2.3 Fiber Reinforced ConcreteWithout and With SteelRebars

2.3.1 Fiber Reinforced Concretewithout SteelReinforcement

Many researches have been proposed in the last few decades to minimize thé flaws o
bridges to make them more durable and serviceabla lforg 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 limitnicrete. Fibers
in concrete acts as fAcrack arrestero (James
static properties of concrete are improved by the addition of small discrete fibers in the
concrete matrix (Ali et al. 2012). Even Ali (2014) istigated the seismic performance of
coconutfibre-reinforcedconcrete columns with different reinforcement configurations of
coconutfibre ropes found satisfactory resulfthe coconufiber ropes were used instead of
steel rebars. FRC with rebars is diseed in detail in next stgection.The presence of fibers

in concrete preveatthe width of cracks from leading to increase; due to which stiffness and



ultimate load cagiing capacity increase(Kamal et al. 2014). Artificial or natural fiber
reinforced concrete can enhance mechanical properties (James et al. R@dgably
artificial fiberswereused in concrete due to its durable natorealong serviceable lifeTo

start with, dass fiters are selecte®ifferent types of fibers and their benefits are given in
Table 21. Glass fibes gained considerable attention due to its low density, highly durable
and safe, more ductility, and lightweight, economical, energy efficient, weather rand fi
resistant (Shakand Pimplikar2011 RavikumarandThandavamoorthg011).

Table 2-1 Different types of fibers and their benefits

Sr.

Fibers Benefits References
No.
1 Nylon fiber Strong, more elastic, ligkr Banthia (2010) and

weight, heatand cold resistani James et al. (2002)
not water absorbent, stabl
excellent in abrasion resistanc
and more resiliency

2 Polypropylene fiber Low specific gravity, high Banthia (2010) and
density, more ductility, no wate James et al. (2002)
absorbent, very good i
elasticity and resiliency
excellent ability to protes
friction

3 Glass fiber Low density, high durability Shakor and Pimlika
more ductility, light weight, (2011), Ravikumar ani
economical, energy efficien Thandavamoorthy (2011

weather and fire resistant and James et al. (2002)
4  Steel fiber Hight density, more ductility James et al. (2002)
energy efficient, no wate
absorbent
5 Basalt fiber Low density, light weight, higlt Banthia (2010)

elastic modulus, resulting i

excellent specific gravity




Khan and Ali (2016) performed an experimental study to investigate the strength
properties oNFRC and GFRCfor possible application of reducing EAMC lnmidgedecls.
The researchers used 5% fiber content by mass of cement having 50 mm cut length in
concrete. The samdD ratio of PC (i.e. 1. 3.33: 1.67) having avater cementatio of 0.71,
was used foNFRC and GFRC Sampleswere then tested fostrength propertiesit was
found that slumps oNFRC and GFRC were decreased B§8.7%and 37.5% respectively.
While the densities dNFRC and GFRCwere 1.8% and2.4%, respectively, less than that of
PC. Theflexural and splitting-tensile strengths(FS and SS, respectivelgf GFRC were
improvedby 5.6% and11%, respectivelycontrasted withhat of PC (Table 2). The SS and
FS of NFRC were increased by 84% and 3%, respectively. Although the compressive
strengths oNFRC and GFRCwere decreased by&% and 5.8%, respectively, but showed
satisfactory performance. Qureshi and Ahmed (2@kBerimentally studied th@echanical
characteristic®f GFRC withvariousMD ratios. TheMD of 1:1.5:3 with aw/c ratio of 0.6
was used for plain concrete. Glass fiberditferent contents (i.60%, 0.5%, 1%, 1.5%, 2%,
2.5%, 3%, and 3.5%by cementmas$ were used.Sampleswere cast and tested for
compressiveflexural, and splitting-tensile strength. It was obseed that 1.5% glass fiber
content by mass of cement was the optimum percentage. The compriessile,flexural
strengths wer@mprovedby 13%,11%, and50%, respectivelywhen contrasted witthat of
respectiveplain concretesamples (Table-2). Keneet al. (2012) performed an experimental
study on behavior of steel agthssfiber-reinforcedconcretecomposites. Th&ID ratio of
1:1.75:2.87 with aw/c ratio of 0.5 was used for PC. The samMP was used for steel and
glassfiber-reinforcedconcrete 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 aglssfiber-reinforcedconcretewere increased by 13.6%
and 9.1%, respectively. It watsa found that the splittintensile strength of steel agthss
fiber-reinforcedconcretewere increased by 22.7% and 2%, respectively, when contrasted
with that of respective PC (Table2). It wasfound that the steel fiber reinforced concrete
performed better than that gliassfiber-reinforcedconcrete

Ravikumar and Thandavamoorthy (2011) performed an experimental study to
investigate strength and fire resistant properties of PC and GFRC. In thrsnsaptal study,
inclusion of glass fibers in concrete had been used up to 1% by volume fraction having 450

mm length.



Table 2-2 CS, SS and MoR of PC and GFRC byrevious Studies

CS SS MoR

Concrete type MD %) ) (%) Reference

PC ' 100 100 100

GFRC (5%)®  1:3.33:1.67 97.2 111 1056 Khan and Ali (2016)
GFRC (1.5%} 1:1.5:3 113 111 150 Qureshi and Ahmed (2013)
GFRC (0.25%§  1:1.75:2.87 109.1 118.2 Kene et al. (2012)
GFRC (0.5%f 1:2:4 113 120 142 Ravikumar and
GFRC (1%)" 1:2:4 135 137 175 } Thandavamoorthy (2011)
GFRC (0.025%) 1:3.24:51 110 108 Deo (2015)

GFRC (0.03%§ 1:1.31:254 119 115 1151 Chandramouli et al. (2010)
GFRC (0.75%§  1:1.21:2.59 107.5 126.7 135 Kizilkanat et al. (2015)

Note:?content by mass of cemehtontentby 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 fibersBy using 1% fiber volume fraction in concrete, th@mpressive,
flexural, and tensile strengths were increased by 35%, 75%, and 37%, respectively, when
contrasted with thanf reference concrete (Table2?. Fire resistant test was also performed
after heating the concrete for 2 hours at®33Significantdecrease 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 betterefigant
properties. Deo (2015) conducted a paramstiicly 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 compressirength tests. TheD ratioof 1: 3.24: 5.1

was used with a ater cementatio 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 BBéspectively, when contrasted with that espective control

mix (Table 22). 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 glassfiber-reinforcedconcrete. 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 respectivd RBle 22). Kizilkanat et al.(2015)
performed an experimental study on mechanical properties and fracture behavior of basalt
and glassiber-reinforcedconcrete. The researchers were used 0%, 0.25%, 0.5%, 0.75%, and
1% fiber content by volume fraction of concrete for both basalt #asbfiper-reinforced
concrete. The sanmdD ratio of PC (i.e. 1:1.21:2.59) having a wi/c ratio of 0.45, was used for
basalt and glaskber-reinforcedconcrete. 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 glassfiber-reinforcedconcrete reduced up to 39% and 56%, respectively. While
densities of basalt and glaf#iser-reinforcedconcrete were decreased up to 1.6% and 2.6%,
respectively, when contrasted with that of control mix. The CS, SS, and MoR df filzeyal
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, wheontrastedo that of respectiv®C (Table 22). It was
concluded that the BFRC performed better than that of GFRC.

2.3.2 Fiber Reinforced Concretewith Steel Reinforcement

The researchers all over the world are also working to develop fiber reinforced
concretg(FRC)with steelreinforcementindglass fiber reinforced polyméGFRP)rebarsas
reported bylmam et al. (1997)Furlan and Hanai (1997Ashour (2006),Beshara et al.
(2012),Kamal et al. (2014)and Rathi et al. (2014¥ptrength propeies of concrete have a
more prominent effect by utilizing=RC with steelrebars. Kamal et a{(2014)performed an
experimental idy on behavior and strengpinoperties of beams by using different fibers. It
was reported that ultdaigh performance of concreteas achieved by utilizaon of
polypropylene and steel fibers. A total of twelve beams with and without shear
reinforcementavere cast and tested in flexur@he reinforcement ratiof 0.012 and 0.017
were used for the bealats without and with stirrups, respectiveljhe steel rebars of
diameter (10nm and 12nm) were used as a tensile reinforcement in the concrete. The steel
and polypropylene fibers were added akdOn® and 1 kg/m, respectivelyjn the concrete.

It was concluded that the compressive strength of steslfieinforced concretSFRC)with
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steel rebars was increased by 2.5%, and that of polypropylene reinforced cORERE®

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

with steel and polypropylene fibers, spectively. Beshara et al. (2012) performed a
parametric study on nominal flexural strength of high strength fiber reinforced concrete
beamswith steel rebarsThe steel ratio of 0.0017, 0.0064, 0.0075, 0.012, 0.015, and 0.022
were used as tensiteinforcement. Wheredke steel ratio of 0.004&nd0.0047were used as
compression reinforcemern equation fordesign moment capacity was also proposed in
order to compare the exfrmental and theoretical moment capacitésteel fiber reinforced
concrete beams with steel rebars. The steel fibers were use¥,a8.5%, 1%, and 2% by
volume fraction in the concrete matrit.was concluded that the predicted flexural strength

by proposed approach was reasonaagd.The error of £38% was observedtire 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 concregarbs with rebars is less than that of the
respective fully reinforced beantsurlan and Hanai (199performed arexperimental study

on shear behavior of fiber reinforced concrete beams. A total of fourteen beams were
prepared from seven different mix pospons. 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 ductilitfthe polypropylene fibers were used as 0.5% by volume
fraction, steelibers 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 errot:80% was observed for bedets with stirrups,

while the error for the beahets without stirrups was observed as +86%. It was concluded
that the progress of cracking in FRC was relatively slow and deflections were reldatad.

et al. (2014)performed an experimental study glassfiber-reinforcedconcretemoderate

deep beam with and wiblit stirrups. For this, six tdeeams of constant overall span and
depth 150mm, 200mm, 250mm, 300mm with span to depth (D) ratios of 4, 3, 2.4 and 2

were cast, and glass fiberwith cut length and diameteof 12 mm and 0.0125mm,
respectivelywereadded at voluméractions of 0%, 0.25%, 0.5%, 0.75% and 1%. Tywoint

load testwas performed for all beamsThe maximum compressive and splittitemsile
strengths of GFRQwith 0.75% fiber contentwere increasd by 24.73% and 11.88%,
respectivelywhen contrasted witthat of respective P(O'he flexural strength, shear stress,

and ductility of moderate deep beams were increased up to 302b%9%, 10.45%,
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respectively by the inclusion of 0.75% glass fihewhencontrastedwith that of respective

PC deep beamdhe 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 thdhe fiber congnt of 0.75% by volume fraction showed
satisfactory results in all conducted tegtshour (2006) investigated the flexural and shear
capacities of concrete beams reinforced with GHBars. A total of twelvebeamlets
reinforced with GFRRebars were cdasand performed fodpoint load test on them. Two
modes of failure (i.e. flexural and shear) were observed in all perfaiesesiThe error of

+18% was observed in GFRP reinforced beams, when experimental and theoretical flexural
capacity wasontrastedlt was also observed that the flexural failure occurred due to tensile
failure of GFRP bars, and shear failure was initiddgc major diagonal crack within shear
span of the beam.

2.4  Design Equationsfor Moment Capacities

The stress distribution a@oncretebeamhaving steel rebars is shown in Figr2a.
The actual and equivalent stress distribution proposed by Nilson et al. (2010) is limited and
not applicable for fiber reinforced concrete. The design moment capatityormal
reinforced concretean be calculated from the following equations, which are proposed by
Nilson et al.:

Mr=4s A - in N-mm (2.9

The tensile strength of steelgfTs given by

Ts=Asx fy in N (21a)
The depth of equivant distribution of compressive stressésa 6 | n -2& cag ber e 2
calculated by

A S E— in mm (2.1b)

Where A is the area of steel (nfin, f ¢ 60 -dayscylinddr eom@essive strength of
concrete (MPa), fy is the yielding strength of steel (MPa), b is the-seat®nal wdth

(mm), and d is the effective depth (mm). The idealized stress and strain distribution for fiber
reinforced concrete (FRC) proposed by Beshara et al. (281&hown in Figure2-2b.
Accordingly the design moment capacif steetreinforced FRCcan becalculated by the

following equations:

. A

Mep=4sA - 49 O - - (2.2
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Where T, a, and d are same as explainedefuation 2.1). t is thetotal depth of beam, tf is
the dfective height of equivalent stress of FRC in tension regide tensilestrength of FRC
0T, 0is givenas below:

T = [1.64 s (15 /)] b tf (2.2a)
Where V is the fiber volume fraction used in the concretes the length of fiberg is the
diameter of the steel fibers. It may be noted that Beshara et al. (2012) proposed Eg. (2.2a) on
the basis of empirical evaluation of compressive strength anecpaating strength of fiber

reinforced concrete.

Y% Ceu=0.003 o 0.67fu

WS e =< T
0
__________ ot L 067f,ab
N
be)
é::::::: s =— pge iy gt
Etu ﬁap T;
Strain Idealized Stress
Actual Equivalent (b) Distribution Distribution

Figure 2-2 Stress distribution of concretebeam having steel rebars: (a) for plain
concrete by Nilson et al. (2010)and (b) for fiber reinforced concrete by Beshara et al.
(2012)

2.5 Summary

It can be claimed frorthe previous studies #t concrete with low cement content and
improved mechanical properties may reduce EAM®Gridgedecks and girdersAlso, it was
observed thatompressivestrength increase@AMC in concrete if achieved witlmigh
cement contenfTo minimize EAMC inconcrete bridge girders, mechanical properties need
to be enhanced. The properties includecompressive, tensile, and flexural strengths of
concrete, which can increase durability and servitgabf structures by reducingAMC in
concrete.The presencef fibers in concrete prevenithe width of cracks from leading to
increase; due to which stiffness and ultimate load carrying capacity incraasfcial fibers
areusuallyused in concrete due to its durable nature for long serviceable life. Glass fi
gained considerable attention due to its low density, highly durable and safe, more ductility,
and lightweight, economical, energy efficient, weather and fire residthos, glass fibers

can beappropriate for mitigating EAMC.
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As stated earlier, fe researches hdmken performetb achieve théigh-performance
concrete by utilizing thesteel or polypropylene fibers havintfferent fiber contens in the
concretgi.e. SFRC/PFRCheamswith steetrebars.Even, concretbeamswith GFRP rebars
had also been investigated to replace gtghrs.The designequatons werealso proposed
by theresearchers in order fedictthe theoretical moment capacitf SFRC/PFReams
with steel rebar¢Beshara et al. 2012 and Kamal et al. 204 concrete beams witGFRP
rebars (Ashour 2006)GFRC withsteel rebars is only studied for deep beamsliminate
stirrups (Rathi et al. 2014). Khan and Ali (2016) investigated onlyrthiterialpropertiesof
GFRC to control EAMC irbridgedecks. GFRCheamaswith flexural and shear reinforcement
still need to be investigatddr thin beamsAccording toauthors informationno researcls
carried on the GFRC with steel rebars for thin beath the emphasis on the reduction (not
the elimination) of flexural and shear reinforcement and the contr@adfragemicro-
cracks Accordingly, a modification in design equation is required to predict their moment
and shear capacities. In additiadhe optimizedMD of GFRC may also help in further

improving its mechanical properties.
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CHAPTBR
EXPERI MENTAL PROCEDURES

3.1 Background

Glass fibes 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 investigatettieAn
materialpropertiesof the same GFRC is alsmportant. The control specimemse plain
concrete and normal reinforced concref@e mixing and casting procedures,pe ci men o s

details andesting procedureare discussed in detail this chapter

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

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 fornof sheetsThe peparation ofglassfibers 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 0.1lthengeel
rebars of @6 have been used as a primary reinforcement in PC and GFRC. The maximum
aggregates sizse 19 mm.

The ratio ofcement, sand, and aggregatesH@ris 1 2, and4 with aw/c ratio of 0.7.

For preparation of GFRC, the saruiD ratio is used &ceptwith the addition of 5% fiber
content by mass of cement having 50 mm lendthsaturated 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 durorkability test and filling of malds (which may
insure no loss in strength of GFRQhe 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 addddyer by layer for uniform dispersion of fibers in the concrete
matrix. The addition of fibes 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 dreefall from aheight ofabout100-150 mmfor self
compactio in order toeliminateair voids.The specimenaredemoulded after 24 hours of
pouring. All the specimenare then kept in water at room temperature for 28 days before

testing.
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3.3  Specimens
3.3.1 Specimendor Material -properties

Cylinders(i.e. diameter and hght of 102 mm and 204 mm, respectivelye cast for
CSandSTStests. A total of eight cylinders (four with PC and four with GFRC) were cast.
Labels SPC1, SPC2, SPC3, and $C4 for plain concrete cylinders andcF1, SGF2, S
GF3, and SGF4 for GFRC clnders weretaggedfor identification. Two samples of each
materials are used for compressive strength tests and two are used for gphtileg
strength testsUsually three specimens are cast. However, two are also acceptable to make
some conclusiomas used by Khan and Ali (2016), Atis (2003), Lim et al. (2000), Poon and
Chan (2007), and ASTM C39/C390/ba.

Beantlets (i.e. width, depth and lengthof 102 mm, 102 mm, and 457 mm,
respectively)are cast for flexural strengfMoR) test. A total of four bam-lets (two with PC
and two with GFRC) without steel reinforcement are cast. Labels mentioned for Pdetb®am
are BPC1 and BPC2, whereas labels for GFRC beksts are BGF1 and BGF2.Thus, a
total of twelve samples (six for PC and six for GFRC) amdu®r determining materials
properties experimentally. An average of two readings is taken for each property.

3.3.2 Specimenswith Steel Reinforcement

The sizes of beastets with flexural and sheaeinforcementsare same (i.e. 102 mm
x 102 mm x 457 mm) as that of bedats used for MoR A total of ten bearfets (five with
PC and five with GFRC) are cast. The labelling scheme along withsrdbgailing is given
in Table 31. The selected reinforcement combinas@re made with smaller diameter rebars
by keeping the reinforcement ratio between minimum and maximum [liné. structural

details of beantets with rebars is shown in Figurel3

Table 3-1 Labelling scheme of bearvets with steel rebars
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Labels

S. No Flexural Shear PC GERC
1 2-06 @6-76 mm PF1 GF1
2 3-J6 @6-76 mm PF2/PS2 GF2/GS2
3 2+2-06 @6-76 mm PF3 GF3
4 3-06 @6-64 mm PS1 GS1
5 3-06 @6-89 mm PS3 GS3
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Figure 3-1 Structural details of beamlets with steel rebars: (a) crossections of PC(b)

T

crosssections of GFRC and (c) devation of beanilets with adecreasean shear

reinforcement
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3.4  Procedures for Testing

3.4.1 For Material -properties of Fresh and Hard Concrete

Slump, density, compressivenodulus of rupture and splittifignsile tests are
performed as per ASTM C143/C143Mba, ASTM C138/C138M6, ASTM C39/C39M
15a, ASTM C496/C496M.1, and ASTM C78/C78M5h, respectiely, for determining the
properties of PC. The samples of GFRC are also tested in a similar manner in order to
compare the propertieBuring compressivenodulus of ruptureandsplitting-tensiletests,
their respective loatime curves and crack propaget 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 manuallyT he f i r st j6c raancdk tlhoea dmadxH mum | ead O P
crack energda b sor pt i on -abBserptiandup takemearxgymum | oad O EO,
energyabsor pt EO6n 6€Crengt h, and toughness i nde;
mentioned earlier, it may be noted that all these properties are of those specimétid with
1:2:4. These properties aasocontrastedvith that of specimens withD of 1:3.33:1.67 in
Khan and Ali (2016) study.

Applied load

o—=e

Sample

Dial gaug€'¢

XX f— Y4 X X
(@) (X=76 mm and Y=153 mm) (b)

Figure 3-2 Testing of bean-lets with rebars: (a) £hematic diagram and (b)

experimental setup

3.4.2 For Beamtlets with Steel Rebars
The schematic diagram and experimental setup are shown in Figureh@& flexural
load is applied with the help of sergdraulic testing machine. The m#gpan deflection is
measured by a dial gauge. The latdlection curve and crack pragation are recorded.
From this informati@n,thédeméxjomamdbleaad todBnad

6B, the maxi mum defl ection 06 &0, number of cr
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not ed. The fl exur adbsorp i o@&n qutph td&F . t&be denngesdgyy C
absorption from the firsigd, c reabsdrpgon romtthee ma x
maxi mum | oad to @Whetot-absmanpt iy@mdo DEEOG, and
index OT. T. 1 6 ar enerdatane theoretinat domeniTamceshearxcapacities

are also determined awdntrasted

3.5 Summary

The ratioof cement, sand, aggregates PCand GFRJds 1, 2, and 4with aw/c ratio
of 0.7.In addition to that, 5% fiber conterliy mass of cemenare usedn case of GFRC.
For this study, the measured diameter and cut length of the glass fibers are 0.15 mm and 50
mm, repectively. 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 previous3teglyebars of @6 are
used as a primary reinforcement in PC and GER@tal of twentytwo specimengtwelve
for materiatpropertiesand ten for behavior of stesdinforced beas) are castThe sump,
density, compressive, splittitgnsile, and modulus of rupture tests are performed as per
ASTM standards. The sam&STM standards are followed for determining the properties of
GFRC.The loaddeflection curves and failure modes aged for studyinghe behavior of

steelreinforced beams. The analysis and results are discimsdethilin the next chapter
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CHAPTER
ANALYSI S AND RESULTS

4.1  Background

The speimens are castith thecement: sand: aggregatdio of 1:2:4andaw/c ratio
of 0.7for PC. For preparation of GFRC, the safMp is used excepwith the addition of 5%
fiber content by mass of cemenhaving a length of 50 mm. The measured diameter of the
glass fiber is 0.15 mmrThe results oftests performed on P@d GFRC specimensre
discussed in detail in this chaptdfirstly, the materials properties of PC and GFRC,
deternined through ASTM standards, ae&plained. Then, the behavior of steeihforced
PC and GFRC is described.

4.2  Material -properties of PC and GFRC

4.2.1 Slump of Fresh Concrete and Density of Hard Concrete

The slump of fresh concrete and density of hard concrete are given indthbleis
observed that the slump &C is more than that of GFRC by 20 mm for the samwater
cementatioi.e. 0.7 Congquently, th&GFRCslump isdecreasethy 50% than that of PC. As
predicted, the decrement in tsump of GFRC is observed becausecohfinement and
retention effect ofGF. The densities of PC and GFRC are 2375 Rgamd 2284 kg/rh
respectively It is found that the density of GFRC is reduced by 91 Rg/fhe percentage
reduction in the density of GFRC is 3.83%ntrastedo that of PC. This reduction is due to
the inclusion of glass fibers (less dense in nature) to the concrete.

4.2.2 Behaviorin Compressian

The compressive load time grapls, appearance dhe first crack cracks at the
maximum load, andhe comparison opercentage increase or decrease of compressive
strength (CS), compressive gpreck energyabsorption (C.P.E), compressive energy
absorption up tahe maximum load (C.E) and compressive toughness index (C.Tplaof
concreteand glassfiber-reinforcedconcretespecimens ardlustratedin Figure 41a. The
behavior (i.e. loadime curve and crack propagm) of PC and GFRC is natewhile
performingcompressive strength test, whichn®re or lessame 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 41 W/C ratio, slump, and density of plain concreteand glassfiber-reinforced-
concrete

Slum i

Batch WI/C ratio P Density

(mm) (kg/m®)
Plain Concrete 0.7 40 2375
GlassFiberReinforcedConcrete 0.7 20 2284

It is observed that the number of cracks and thamgthsincrease withan increase of
application of load in both cases (PC and GFRC}YhAmaximum loading, th®C specimen
breaks into pieceswhile in case of GFRCthe concrete contact has been completely
eliminated and purely bridged by the presence of glass fibers. The GFRC specimens are
deliberatelybroken in two piece$o perceivethe failure of fiber. It is observedn fractured
surfaced of GFRC specimetisat around80% of GF are hauledout and 20% ofGF are
wrecked Shorter development length is the main cause of fibers pulle®auhe fractured
surface (with visual inspection), theokenaggregates are approximately 3% in PC and 5%

in GFRC speitnensbecause ofheir lesscompressivestrength.The R, C.P.E, P, CS, C.E,

C.T.I, and C.GE of PC and GFRC are given in the second and third columns, respectively,
of Table 42. It may also be noted that tesame procedure is adopted as used by Khan and
Ali (2016) for the calculation of CS;.P.E, C.E, C.CE, and C.T.l. A considerable decrease
has been observed in & GFRC than that of PC. A similar trend (decrement) is observed in
C.P.E, P, CS, C.E, C.T.l, and GE of GFRC whencontrastedwith that of PC. The
percentage decrease iy B.P.E, P, CS, C.E, C.T.l, and GECof GFRC is 6.3%, 0.02%, 4%,

4%, 1.4%, 1.9%, and 21%, respectively, wiientrastedvith that of PC. The reason for the
percentage decrement may be either proper compaction of PC than that of GFRC or
heterogeneity of GFR mix. The inclusion of glass fibers of 5%y mass of cementnay

have caused heterogeneity in GFRC. Filled void effect may have formed due to the presence
of glass fibers (low dense in nature) in GFR@ere might be relatively more air voids in
GFRCcortrastedwith that of PC.

4.2.3 Behavior in Splitting -tension
The splittingtensile load- time curves, appearance tbie first crack cracks at the
maximum load, andhe comparison of percentage increase or decrease of spiitisde

strength (SS)splitting-tensile precrack energyabsorption (S.P.E), splittiaggensile energy
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absorption up tdhe maximum load (S.E) and splittignsile toughness index (S.T.I) of
plain concreteand glassfiber-reinforcedconcretespecimensare presentedn Figure 41b.

The first crack ithe GFRC cylinder during splittingensile strength test is observed at 85%
of its maximum loadAt the peak load,he PC specimen breaks into two piecéile in

case of glassfiber-reinforcedconcrete the contact of twopieces have been entirely
eradicatedand the bridging phenomena takes place due tadhéion of GF. The GFRC
specimens are deliberatedgparatedanto two piecesin order to perceive the failure of fibers.

It is noted, based on pictorial scrutifrpm fractures surface of GFRC specimeihst 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-tending of fibers occurred with the surrounding mat®a

the fractured surface (with visual observation),daenaged aggregates are about 15% in PC
and 10% in GFRC specimenghe R, S.P.E, P, SS, S.E, S.T.l, and &®f PC and GFRC
specimens are given the fourth and fifth columns of Table24 The procedure adopted for

the calculation of SS, S.P.E, S.E, SEC and S.T.l is same as followed by Khan and Ali
(2016). A decrement of 7.5% is observed iPGFRC than that of PC, but a significant
increment is observed in S.P.E, P, SS, S.E, S.T.l, andESa@ GFRC whercontrastedvith

that ofplain concreteThe percentage increases in S.P.E, P, SS, S.E, and Sjlassfiber-
reinforcedconcreteare 7.8%, 8.3%, 8.3%, 16.4%, and 8%, respectively, vdoerrasted

with that ofplain concreteThe S.GE of glassfiber-reinforcedconcreteis 100 times more
than that of PC because PC specimens break into two pieces at the maximunmagdodt
notedthat theadditionof 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, appearancetbkfirst crack cracks at the maximum
load, andthe comparison of percentage increase or decrease oflusodfirupture [fIoR),
flexural precrack energyabsorption (F.P.E)déxural energyabsorption up tdhe maximum
load (F.E) and flexural toughness index (F.T.l)ptdin concreteand glassfiber-reinforced
concretespecimenareillustratedin Figure 41c. The area under loadtime graphup tothe
first crack isconsideredas the flexural prerack energyabsorption (FPE). |[Exural energy
absorption (FE) is the total area under the lotatie curve. Flexural toughness index (FTI) is
obtained by dividingflexural energyabsorptionwith the energyabsorption up to the first
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crack load (i.e. FE/FPEJ.he observed behavior of PC and GFRC béstisiismoreor less
same as reported by Khan and Ali (2016). The first crack of GFRC-lsamnduring the
flexural strength test has been observed at 84% of its maximum load. The PC samples breaks
into two halvesat the maximum logdwhile in case ofjlassfiber-reinforcedconcrete the
bridging phenomena takes place due to the glass fibers existence. The GFRC specimens are
consciouslyseparatednto two piecesin order to knowhe failureof fiber. It is notedon the
basis ofvisual examinationfrom fractured surfaces of GFRC bed@tsthat around30% of
fibers tugged out and 70% of fibers areecked The causes of pulling armteaking of fibers
have already been discussed earlier (he.same reason as explained for splitttegsile

strength test).

Table 42 Compressive, flexural and splitting-tensile properties of PC and GFRC
specimens withMD ratio of 1:2:4

Intended Compressive Splitting -tensile Flexural
Properties PC GFRC PC GFRC PC GFRC
(1) (2) (3) (4) (5) (6) (7)
Py (kN)) 147.1 137.8 76.8 71.0 21.1 19.7
P.E (kN.s) 131479 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.0(-) 1.07 1.05 1.00 1.08 1.00 1.04
C..E (kN.s) 883.9 696.3 0 525.2 0 11.3

Note: P, = First crack load, P.E = Precrack energyabsorption, P = Maximum load, E = Energjosorption
up tothema¥imumload, T.l = E/P.E = Toughness index, andEC= Cracked energybsorption.

On the fractured surface the damaged aggregates are about 10% in PC and 5% in GFRC
specimens.The flexural behavior is recorded up te maximum load only. The post
cracking behavior is not recorded because of testing machine limitations at thathefe,

F.P.E, P, MoR, F.E, F.T.l, and F.E of PC and GFRC are given in the sixth and seventh
columns of Table 2. The same procedure is adopted for the calculation of MoR, F.P.E, F.E,
F.C.E, and F.T.I as followed by Khan and Ali (2016). A decrease of BFRC bearlets is

about 6.6%contrastedo that of PC beartets, but a considerable increment is observed in
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F.P.E, P, MoR, F.E, F.T.l, and F.E of GFRC whertontrastedvith that of PC specimens.
The increments in percentage of F.P.E, P, MoR, F.E,Rafd of glassfiber-reinforced
concreteare 7.1%, 11.5%, 11.5%, 11%, and 4%, respectively, wbatrastedvith that of
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Figure 4-1 Material -properties of PC and GFRC specimens witiMD ratio of 1:2:4
(typical load-time curves, tested specimens #te first crack and at the maximum load,
and comparison ofaveragestrength, energyabsorption, and toughness index): (a)

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

Like splitting-tensile strength test, R.€ 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 aiia better
case of GFRC than that of the PC, that is why, GFERTiitable to be used as a crack arrester

in concrete.

4.3  Properties and Behavior of Steetreinforced Specimens

4.3.1 Beamlets with Varying Flexural Reinforcement and Constant Shear

Reinforcement @6-76 mm)

a) Load-deflection behavior with varying flexural rebars

The recorded migpan loaebeflection curves of beaets (PC and GFRC) with
varying flexural reinforcement and constant shear reinforcement are presehigdre 42.
The first crack, cracks at the maximum load, and cracks at the ultimate load dering th
testing, and the tested bedmts (PC and GFRC) with varying flexural reinforcement and
constant shear reinforcement @6 mm) are shon in Figure 43. The flexural
reinforcement is increased bydb, 306, and 2+236 in both cases i.e. PC and GFRds It
observed that, before the appearance of first crack, all thedkféettion curves armore or
lesslineally increasd. Theareaunder the loadieflection curve represengmergyabsorption
of the tested beathets. The behavior(appearance of first crack and cracks propagatién)
beamlets with rebars are notetliringthe flexural strength test. Howevéew factse.g.first
crack length and number of cracks at peakload and at the ultimate load atiscoveredn
current stdy. 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 linegnd width of the first crack isteetreinforced PC
beamlets is more than that of the respectisteetreinforced GFRC bearets. 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-le¢susiapproximately
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89 mm, 70 mm, and 63mm respectively, and it is approximatgl§ mm, 57 mm, and 50 mm
in GF1, GF2, and GF3 bealets, respectively. Athe maximum load,cracks width and
length and number of crackee more irsteetreinforcedPC beardetswhen contrasted with
that in respectivesteetreinforced GFRC bearrlets. At ultimate loadcracks width and
length and number of cracks aréurther increasedthan that at the maximum load. The
appearedcracksare helpedo perceive the fail@ mode. It is found thasteelreinforced
GFRC bearets perform better than that efeelreinforcedPC bearrlets against cracks
The utilization of glass fibers in concretth steel rebarsnhanced the performance

(resistance to cracksf tested beamilets.

——PC with 2-06 ——PC with 3-06 ——PC with 2+2-06
100 - -~ GFRCwith2-06 00 o =~ GFRCwith3-06 100 4 == GFRC with 2+2-06
7 - Z ST Z A
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Figure 4-2 Load-deflection curve of specimens with an increase in flexural
reinforcement: (a) 206, (b) 3-@6, and (c) 2+26

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

The load carrying capacities, maximum deflections, number of cracks aiftimate
failure, and failure modeare given in Table-8. The first cracking load (Pis taken from
the loaddeflection curves of tested bedeats. The Rrecorded with the helpf synchronized
time of the appearance of first crack and ldaflection curveThe Ris given in the second
column of Table 8. The Rof 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. TheofPGF1, GF2, and GF3 are
increased by 2.7 kN, 1.2 kN, and 3.7 kN, respectively, woatrastedvith that of PF1, PF2,
and PF3, respectively. This is 4%, 1.6%, and 16.8% increaseohG¥1, GF2, and GF3,
respectivelywhen contrasted witthat of PF1PF2, and PF3, respectively. This increment is
due to the inclusion of glass fibers in the concrete matrix. A linear increase is obseryed in P

for both PC and GFRC beal®ts with increasing flexral rebars and constant shear
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reinforcement Similarly, themaximum load (R) is taken from the loadeflection curve of

the tested beaitets. The values of f2are given in the third column of Table34 The R, 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, respectiely. The B, of GF1, GF2, and GF3 are increased by 7.3 kN, 7.3 kN, and 7.4 kN,
respectively, whertontrastedwith that of PF1, PF2, and PF3, respectively. This is 9.2%,
8.8%, and 8.6% increase in, Bf GF1, GF2, and GF3, respectivelyhen contrasted with

that of PF1, PF2, and PF3, respectively. The reason of incrementirgliigon of GF in

GFRC matrix. The trend (i.e. linear increase) is also observed, ilik&vise in R. The
ultimate load (B) is also taken from the recorded nsplan loaedeflection arves of the

tested beanfets. The R are given in the fourth column of Table34The R, 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 Pof GF1, GF2, and GF3 are increased by 3.5 ki#,KN, and 3.3 kN,
respectively, whertontrastedwith that of PF1, PF2, and PF3, respectively. This is 8.8%,
7.7%, and 7.7% increase ig & GF1, GF2, and GF3, respectivelyhen contrasted witthat

of PF1, PF2, ané®F3, respectively. The addition of GF in concrete increkses carrying
capacities of the GFRC bedme t s . The de f-dpanoot hearhet is (esoydeda t mi
with the help ofa dial gauge. The values of maximumid-spandeflection are given in the

fifth column of Table 8. The maximum deflectioof PF1, GF1, PF2, GF2, PF3, and GF3
beamlets 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-spah deflection is observed the
specimens with an increase in their flexural reinforcement. The reason for the decrease in
deflections of the beattets at midspan is the increase in stiffness of the respective thetam

with an incease in flexural reinforcementecause he stiffress of the beasets is
proportional with tle steel ratio (Kamal et al. 20L4The number of cracks in tested beam

lets at the ultimate failure is given in the sixth column of TakBe #he number of cracks of

PF1, GF1, PF2, GF2, PF3, and GF3 bdetn ae 5, 4, 4, 4, 3, and 2, respectively. It is
observed that the crack width in PC bel@ts is more than that of respective GFRC beam
lets. The crack lengths in PC bedets are also more than that in GFRC bdats. The
reason behind the less crack widtld amaller crack length in GFRC bedets than that in

PC bearvlets is due to the presence glass fibers. The bridging phenomena takes place in
GFRC bearets. Initially, the glass fibers prevettte firstcrack development, then the crack
enhancement and hee act as a crack arrester. The failure mode of the tested|dtsain

given in the seventh column of Table84The observed failure mosliéor PF1 and GF1 are
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flexural, for PF2 and GF2 atmlarced, and that for PF3 and GF3 alear Flexural failure

is due o relatively less reinforcemerdind shear failure is due to relatively less shear
reinforcementFlexural failure mode indicates that the failure is caused by flexural cracks,
shear failure mode indicates that the failure is caused by shear pamagated at 45 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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