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Abstract

This thesis presents the results of a research program examining tiie afffeacresynthetic
fibers onthe shear andlexural behaviour ohigh-strength concrete (HS@®eamssubjected to
static and blast loadAs part of the studya series okeventen fiber-reinforced HS(heamsare
built andtestedundereitherquaststaic four-point bendingr simulated blast loadssingashock
tube The investigatedest parameters include the effedf: macrosynthetic fibers, fiber
hybridization, combined use of fibers and stirrups and longitudinal steel ratio and type.

The resultsshow that nder slowly applied loads, the provision of synthetic fibers imptve
shear capacity of the beams by allogifor the development of yield stresses in the longitudinal
reinforcementwhile the combined use of synthetic fibers and stirrsijsund to improve flexural
ductility and cracking behaviour. The results also show that the provision of synthetidélasgis
shear failure in beams tested under blast pressunéis improved control of blaghduced
displacements and increased damsmlerance in beams designed with combined fibers and
stirrups Thestudy also shows that thuse of hybrid fibers was calple of effectively replacing
transverse reinforcement under both loading tyakswing for ductile flexural failureMoreover,

the use of synthetic fibers was effective lietter controlling crushing and spalling beams
designedwith Grade 690 MPaigh-strength reinforcemenfurthermorethe results demonstrate
that synthetic fibersan possibly be usdd relaxthe stringentletaling required by modern blast
codes by increasing thetransverse reinforcemenhoop spacing without compmising
performane. As part of theanalytical studythe lbaddeflection response(resistance functiohs

of the beams arpredicted using section@homentcurvaturé analysis, as well as more advanced
2D finite element modelling. Dynamic resistance functidesgeloped usg both approacheand
incorporating material strairate effectsare therused to conduct nelmear singledegreeof-
freedom (SIDF) analyses of the blasésted beamsn general, theasults show thdioth methods
resulted in reasonably accurai@dctionsof the static and dynamiexperimental results.
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Notations

Symbol Definition
0 Area impacted bthe blast pressure

Area of steel rebar

Toughness

Toughness corresponding to displacement when load reached 85% of peak load
Toughness corresponding to maximum displacement
Section depth

Steelreinforcenent bar diameter

Fibre diameter

Modulus of elasticityplain concrete

Modulus of elasticityfiber-reinforcedconcrete
Modulus of elasticity, steel

Peak fibesreinforced concrete tensile stress
Compressive concrete strength

Equivalent flexural strength

Steel stress

Steel strain hardening stress

Steel ultimate stress

Steel yield stress

Bond efficiency of fiber

Reflected impulse

Stiffness

Load-mass transformation factor

Fibre length

Plastic hingdength

Total mass of the system

Moment capacity

Driver pressure

Reflected pressure

Analytical ultimate load

Flexural load capacity

Shear load capacity

Experimental ultimate load

Resistance of the member

Positive phase duration

Deflection at midheight

Acceleration at micheight
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Fibre volume ratio

Steel yield strain

Steelrupturestrain

Steel hardening strain

Steel ultimate strain

Steel yield strain

Dynamic grain rate

Static strain rate

Analytical mid-spandisplacement
Experimental migspandisplacement
Maximumsupport rotation

Curvature

Matrix bond strength

Displacement at yielding of reinforcing bar
Displacement when load reached 85% of peak load
Residual displacement

Maximum displacement



Acronyms

Acronym Definition

ACI American Concrete Institute
ASTM American Society of Testing and Materials
CMOD Crack mouth opening displacement

CSA S850 Canadian Standards Assation for the design and assessment of buildings
subjected to blast loads

CTOD Crack tip opening displacement

DIF Dynamic increase factor

F Flexural crack width

FE Finite element

FEA Finite element analysis

FRC Fiberreinforced concrete

FRP Fibre-reinforced polymer

HS High-strength (steel reinforcement)
HSR High-strengh reinforcement

HSC High-strength concrete

HSFRC Higfstrength filer-reinforced concrete
HSS Hollow steel section

HYB Hybrid fibers

HYFRC Hybrid fiberreinforced conate

LTD Load transfer device

LVDT Linear variable displacemetransducer
MASF Macro-synthetic fibers

MISF Micro-synthetic fibers

MMFX Microcompositemultistructuralformable steel
NS Normalstrength (steel reinforcement)
NSC Normalstrength concrete

PP Polypropylene

PVA Polyvinyl alcohol

SA Sectional analysis

SCC Self-consolidating concrete

SDOF Singledegreeof-freedom

SFRC Steel fibe-reinforced concrete
SNFRC Synthetic fibefreinforced concrete
SHPB Split Hopkinson Pressure Bar

TNT Trinitrotoluene

Vi
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Chapter 1:Introduction

1.1 General

Concrete structures subjected to severe |lgaah asblast impactor earthquakes are
vulnerable to fail suddenly witlut warning. Indeed, many recent earthquakes (e.g. Haiti, Mexico
City and others) as well as terrorist attacks (e.g. Oklahoma City Bombing) have demonstrated the
devastating effects of extreme loads onarete structures, which can lead to loss ofdgevell
as severe economic l@ssDesign considerations accounting for the mitigation of blast loads on
such structures have become a major concern

High-strength concrete (HSG3$ a material thahas seen rapid grolwtin the past few
decadesandis now commonly useth building and bridge applications. HSC may be defined as
concrete which has a compressive strength greater6hdfiPa. Despite its acantags which
include enhancedstrength and stiffness, HSC also meegative featureswvhich includebrittle
behavior in compressioand poor tensile resistancéhesebr i t t 1 e properties,
poor fragmentation resistanamanraise concernshaut thesafety andiuctility of structures built
with this materibwhen exposed to extreme loadiddneuseof fibers isone potentiasolution to
increaseHSCO s t o u g h n e s s whileralsacatbomipgrfoe inceeasadnsile resistancand
improvedfragmentation resistancéheseenhanced qualities make higtrengh fiberreinforced
concretebetter suitedor the design o$tructures exposed to impact and blast loads.

While important research is available on the impact and blast performance wf fibe
reinforced concrete, most previous tests have focussed onilkasl Recently, there has been
increased interest in the potential of using synthetic -fib@forced concrete (RC) in
structural applications. Macrynthetic fibers, which are largand coarser than traditional miero
synthetic fibers, can providercrete with similar toughness and resistance to steel fibees.
improved toughness and fragmentation resistanceN&RE make itwell-suitedto increase the
damage tolerance bigh-strengthreinforced concrete members subjected to blast loads

Thisthesispresents the results of a combined experimental and analytical studyavhgh
at better understanding the influence of meaxynthetic fibers on the behaviour bfgh-strength
reinforced concrete structures exposed to both static and dynamiodgtads particular focus on
high-strength concrete beams

1.2 ResearchObjectives

This thesis aims axamiring the potential of using maci®ynthetic fibers to improvihe
flexural and shear behavior of higlrength concrete beams subjectedath quasistatic and
extremeblast loadingThis objective is achievdaly testing a series of larggcale beams built with
fiber-reinforced higbkstrength concrete under fepoint kending and simulated blast loads using
a shocktube. The study also examines the infloe of various design variables including the
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ability of fibers to replace transverse reinforcement,cthabined use of fibers and stirrups,
well as the effects ofybrid fibers,longitudinal steel ratio and longitudinal steel type. In addition,
the researchaims at examining thability of both sectional analysis and more advanced finite
element modelling to predict the static and dynamic responses of reinforceetebaamsouilt
with macresynthetic fibers.

1.3 Scope

As part of ths study seventeetbeams arduilt andtested Nine beam specimens are tested
under quasstatic fourpoint bendingwhile the remainingightbeans aretested undesimulated
blast loads sing the University of Ottawshocktube. The design parameters investigated in the
study include:

1 Theeffect of macresynthetic fibres, with companion beams built with and withowr$ip

1 The effect of hybrid fibers, witbeams built withD.75%syntheticfibers or a hybrid mix
of 0.75% synthetic fiberand0.25%steel fibers;

1 The effect ® combined use of fibers and stirrups, withmpanion beams buntith and
without dear reinforcement

1 The effect of longitudinal reinforcement ratio, with beams constructedeittibr2-15M
or 2-20M normalstrength(400 MPa)bars;

1 The effect of steeleinforcement type, with companion beams built with norsti@ngth
(400 MPa and highstrength 690 MP3 steelbars

1 The ability of macresynthetic fibersto relax blast detailing, with companion beams
detailedwith different hoopspacinggs = 100 mm and = 50 mm)

For the static tests, the responses of the speciaressessed in terms déilure mode,
maximum loaecarrying capacity, maximum displacement, ductiliynd toughness The
performance criteria for the dynamic teateassessed based on:ximum and residual midpan
displacements, magnitude of blast pressure at failure and failure moddamiage tolerance
including crack control and secondary fragmentation.

This researchalso includes a comprehensive analytical study which aims ptedicting
the flexural and shear capaegof the beam using various equations proposed in the liteeatu
2) simulating the static and dynamic resistance functions of the beams using sectional analysis and
finite element modelling, and 3) predicting tthgnamic responses of the beams using lireear
singledegreeof-freedom (SDOF) analysis



1.4 ThesisBreakdown

This thesis containgsine chapters as shown Figure 1-1, and is divided as follows:

Chapter 1i |ntroduction

1 Introduces the significance of the thesis, presents the research objectives, and
definesthe scope.

Chapter 2i Literature Review

1 Provides backgroundinformation regarding the thesis topic and summarizes
previous research on the static, impact dadtlperformance of reinforced concrete
beams and structural components constructed sytithetic fibersand fibe-
reinforced concretmaterials.

Chapter 3i Experimental Program

1 Describes the experimentptogram, including an overview of the test matrix
specimen design details, mad parameters, test setgnd testing protocols.

Chapter 4i ExperimentalResultsof the Static Tesg

1 Presentand describetheindividual behaviouof each of the beams tested under
guaststatic loading with the resulesented iterms of loaedeflection response.

Chapter 5i Experimental Results of th&hockTube Test

1 Summarizes the detailed results frdme dynamic experimental program with the
results presented in terms of presstigplacement time histories.

Chapter 6i Discussion of Static Experimental Results

1 Discusses theffect of various parameters including the effectsnafcresynthetic
fibers, hybrid fibers and steel reinforcement type on the gstasic behaviour of
theFRC beams.

Chapter 7i Discusson of Dynamic Experimental Results

1 Summarizes key observations from the blasstegarding the effects aihacre
synthetic fibers, hybrid fiberlongitudinalreinforcementatio and type.

Chapter 8i Prediction of Static & Dynamic Response

1 Compares tb flexural andshear strength predictions performed using various
models;

1 Explains the procedure implemented to predict the static and dynespianse of
the specimens usinggctional analysis, finite element analysis (FEA) and single
degreeof-freedom SDOF)modelling



1 Summarizes the analytical predictions along with a comparison between the
experimental and analyticeésponseegarding various aspects

Chapter 9i Conclusion& Recommendations

1 Summarizes the conclusions from the research program and poses
recommendations for further research

Thesis Organization

Chapter One
Introduction

Chapter Two
Literat ure Review

Chapter Three
Experimental Program

Chapter Four
Experimental Resultsof the Static Tests

Chapter Five
Experimental Resultsof the Shock Tube Tests

Chapter Six
Discussion ofStatic Experimental Results

Chapter Seven
Discussion of Dynamic Eperimental Results

Chapter Eight
Prediction of Static & Dynamic Response

Chapter Nine
Conclusion& Recommendations

Figure 1-1 Thesis organization



Chapter 2:Literature Review

2.1 Chapter Overview

This chapter provides a literature revieated to théhesisresearch topg The first setion
presents an introduction taacresynthetic fibers (MASF) and the effect of such fibers on key
concrete propertie3 henext section reviewgrevious research on the shear and flexural behaviour
of synthetic fibesreinforced concret¢ SNFRC) beamsunder gatic loading.The final section
reviewsprevious research which has examined the effects of synthetic fibers on the material and
structural response of concrete under impact and blast.loads

2.2 Macro-Synthetic Fiber-Reinforced Concrete

2.2.1 Synthetic Fibers

The addition of fibers inconcrete improves many of its properties,luding its tensile
resistance, postracking capacity and flexural toughne@ser the years, extensive research has
examined the behavior of fibeeinforced concrete (FRC), both agtmaerial and structural level.

As result of this research, several codes worldwide (ACI 318, fib Model Code) now include
provisions that allow for the use of fibers in certain structural applications, including in beams.
However, the majority of this rearchhasfocussed on steel fibers.

Recently there has been renewed interest in the use of synthetic fibers in concrete
structuresSynthetic fibers can be varied in their composition (e.g. polyethene (PE), polypropylene
(PP), polyvinyl alcohol (PVA), pggeser (PES),acrylics (PAN),polyamides (PA), aramid and
carbor), geometry and physical characteristics (Zheng & Feldman, 198&)hysical properties
correspondingd the different types of synthetic fibers are summarizetiainle 2-1. Table 2-2
showsthe properties retad todurability. Among the mentionetypes, polypropylen@P)fibers
are the most widelyseda s t h enfluemteconoreéte water requirements

These fibers aravailable in three physical forms: monofilament, fibrillated or both as
shown inFigure 2-1. Unlike monofilament fibers whichre smoothfibrillated fiberscanprovide
efficientmechanical anchageto the cement pasthie to thei@ability to evenly disperse (Laning,
1992).Synthetic fibers can bieirther classified into two categories baseddmensions: micro
synthetic fibers anthacresynthetic fibergMISF and MASF)Micro-synthetic fibersre typically
less tharl9 mm longand areused taresist cracks formed due pdastic shrinkag€Euclid, n.d).
Macrosynthetic fiberda | s o known as ) draargeramdtcaansdhdnaraditiandd e r s
micro-synthetic fibergas shown irFigure 2-2) andcanprovide concrete with similar toughness
and resistance to steel fibers digthit gagesteelreinforcement (Mahoney, 2005).



2.2.2 Effectsof Synthetic Fibers on Concrete Properties

Theaddition of synthetiibersto concrete affectmany ofits properties, both in the fresh
state and hardened statecluding: workability, plastirying shrinkage, compressive strength,
tensile strength, flexural strength and pasicking resistanced comprehensive reviewf the
effects ofsyntheic fibers on these properties is providadrin et al.(2015).

Compressive strenqgth:

A review of the literture indicates thatlthough the provision of synthetic fibers has no
significant effect on the peak compressive strendttoacrete, the benefit is more pronounced
when examining the pogieak performance (sdegure 2-3a). Carnovale (2013) studied the
effects of both macrsynthetic(2-3%) and steel fibers (0-%%) on the compressbehaviour of
high-strength concrete cylinders having compressive strengths ranging ftormslPa. Typical
stressstrain curves for HSC and higtrength fiberreinforced concrete (HSFRC) are shown in
Figure 2-3b. The results show that the peak stress was not significantly affected by the fibers,
although the fibers increased the strain at peak stiesgver, th the steel and synthetic fibers
improved the toughness and ppsiakcapacityof HSCin compressin.

Tensile strength:

Theaddition of fibers significantly affecthie postcrackingtensile resistance of concrete.
Amin et al. (2017) studied the pestacking response of FRC with maeggnthetic PP fibers using
a series of matched direct uniaxial andifect threepoint prism and rounganel tests. The direct
tensile tests were conded on hourglass specimens ($égure 2-4b), with two different fiber
dosages investigated (4 and 8 k§/fabelled as FRC4 arfeRC8). The results fra the tests are
shown inFigure 2-4c. It can be observed the that the-IFRC specimens show a sharp decrease
in stress after peak, with significant opemnof the main dominant crack. Afterack stabilization,
the specimens show an increase in stress with increasing crack opening. It can also be observed
that the direct tensileesponse remains relatively constant at larger crack width2(5 mm).

Flexural strength:

Due to thedifficulties in conducting direct tensile tests, indirect tests (on prims or round
panels) are typically used to determine the joomstking properties of FRC. Examples of
standardized tests include the European Stariedid651 and ASTM C1609 three and fqaint
prism bending tests. Reddy & Subramaniam (2017) investigated the flexural response of macro
synthetic fibers on the flexural response of 150 mbB& mm x 500 mm prims tested under three
point bending. Parametersvestigated include the effects of fiber tygeolypropylene and
polyolefinrrbased macro fibers) and fiber content (4, 6 and 8 kg/m3). When compared to
conventional concrete, SNFRC showed improved toughness with increasing fiber content as
shown inFigure 2-5b. This same result can also be observed in Amin et al. (2017) tests presented
previously (compareesults for FRC4 and FRCS).



Table 2-1 Physical properties of synthetic fibers (Adapted from Zheng &dialn, 1995)

Tensile Elastic Ultimate

Specific strength modulus clongation
Fibre type gravity (MPa) (GPa) (%)
Acrylic 117 207-1000 14.6-19.6 7.5-50.0
Aramid T 1.44 3620 44
Aramid IT (high modulus) 1.44 3620 117 25
Nylon 1.16 965 5.17 20.0
Polyester 1.34-1.39 896--1100
Polyethylene 0.96 200--300 10
Polypropylene 0.90-0.91 310-760 3.5-49 15.0

Table 2-2 Propertiesrelated to durability forsynthetic fibers (Adapted from Zheng &

Feldman, 1995)

Environmental durability

Thermal resistance

Fibre type

Water
resistance

Alkali

resistance

Behaviour at high
temperature

Temp. at which all
strength is lost (°C)

Aramid

Nylon

Polyethylene

Polypropylene

Poly(vinyl alcohol)

Pitch-based carbon

PAN-based carbon

Good

Good

Good

Good to

fair

Good

Good

Good

Good

Good

Good

Good

Good

Good

Good

Progressive loss in
tensile strength at
200°C or higher
Progressive loss in
tensile strength at
100°C or higher
Progressive loss in
tensile strength at
100°C or higher

Progressive loss in
tensile strength at
100°C or higher
Progressive loss in
tensile strength at
100°C or higher
Gradual decrease in
tensile strength at
300-350°C
Gradual decrease in
tensile strength at
300-350°C

400500

180-200

100-130

120-150

200-240

500-600

500600

eSSt

P

a) Monofilament

b) Fibrillated

c) Monofilamentseltfibrillating

Figure 2-1 Physical forms of gnthetic fibers(Adapted fromTrottier etal., 2002)

a) Micro

b) Macro

Figure 2-2 Synthetic fiberqAdapted fromEuclid Chemical, n.d.)
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2.3 Previous Research oBehaviour of FRC Beamsunder Static L oading

2.3.1 Overview ofPreviousTests

Extensive research over thagb three decades has examined the effect of steel fibers on
the shear and flexural behaviour of beams (Psliwatensinos2006) Published research on the
shear and flexural behaviour of synthetic fibeinforced concrete (SNFRC) beams is more
limited. Table 2-3 andTable 2-4 present a summary of some ofghstudies. It can be observed
that limited studies have focused ltigh-strength SNFRC beam¥O 6 0). MP a

2.3.2 ShearResponsef SNFRC Beams

Li et al. (1992 conducted amarly study which examined the shear response ctestl
and synthetidiber-reinforced mortabeamswith crosssectiors of 127x6 mm and 228x127 mm
under centepoint loading(Figure 2-6a). Both maro-steel fibers and micrksynthetic fibers
(acrylic, aramid, and higktrength polyethylerjevere inestigated in beams having varied fiber
contents, tension steel ratios amar spameffective depti{a/d)ratios.Figure 2-6b shows mortar
prism test esults for different fibers. The beamsults showdthatusing 1% steel, polyethylene
or aramid fibers increased shear resistance by2D00a The authors notedhat the steel and
polyethylene fibers were most effective wmheompared to the aramid and acrylic fibérbe
responses of the beams were also affdayeabth the a/d ratio and beam depth.

Majdzadeh et al. (2006)yvestigated the shear capacity of fearn 150 mm 350 mm x
1000 mm FRC beams under fepwint load & illustrated inFigure 2-7a. The main parameters
investigated were the fiber volume %6..5%) and fiber type, with one type of hookaad steel
fiber and two types of maci®ynthetic fibers (seffibrillating and straight), investigated. Results
showed that as the fiber vol@nmcreased, the shear strength also increasedl fier types The
optimal volume fraction for the three types of fibers used was found to be 1%, with no
improvements beyond this value. In general, the authors concluded that, at a given fiber volume
fraction, steel fibers were better than synthetic fibers. Howexnttr a specific range of material
shear strength, synthetic fibers were found to be more effi¢teqnire 2-7b). Energy absorption
capacity(area under the loadeflection curves) alsonproved upon adding fiber§he authors
noted that steel fibers performed béisgugh synthetic fibers westill effective. Finally, beams
with either steel fibers and stups or staight synthetic fibers and stirrups showed synergistic
effects.Figure 2-7c shows the result®r the FRC beams with straight synthetic fibres.

Confori et al. (D15 presentedanother study whicimvestigated the shear behaviour of
FRC beams reinforced with maesgnthetic fibers. A total d22 deeg430 mm x 890 mm x 3000
mm) and 14 wideshallow (250 mm x 330 mm x 6000 mrbgamswere testedinder foufpoint
bendingas shown irFigure 2-8a. Three types of members were used in both types of beams:
members without shear reinforcement, members with minimum shear reinforcentemembers
with only polypropylene(PP) fibers as shar reinforcemen{at avolume fraction of 1.45%
Figure 2-8b andFigure 2-8c summarize the results for both types of bedResults shoedthat



in wide-shallow beamsPPfibers can completely substitute the shear reinforcemeaeMer, in
deep beam$Pfibers can only substitute the minimum sheanforecementNonethelessthe use
of 1.45% ofPP fibers caused a 100#erease in the shear strengthtegdeep beams. Fibers also
had a positive impact aeracking, resulting i nmore diffused crack patternhere the crackare
smaller and more closely spaced.

Altoubat et al. (2009nvestigated the effect of maesynthetic fibers on the shear strength
of beams built without stirrup# total of 27 beam specimength crosssectons of 280x460 mm
(Phase 1: 13 beams) and 2308 mm (Phase 2: 14 beam&re testedindercenterpoint bending
as shown irFigure 2-9a. The length of the beams varied between 1.9 and 3Thestear span
depth atio (a/d= 2.3 and 3.5 for short and slender beams, respedtaatisynthetic fiber content
(0.5, 0.75 and 1%yvere varied in both beam sets. Results show netresynthetic fibers
significantlyimproved the shear strength, ductilignd toughness djoth the short and slender
beams (se€&igure 2-9b). The use 00.5%, 0.75% and 1%bers increased shear resistatge
14%, 23%, and 30% for slender beams. Similarlytfiershort beams, adding 0.5% and 0.75%
fibers increasedhear strengthy 20% and 28%T he fibers also affected the crackingtpat and
failure mode Adding macresynthetic fibers avolume fractions of 08.751% alsancreased the
deflectionat maximum load by 683-100% fortheslender beams. Similarly, fthe short beams
andfiber volumes of 0.5% and 0.75%, the deflectioncneased by 103% and 138%.the RC
beams a single diagonal crack occurred at failure, whereas multiple diagonal cracks and improved
arching action were observed in the slender beams. Similarly, adding fibers in the short beams
changed the mode of failufeom webshear cracking (in the cootrbeams) to flexurathear
cracking (in the FRC beam®loreover,while fibers did not change the load that caused the first
diagonal crack, they slowed the propagation and widening of the major diagonalltraskhe
provision ofsynthetic fibersffectively redistributed stresses in the beam and improved the strain
capacity.

In a related studyAltoubat et al. (2012¢ompared the results of short and slender SNFRC
beams with 230x39énm crosssections, built with md without stirrupgFigure 2-10a). Each
group had 4 types of beams: one control with no fibers, one with minimum stirrups, one with
fibers, and one with hybrid reinforcement (fibers amdimum stirrups). By usindjbers alone,
the shear strength of short and slender beams increased by 18 and 14% respectively. Similarly,
using minimum stirrups alone increased the shear strength of short and slender beams by 19%.
However, hybrid reinforceemt increased the shearestgth of short and slender beams by 42 and
69% respectivelywhich means that hybrid reinforcement had a synergistic effect on shear
strength. This effect was more significant in Iqs@ender)beams suggesting that it depends on
the slenderness of beanf@r ductility, beams with either fibers or minimum stirrups were more
ductile than the contrdbeams without stirrupsMoreover, beams with hybrid reinforcement
showed a significant improvement in ductiliggure 2-10b shows the test resafor short beams.

In a further paper presented by the same research grazpanbakhstet al. (2015)
assessed the ability of 11 anatgli shear models originally developed for steel FRC beams to
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predict the shear capacity tife tested macreynthetic FRC beams. It was shown that fibe
MC2010, RILEM, Swamy et al., Mansur et al., and Ashour e¢@lationsgprediced the shear
strengthof the slender SNFRC beams accurately, although more conservative results were
obtained fo the short beams. Finally, the authors used a statistical method to calibrate the original
RILEM model for predicting the shear resistance of the SNFRC beams

Karthik & Maruthachalam (2015) examined the shear behaviour of 10 hybrid fiber
reinforced conate beams with length of 1700 mm under fpaimt bending as shown Figure
2-11a. In addition to investigating the benefits of adding scrim bled steel (ST) fibers and synthetic
fibers (recycled polyethylene terephthalat® PET and polypropylengé PP) to plain concrete,
different hybrid fiber combinations were also studied+#SRPETand ST + PP. The fiber dosage
ranged fromD.120.5%for all types of fibersResults show that beams containing hybrid fibers
(ST + PP) provided the best performance {Sgare 2-11b) due to the synergy &f€t, where steel
fibers contributed in bridging the cracks while synthetic fibers delayed the formation of micro
cracks.

A few studies have also investigated the benefits of implementing synthetis iin sek
compacting concrete (SCC) beams, includi@genough& Nehdi (2008), Conforti et al. (2017)
and AbdelAleem et al. (2018%everal recent studies haalsocompared the effects of steel and
macrasynthetic fibers on the shear resistance of BR&ns, as well as the synergy of transverse
reinforcemenand fibers in SNFRC beams, includidgshi et al. (2018), Navas et al. (2018) and
Arslan& Keskin (2019). Howevers shown infable 2-3, most of these studies were conducted
on normalstrength concrete beamsithv'Q < 60 MPa
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Table 2-3 Summary of previous shear teste SNFRC beams

Beamdimensiongmm) Tensionsteel Transverseteel Fibers
N Yield Steel . = QL <] = — -
Test Type of Q . Spacing Steel ) T 5@ <k € S S 5
Authors No. ofbeams method | concrete B H L a/dratio | (MPa) str%gth raJtlo s ratio E =3 SE SE £ £ % =
0 = S > < =
MPa) | (%) (mm) (%) & 3 | = c
Arslan & 3P 0.34
Keskin (2019) 23 bending SNFRC 150 240 14002200 | 2.54.5 21 492 1.28 1520 0.45 PP 03 x 39 - 78
scc 3865 - - N/A - - -
AbdelAleem et 4P
al. (2018) 12 bending SR/EF;C 250 250 1500 25 2834 417 2.03 - - SN 0.21 x 19 0.66 29
SN 0.21 x 3854 | 0.640.8 | 2976
1 OPC - - N/A - - -
Joshietal | ) 5 4P SFRC 200 300 3500 5 58 1860 0.4 ; ; SF 0.351 N/A 30 06 50
(2018) bending
5 SNFRC PO 0.351 x 50 0.5 100
Navas et al. 3P 1.67 None, 300 or
(2018) 16 bending SNFRC | 229305 552 50605970 | 3.84.87 | 42.17 579 525 230 0-0.15 PO 01.1 x 48 0.85 57
' 2 scc 200 0.16 - - N/A - - -
CO'E;%T;”; a | g beﬁz’m 2490 500 6000 31 70 1790 0.89
4 91 SNFRC None or 200 | 0-0.16 PP 01.1 x 40 0.75 53
. 14 wide
Corzfz%rfs;at al. 36 shallow beﬁdpn SNERC 430890 | 250330 3000 2.5 26-31 ; 1.151.3 None or 150 0-0.1 PP 15 N 40 075 58.3
22 deep 9 150-300 | 600-800 6000 25 30-34 1-1.12 None or 200 | 0-0.32
Karthik & i SOFPR% [ 0.120.5 N/A 50 1 50
Maruthachalam 10 bendi : - 200 1700 3.85 40 - - - - RPET | 0.1205 x 38 0.02 1900
(2015) ending | - SNFRC, PP 0.1205 x 38 0.1 380
HYFRC -120. :
Altoubat et al. 8 slender 3P 2700 3.5 .
(2012) 16 8 short bending SNFRC 230 390 1900 23 42 - 3.18 None or min. 0-0.17 PM 0-0.5 X 40 - 90
4 OPC - - N/A - - -
Parmentier et | g 4P SFRC 200 300 2500 0525 52 ; 121 ; ; UN x 50 1 50
al. (2012) bending T ' 0.30.5
24 SFRC CEA x 54 1 54
SNFRC PM 0.5 x 50 - -
Altoubat et al. 13slender 3p 280 460 19003200 35 2.15 051
27 ; SNFRC 41 - - - PM x 40 - 90
(2009) 14 short | bending 230 390 19013200 2.3 3.18 0.52
A 1 scc - - N/A - - -
Greenough & 4P
Nehdi (2008) | 13 9 bending SFRC 200 300 2400 3 40 400 1.7 - - SF 051 N/A 50 0.7-1 4350
3 SNFRC PP 051 B 50 0.83 63
) SFRC HE N/A 60 80
Majdzadeh et 4P
al. (2006) 14 bending SNFRC 150 150 1000 3 43 - - None or 75 0-0.28 PRFB 0-1.5 | x 54 - 360
PP [ x 50 85
Lietal 51 small 2point SFRC 63.5 127 HE 1 N/A 30-50 60-100
('1‘;92)' 60 béﬁ‘;'i';g 280-1300 1-3 23 440460 | 1.1-2.2 - - -
9 large SNFRC 127 228 PE 1 x 12.7 334

Fiber type: SF = steel fiber, SN = synthetic fiddly = hybrid fiber HE = hookeeend,C = CrimpedUN = undulated, CEA = conical end anchorage; PM = polymeric mix, PP = polypropylengyd¥ethylene, PHFB =
polypropylenefibrillated, PM = polymericPO = polyolefin, RPET =recycled polyethylene terephthalate
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Figure 2-6 Li et al. (1992) research

16
3.4 |
800
o 32
a= 3625 mm 75mm a= 3625 mm
P2 (P2 0

1
[
i

{(0%)

Shear strength of RC beams (MPa)

(1.0%)

(1,5%

-8 Synthetic1
=B Synthetic2
== Steel

Numbers in parentheses are
fiber volume fractions

8 10 12 14 16

Shear strength of FRC specimens in direct shear (MPa)

20 25
Displacement (mm})

a) Test setup

b) Shear strength of RC beams vs.
material sheastrength of FRC

c) Load vs. displacement folRE€ beam

with synthetic 2

Figure 2-7 Majdzadeh et al. (2011) research

Longitudinal view WSBs
2.5 bjd
, Rebars
1}’!2 le 2 b €
. Deep Beams
h
A Q
Rebars.
L-2a h| d
L

Ly i "L Rebars

1200
Load Beams 770 mm wide
[kN] [ d=255mm
bid=3
900 ) ;’lﬂ
50 — W70 BC1
—W770 PC2
600 —W770 MSR-1
~——W770 MSR-2
150 ‘W770 PFRC-1
W770 PFRC-2

300 r

150

Mid-span deflection [mm]

0

0 5 10 15 20 25 30 35 40 45 50

1000 I
Load Deep Beams 300x800
[N 4=761 mm
800 |
700 F /
600 / = PC 300x800-1
. === MSR 300x800-1
500 — MSR 300x800-2
400 b PFRC 300x800-1
PFRC 300x800-2
300 |
B2
200 |
100 7
Mid-span deflection [mm]
0 . . \ . \ \
0 5 10 15 20 25 30 35 40 45

a) Geometry of beams

b) Load vs. midspan deflection of
wide-shallow beams

¢) Load vs.mid-span deflection of
deep beams

Figure 2-8 Conforti et al. (2015yesearch

13




Deflection (in.)
0 0.1 0.2 0.3 0.4 0.5
500 T T T f T
* Slender beams — Phase | | ,m 100
- (] 400 X
DTN ‘ = N \ 1 80
I.___ — — — — — AIJ (c) ESW :_}‘ \ \ N §
;"-o. ‘_; AN \ \\ €0 E
! ' p S 200 AR AN 3
o =+ - 7 S S Nw 2
9l es fur @l cos| -t / = -- Control ENRA
| G50 IJ —y 100 ——Vf=0.60% [+ 20
¢ I . S A —Vi=0.75% 7
0 0
0 2 4 6 8 10 12
Deflection (mm)
a) Test setup b) Load-deflection curves for slender beams
Figure 2-9 Altoubat et al. (2009) research
I NN i—f (@) .E. :
L] A i §
u.)/ :‘L;L/.-;: m 'M ..J: o i \
T J . =
Deflection (mm)
a) Test setup b) Load-deflecton curves of short beams

Figure 2-10 Altoubat et al. (2012) research

Pa i Two Point Load
L . a
1 a5 .
150 500 mm 500 mm 500 mm 150 mm

Load (kN)

10
Deformation (inmn)

15

- FRC-1
e HyFRC-1
e Hy FRC-2
et HyFRC-3
~8-FRC-2

a) Test setup

b) Load-deflection curve of HYFRC ST & PP)

Figure 2-11 Karthik & Maruthachalam (2014Yyesearch

14




2.3.3 Flexural Response of SNFRC Beams

In addition to the studies on shear resistaadew studies have also examined the flexural
behavior of FRC beams built with synthetic fibers (Eable 2-4).

Wang & Belarbi (2005) examined thexiural behaviour of 1ERCheams reinforced with
glass or carbon fiberinforced polyme(GFRP, CFRPparsandpolypropylengPP)fibers under
four-point flexural loading andyclic loadingas shown irFigure 2-12a. Three types of FRPars
were usedincluding No.4 CFRP and No.4 or No.8 GFRP bResults show that, at service load,
thebeamsawith 0.5% PP fiberdiad smaller crack widthehencompared to plain concretesgsown
in Figure 2-12b. Moreover, the ultimate strain theFRC beams wasgificantly larger thamhat
of plain concreteFinally, the ductility index was improved upon the addition of fibers.

Suji et al. (2007examined thdlexural performance o012 PFRC (polypropylene fiber
reinforced concrete) beams undl@ur-point bendingasshown inFigure 2-13a. The beams were
reinforced with 6 mm diameter stirrupsith 10 and 8 mnbars as tension and compression
reinforcement.The main paraeter investigated was thelume of PP fibers (0.1, 0.2, 0.3%)
Results show that fibers improved the ductilitpeaims with 0.2% of fibers being the ideal dosage.
Fibers also reduced the cragki dt h bu't di d n dpatterrt Mareogee the lbad c r a c
capacity of fiberreinforced concrete beams increased when comparie tontrol beams, but
the increase was in minor incremerfigally, fibers increased the rigidity ¢ie beamsFigure
2-13b shows a summary of the results obtained.

Yanget al. (2012)studiedthe effect of synthetic fibres dhe flexural response of high
strength concrete beams, however the HSC beams in this study were reinforced with FRP bars.
The geometry of theested beams can be seerFigure 2-14a. Two types ofFRPreinforcement
were used: 9 mm CFRP bars and 13 mm GFRP baesldition, bothsteel fibers (at &olume
percentage of 1%) anmdacrasynthetic fibers (@avolumepercentage of 2%yere investigated
Resuls show that both types of fibers decreased the crack wadtlshown irFigure 2-14b, and
delayed the initiation of flexural cracksigure 2-14c shows that the failure @FRP beams with
synthetic and steel fibevgasbrittle due toFRP bar rupture. However, GFRP beams with synthetic
andsteel fibers showed improved ductilag shown ifrigure 2-14d, due to the increased ultimate
compressive straicapacityand improved pogpeak behaour of FRC. In terms of cracking
response, synthetic fibers at 2% by volume were better than steel fibers at 1% by volume in CFRP
beams. Howesr, steel fibers performed better in terms of restraittieglepth ofthe cracks.

Rajkumar & Vasumathi (2013)resented a further study whiahvestigated the flexural
performance of 1ZERCbheams confined with FRIFigure 2-15a shows the test setup. The beams
had a crossection of 150x230 mm and were 2000 mm ICHge main parametenvestigated
wasthe volume fraction afnacraesynthetic fibers@.3, 0.5, and 0.7%Results show that the beam
with 0.7%fibersgave the b&t behaiour compared to the other beamsamonstrateth Figure
2-15b. Moreover, the cracking behaviour thife beams improvedith the addition of fibers.
Similar conclusions have been reported by Bernard (20d®re hethe provision of synthetic
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fibers was found to reduce the mean spacing between aacksl|l aghe mean flexural crack
widths.

Athiappan & Vijaychandrakanth (2014) tested the flexumifgrmance of 6 concrete
beamsincluding3 controlbeans and 3 with0.3% sisal fibes (by weight of cement) as shown in
Figure 2-16a. Sisal fiber is a hard and tough fiber extracted from the leaves of sisal plants. The
beams had a crosection of 150300 mm and were 1506iong. Results show that the flexural
strength 6 beams increased with the addition of fibers as showiignre 2-16b. Moreover,
adding 0.3% by volume of sisal fiber improved the ductility of beam

Sahoo et al. (201 examined the flexural response of 6 FRC beuiitis dimensions of
150mmx150 mm x2000 mm The bears weredoubly-reinforcedwith 12 mmbars for the tensile
and compressive reinforcemeahd 8 mnstirrupsas shown irFigure 2-17a. Two types of fibers
wereused in the experiment: steel fibers and polyplene fbers, with volume fractions &f.5 or
1%. The effectof combined (hybrid) fibers was also investigatedsults show that both fibers
improved the pospeak resistance with steel fibers being more effective. Moreover, thgiplst
strainhardening behawr was improved by using 1% volume fraction of bogpes of fibers.
However , b o tsignifi¢antipireprose the ulttnaté fltexural resistanceloébeams. As
for ductility, polypropylene fibers were more effective than steel filgte®l FRC specimens had
a lower stress level in the longitudinBhrs compared to RC specimen. However, PFRC
(polypropylene fibereinforced concrete) and CFRC (combined fitenforced concrete)
specimens had high strain les@t the longitudinal bars due to thew-modulus polypropylene
fibers. Adding fibersalsoimproved the pospeak residual strength respons¢éhebeamsas shown
in Figure 2-17b andFigure 2-17c. Finally, results show that to gatbetter flexural response and
reduce costsa percentage of steel fibers can be replaced by polypropylene fibers.

Aulia & Rinaldi (2015) investigated ¢ bending capacity of 4 higgtrength fiber
reinforced concrete beamss®own inFigure 2-18a. The beams had a cressction of 150x300
mm and were 2200 mm long. The beams vadengbly-reinforced with 16 mm and IBmtension
and compression bars, ah@ mm stirrups. Three environmentally friendly synthetic fibers were
used in the analysis: polypropylene fiber (at 0.2% concrete volume), tie wire fiber (at 2%eoncre
volume), and used rubber fiber (at 0.75% conete volume). The main parameter invgasted
was the effect of fiber type dhebending capacity of hightrength concrete beani®esults show
that both the bending capacity and the failure behavior were improved with the addition of
synthetic fibers. Fers also enhanced thiimatedefledions of thebeams leading to an increase
in ductility. Tie wire fiber gave the highest increase in flexural capacity. Moreover, this type of
fiber contributed the most to the delay of reinforcement yield straindighar load. However,
polypropylene fbers had the highest contribution in terms wfimate deflection and ductility.
Figure 2-18b showsthe test results for alhe testedeams.

Sundar et al. (2017gsted the flexural strength ofrdinforced concretbeamscontaining
synthetic fibers The test setup is shown Figure 2-19a. The rams had a crosection of
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150x2® mm and were 1200 mm long. Two typepolypropylendibers,with 2 different lengths
of 12 and 24nm, were usedat 0.5% volume by weight. Results show that fibers improved the
flexural strength of concrete akownby the red curvén Figure 2-19b.

Zhang et al. (2018) investigated the performance of twelve 150 mm x 150 mm x 1100 mm
reinforced seklconsolidating concrete (SCC) beams containing hybrid fibers undeipdarir
bending adlustrated inFigure 2-20a. The main parameters investigated were the fiber type (steel
fiberi SF, micro & macro polypropyleriePP fibers and thezombinations), fiber content (SF:

207 50 kg/n?, micro PP: 0.5 1 kg/n, macro PP: 2 6 kg/n?) and longitudinal steehtio. Results

show that the hybrid use of SF and macro PP provides significant enhancements in the overall
performance of the beams lading: enhanced ultimate flexural bearing capacity, reduced
deflection, reduced steel reinforcement strain and stresoealized cracks (sdagure 2-20b).
However, these enhancements become less significant with the increase in longitudinal steel ratio.
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Table 2-4 Summary of previous flexural tests on SNFRC beams

Beamdimensions (mm) Tension reinforcement Transverseteel Fibers
i . - o
Test Typeof Q 2 _ | £~ S| 5~ £ < o ~| S| £ = T =
Authors No. ofbeams method concrete (MPa) % £ 2 E § g 2 g =] aé ~ <3 2 iE X s, s, E £ 3
B H L SE| 25| 58| 2% £ s o S |s32| 7| 2| £ £ 3
°cS | 32 | €8 | =22 ! €3 F S| | g| 4 a a
K ] = |2 =3 © = S| g : <
> 04 > (%] 4 s s
4P 4.04.5 27-
Bernard (2019) 12 bending SNFRC 300 300 | 3600 32 16 500 - - - PP kg/h? 5458 - 580
HE i&frg N/A 60 0.75 80
SFRC/
Zhang et al. (2018) 12 beﬁgmg fx';gg’ 150 | 150 | 1100 | 65 810 ‘:17;1 01'.53‘1 278 | 60120 %’_3;% PP Cf(';’/rlﬁf x 9 0.018 | 500
(Sce) 6
PP kg;rrﬁ x 45 0.74 61
Sundar et al. (2017) 4 beﬁdping SNFRC 150 200 | 1200 | 3338 12 415 - 415 150 0.45 PP 0.5% x | 12-24 - ~800
Aulia & Rinaldi 4P SNFRC PP 0.2% - 12 0.018 667
(2015) 4 bending (HSC) 150 300 | 2200 64 15.8 | 407 2.8 412 80 1.85 TW 2% x 50 1 50
URT 0.75% x 60 - -
SFRC End: 65 HE 0.51% N/A 60 0.75 8
4p Middle 0.52
Sahoo et al. (209 7 bending SNFRC 150 200 | 2000 | 3239 12 500 | 135 | 500 | ;o span: | 1.03 P 1% N 20 05 )
130
Athiappan & 3 ap opPC - - N/A
Vijaychandrakanth 6 : 150 300 | 1500 40 12 - 0.65 - 200 0.34 - - -
3 bending | SNFRC Sl 0.3% -
(2014) :
Rakumar & 4 4P OoPC - - N/A - - -
° 12 : 150 230 | 2000 55 - - - - - -
Vasumathi (2013) 8 bending SNFRC PP 0-0.7% x 42 0.24 175
CFRP p (SHFSRCC) 9 0.15 HE 1% N/A 30 05 60
Yang et al. (2012) 6 bendin SNFRC 230 250 | 2300 | 76104 - 477 80 0.85
GFRP 9 (HSC) 13 0.31 PO-C 1% x 40 - 35.8
4 P 48
Suji et al. (2007) 12 4 bending SNFRC 100 200 | 1800 52 10 415 | 0.98 - 130 0.43 PRFB 0-0.3% x 24 - -
4 57
2-#4 GFRP 13 690 | 3.51
2-#8 GFRP OPC 48 25 552 3.6 - - N/A -
Wang & Belarbi 2-#4 CFRP 4P 13 2069 | 3.16
12 : 178 229 | 2032 - 89 0.9 - -
(2005) 2-#4 GFRP bending 13 690 471
2-#8 GFRP SNFRC 30 25 552 | 4.83 PP 0.5% x 57
2-#4 CFRP 13 2069 | 424

Fiber type:SF = steel fiber, SN = synthetic fibeétY = hybrid fiber HE =hookedend PP = polypropylenePO-C = polyolefincrimped, PPFB = polypropylendibrillated, TW = tie wire, URT = used rubber tires, S| = sisal
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BPII Il 0.2 1.8 60 20 4479
BPII 11 03 27 61 21 33.68
CcC m 00 - 67 20 29.93
CPI 1 0.1 09 63 19 31.39
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b) Summary of test results

Figure 2-13 Suji et al. (2007) research
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2.4 Previous Research on Impaicand Blast Performance of SNFRC

2.4.1 Previousimpacttests

This section summarizes previous studies which have examined the éffgeitioetic
fibers on the dynamic properties of concrete under impact, including tests on stallber
cylinders/prisms, pandfdates and beams (s€able 2-5).

Smallscale tests on cylinders and prisms

Wang et al. (1996) tested 9 small concrete beams under impact tests (1 with no fibers, 2
with fibrillated polypropylene fibers, 5 with hooka&shd steel fibers, andviith long crimped steel
fibers) usinga dropweight setupThe fiber content used in the specimens ranged between 0.25
1.5%. The bams had a crossection of 102x102 mm and were 38/ long. Cumulative impact
teds were conducted using a B impact hammer held at a 150 mm diaght & shavn in
Figure 2-21a. Sample results for 0.25% and 0.5% PP fibers are showigime 2-21b. Results
show that adding 0.5% of polypropylene fibers by volume increased the fracture enavglyby
21% Hence, this type of fibew a s as@ffective underdynamic loading. Beams with 0.75%
crimped steel fiber had a similar result to beams with 0.75% hookedibtrsl Findings show
that as the volume of hooked steel fibers increases, the fracture energy increases. However, there
is a critical value of fibers at which this fracture energy increases. This value was found to be
betweer0.5% and 0.75%or hooked stel fibers.

Zhang (2008)conducted impact tests dfRC cylindersin compression and beanms
flexure The cylinders had diameter of 100 mm and a height of 200 mm. The beams had a cross
section of 100x100 mm and were 350 mm long. For the compressignat&st8 kgmasswas
droppedwith a maximum dropheightof 2.5 m.Figure 2-22a shows the setup. For the impact
flexural tess, a dropweight of 60 kg was useaslith amaximum drogheightof 2 m. Two types of
fibers were used in the analysis: a steel fiber with flattemels (at 0.5% volume fraction) and a
synthetic fiber made of a bid of polypropylene and polyethylene (at 1% volume fraction). The
main parameters investigated were the type and volume of fibers used. For the flexural impact test,
PP fibersshowed morefécient energy absorptionapacityatlow drop height while steelfibers
were more efficienat higher drop heightsMoreover, the stress rate sensitivity of concrete was
reduced when the fiber content was high. For the compressive impactdsgttsshow that the
strength increaseds the drogheight increasedpr both the PP and steel FRQVioreover,the
compressive strength under impact was higher for stee] WRi& the PFFRC had a large scatter
of results Figure 2-22b shows the result for synthetic FRC.

Nia et al. (2012)conduced a further impact study omelve 150x64 mm cylindrical
specimengising a dropveight setupln the tests, anass with a weight.54 kgat aheight of 457
mm was released repeatedlytinig a steel ball which in turn hit the concrete sanfglgure 2-23a
shows the test setup. The specimens tested were as follows: 2 plain concrete, 6 polypropylene
FRC, and 4 steeFRC. The fiber content rangedoim 0.51% for steel fibers and from G@25%
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for synthetic fibers. The specimens were also prepared with 2-eeatent ratios: 0.36 and 0.46.
Results show that even though both types of fibers improved the impact strength of concrete, steel
fibersperfornmedbetter than polypropylene fibers. This is due to their hooked etdtsh provided

more cohesiorand their largelength. Moreover, fibers improved the energy absorption capacity

of concrete regardless of the watement ratioFigure 2-23b shows the results ¢duned.

Weidneret al. (2012) investigated the effect of impact loadind @@x200 mnctylinders
under lowvelocity impactsusing a drop hammesetup as shown ifigure 2-24a. The main
parameters investigated were: concrete composition (normal weight con®®#E vs. fiber
reinforced concreté FRC), drop heights, and loading types (room temperature vs. @levate
temper at ur e, uspnthetiofibdr@¥edecadidied.at 1% dycvolume of the FRC. Results
showthat, for compression tests at room temperature, the DIF and strain rates were higher for the
FRC specimens compared to that of the NWC for both 8dtl#nft drop heights. On the other
hand, for tensionests, the FRC specimens had lower DIF than NWC. At elevated temperatures,
the DIF and strain rates were lower for the FRI@&n comparetb NWC for both compression
and tension. Compared to room tempeamt elevated temperatures caused a decrease iandIF
strain rates in FRC for both 8 ft and 16 ft drop heighigure 2-24b summarizes the testaelts
for several samples.

Saadun et al. (2016) examined the dynamic response of nine 50x50 mm cylindrical
concretespecimens under higelocity impact loads. The main parameter investigated was the
effect of adding macksyrthetic polypropylene (PP) fiben dynamic compressive strength and
dynamic increase factor (DIF) of concrete. Three samples were casted fanitkrgpes: plain
concrete (SC3) and concrete mixed with varying amounts of PP fibers (SC1:%lakg/®C2: 2
kg/m?). Specimens were testading a Split Hopkinson Pressure Bar (SHPB) setup under a strain
rate of 10 3 as shown inFigure 2-25a. Results show that the ultimate dynamic coesgive
strength of concrete was increased significantly when PP fibers were added, with the increase
observed being proportional to the volume of PP fibers. In addition, PR §ib&rkg/ni were
betterable to absorb impact, recording lower critical issavhen compared to plain concrete.
Finally, results show that the DIF is directly proportional to the increase in volume of PP fibers as
shown inFigure 2-25b. Figure 2-25c to Figure 2-25 compares the stressrain curve for the
three samples tested under dynamic load.

Zhang et al. (2019) investigated the behavioli36x74 mm hybrid fiber-reinforced
concrete cylinders under impact loadsng aSplit HopkinsonPressureBar (SHPB) apparatus as
shown inFigure 2-26a. The main parameters investigated were: fiber hybrid ratic=(0.05,
0.075 0.1% for basalt fibei BF and w = 0.15, 0.25, 0.35, 0.5% for maesgnthetic
polypropylene fibei SF) andstrain rate. Results show that a ratio of 0.0#45%5% (BFSF) was
considered optimal as it provided the best impactstasce wh different fiber enhancement
contributions. For instance, BF was effective in enhancing the impact strength while SF anprove
impact toughness as illustratedfigure 2-26b. Finally, increasing the siraratewas found to
improve the overall impact response.
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Tests on pansland plates (slahs)

Mindess & Yan {993 tested small circular concresed FRCplates under low velocity
impact loadingas shown irFigure 2-27a. A drop-weightwith a masof 345 kg was used with
impact velocitiegangingfrom 1.34 to 2.67 m/s. The specimens had a diamé&tmm and a
thickness of 2%nm. Twoconcretemix designsveretested normatstrength (40 MPa) and high
strength (79vVIPa). The fibers used in the analysis were fibrillated polypropylene fibers (0.5% by
volume) or hooked steel fibers (1% by volume). Results show that both fibers increased the peak
load and fractre energy of concrete as showrkigure 2-27b. However, steel fibers had a greater
effect compared to polypropylene fibers. This was attributetlddéct that they not only had a
larger volume but also their elastic modulus was higRenethelessboth fibers reducethe
damaye onthe back faces of the specimens.

Xu et al. (2004) tested 5 centrally loaded round panels under low velocity impangload
as shown inFigure 2-28a. Thetestedpanels were as follows: 1 jpaHSC, 2HSC with steel
fibers and2 HSC with a blend of polypropylene and polyethylene synthetic fibaespanels had
a diameter 0650 mm and shickness of 60 mm, whildné fiber content ranged between-0%.
Results show that the peak load increased wighatiiditon of fibers howeverthe increase in
strength was slightly lower for the panels wsiynthetic fibersvhen compared tsteel fibersAll
panels with fibers showed a more ductile behaviwben compared tplain panels. For the
synthetic fiber paris, fibers tended to break under lexelocity impact loadingdueto reduced
impact resistance contribution. For the steel fiber panelssfiindledout during loading leading
to more impact resistance. The effect of the loading rate was also analyzalls Rlew that
panels tested at 300m dropheight showed less toughneglsen compared toompaniorpanels
tested atl lower dropheight of 150 mm. Finally, as the fiber volume increased, the toughness
under impact resistance increased with steel fibersgbmoe effectivethan synthetic fiberas
shown inFigure 2-28b.

Horska et al. (2015) examined the performance of 9 plRtésunder impact loadingsing
the setup shown iRigure 2-29. Thesquareslabshad dimensions 00300 mm with variable
thicknesse$30/60/120 mm). The fibenssedin the studywere polypropylenandsteel fbersat a
fiber content o® and80 kg/m? respectively The main parameters investigategrethe effects of
fiber type, fiber content, andlabthickness. Results show that slabs reinforced with steel fibers
were able to slow the burdef the impacthe most. Moreover, samples witldepthof 120 mm
were amost able to stop the burden. O totherhand, slabs with 30 mmdepthhad the least
impact resistancésigure 2-2% summarizes the static and dynamsirength of different slabs.

Ong et al. (1999) investigated the resistance of 10 square slabs under low velocity projectile
impact. The test was achieved by dropping a 43 kg projectile from a heighh @séhownin
Figure 2-30a. The slabs had a size of 1>l mand were 50 mm thick. The main parameters
investigated were the fiber type and volurBeudied fiber types includegolyolefin, polyvinyl
alcohol (PVA) and stek while thevolume fraction was either 1% &%. Results show that
concrete slabs reinforcedth steel fibers had the best performance in terms of energy absorption
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and cracking characteristics. Moreover, for the same fiber volume, slabs with PVAH#zers
higher fracture energy and energy absorption capacities compared to polyolefieififanced
slabs as shown iRigure 2-30b. Finally, the mode of failure for both PVA and steel fibers was
pullout while that of polyolefin fibers was palit and rupture.

Tests orlargerscalebeams

Several previous studies have examined the effect of steel fibers on the impact pedormanc
of largerscale reinforced concrete beams, includM et al. 014), Jin et al. 2017), Ulzurrun
& Zaruy (2017) andLee et al. (2018)In comparison, research on the impact performance of
reinforced concrete beams built with synthetic fibers is scarc

Banthia et al. (1987) assessed the impact performance of 50 bsi@gsn instrumented
drop-weight testseup as shown inFigure 2-31a. The specimens tested were as follows: 19
normatstrengthconcretebeams, 19 higistrengthconcretebeams, 6 fibereinforced concrete
beams with 1.5% by volume steel fibers, and 6 filemforced concrete beams with 0.5% by
volume polypropyleneilbers. The beams had a cregsction of 100x125 mm and were 1400 mm
long. A 345 kg impact hammer was dropped from various heghthe midpoint of the simply
supported beams. Results show that for both nestnahgthand highstrength concretethe
impact strengths anétacture energies increasedth the increase in stresate Under dynamic
loading fiber-reinforced concrete was foundhave improved impact resistance when compared
to plain concrete due to itsicreasedductility. However, steel fiow gave better results than
polypropylene fibers as they had multiple peaks in the load vs. deflectioRiglat 2-31b shows
a sample resufbr the polypropylene fibereinforced concrete.

Chorzepa et al. (20) presented a further study whitvestigated the behavior of 14
reinforced concrete beams using a éwsgght impact test setup. The beams had a «esson
of 150254 mm and wei2286mm long.Figure 2-32a and Figure 2-32b show the beam details
and test setup respectively. Four types of fibers were used: microscale polyvinyl alcohol (PVA)
(0.5% by volume), carbon nanofibers (CNF) (0.01% by volume) and malegsaspropylene
and steel fibers (0.5% by volume). The main focus of the study was the effect of combining
multiscale fibers on the impact performance of the beams. Results show that beams with CNF
alone didndét show any e nd$batiedOn theother hand macrodtcade f ai |
polypropylene and steel fibers improved ductility and toughness. Moreover, using multiscale fibers
noticeably altered the mechanism of impact energy dissipation by reducing spalling damage. For
example, combining mrosca¢ PVA and macroscale fibers was effective in minimizing the local
crushing damagé&igure 2-32c shows the migpan deflectiofime history forseveral specimens.
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Table 2-5 Summary of previous impact tests

Specimerdimension (mm) . Fibers
Drop-height — 5 °
No. of Specimen . Type of (mm) Q o TES S | 0% = € 8 o
Study Testmethod specimens type Reinforced B H L D concrete or (MPa < 'g % o % g€ 3 3 ag)- T
Strainrate (%) = o=° 2>l =2z o el <
Zhang et . BF | 0.050.1% | x 12 0.015 800
I, (2019) SHPB 12 Cylinder No - 37 - 74 HYFRC 1010 425 o5 T 0150 5% x T o 1o
SNFRC CNF 0.01% N/A 0.050.2 | 0.0001 | 5002000
Chorzepa| Drop weight ) SNFRC ] PVA 0.5% X 8 0.038 211
2017) | (flexure) 14 Beam ves 150 | 254 | 2286 SNFRC 6096 AL —5p 0.5% x 54 05 108
SFRC HE 0.5% N/A 30 0.55 55
Saadun et Drop weight 3 . i 33 - - N/A -
al. (2016) | (compressive) 6 Cylinder No ) 50 ) 50 OPC 10s 2835 | PP | 12kgim [ x | 38&54 ) )
Horskaetl D nt OPC - - N/A -
aloréo"’i;’) Eﬁﬁxvﬁfé? 9 Tile No 300 | 30120 | 300 - SNFRC 4100 - PP 9 kg/n? [ x 54 - -
: SFRC FE 80 kg/n? N/A 13 & 60
Weidner | Drop weight OPC - - N/A -
etal. (comp. & 89 Cylinder No - 203.2 - 101 24384877 mm 75 - -
(2012) rensile) SNFRC PP 1 x 50.8
Niaetal. | Drop weight 2 OPC = - /A y - -
(2012) (comp resgive) 4 Cylinder No - 64 - 150 SFRC 457 mm - HE 0.51% N/A 60 0.75 80
P 6 SNFRC PP 0.2.0.5% x| 12 0.02 600
Drop weight . ) ) SFRC o
Zhang | (compressive)] 160 Cylinder No 200 100 HSC) 250-1000 mm FE 0.51% N/A 30
(2008) | Drop weight 192 Beam No 100 | 100 | 350 - SNFRC | 5501500 mm szl PM 0.51% x 50 _ _
(flexural) (HSQ TR
1 HSC - - N/A 50
Xuetal. | Drop weight 2 Round SFRC SF 0.51% NIA 50
' p weig No - 6012 - 650 (HSC) 150-300 mm 80 e - -
(2004) (flexural) panel SNERC
0,
2 HSO) PM 0.51% x 50
ona etal| Drop weidht SNFRC PO X 50 0.63 79
(1%99) : (ﬂgxure% 10 Slab No 1000 50 1000 - SNFRC 4000 - PVA 0-2% x 12 0.2 60
SFRC HE N/A 30 0.5 60
1 OPC 150 mm - - N/A B - -
Wang et | Drop weight 2 ) SNFRC 151 mm ) PRFB 0.250.5% | x 38 0.5 76
al.(1996) |  (flexural) 5 Beam No 1024 | 1024 | 3556 SFRC 152 mm HE | 0.2515% N/A 30 0.5 60
1 SFRC 153 mm LC 0.75% N/A 50 1 50
Mindess Drop weight Circular SNFRC PP 0.5% x| - - -
f‘lggg‘) (flexural) 14 plates No - 25.4 - 245 SFRC 2500mm | 4075 | e 1% N/A 30 05 60
- - N/A -
Banthia Drop weight O&PSCN(FSIEE)C 42
et al. p weig 50 Beam | Yes/No | 100 125 1400 - 0.150.5 HE 15 N/A 50 - -
(1987) (flexure) HSC (SFRC o
& SNFRC) PRFB 0.5 E 37

Fiber type:SF = steel fiber, SN = synthetic fihétY = hybrid fiber HE = hookeeend,FE =flattened endsL.C = longcrimped;BF = basaltPP = polypropyleneCNF = carbon nanofibePR-FB = polypropylendfibrillated, PO =
polyolefin, PVA = polyvinyl alcohol;, PM = polymeric mix
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Figure 2-28 Xu et al. (2004) research

a) Test setup

Concrete h Burden | Fyy, | J Fayn/
mixtures [mm] | [kg] [kN] [kN] Fstat
NSC 30 20.6 5.2 44 1.18
NSC 30 46.4 6.2 44 1.41
NSC 60 46.4 155 17.2 | 0.90
NSC 60 75.2 20.7 17.2 1.20
NSC 120 46.4 74.2 81.0 0.92
NSC 120 75.2 75.2 81.0 0.93
NSC-PP-9 | 30 20.6 6.9 5.7 1.21
NSC-PP-9 30 40.4 7.7 57 1.35
NSC-PP-9 60 46.4 232 235 0.99
NSC-PP-9 60 75.2 30.1 235 1.28
NSC-PP-9 120 46.4 116.0 | 922 | 126
NSC-PP-9 120 75.2 120.2 | 92.2 1.30
NSC-FE-80 | 30 20.6 8.2 6.5 1.26
NSC-FE-80 | 30 46.4 7.7 6.5 1.18
NSC-FE-80 | 60 46.4 232 245 0.95
NSC-FE-80 | 60 75.2 33.8 245 1.38
NSC-FE-80 | 120 40.4 102.1 | 109.0 | 0.94
NSC-FE-80 | 120 75.2 137.8 | 109.0 | 1.26
b) Static and dynamic strength of different slabs

Figure 2-29 Horska et al. (2015)

e

a) Test setup

1000 | , . | |
(a:l o—= Polyolefin
800 DA )
E: + - Sl _
Z - - -
2 600 - o _
: - B -k
4w - B P i
i1 e

E 200 |_rJ_,__._.———'—’"_" _
0 | 1 | )

b) Effect of fiber type and volume on fracture energ)

Figure 2-300ng et al. (1999) research
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2.4.2 Previous Blast Tests on SNFRC Structures

As shown inTable 2-6, limited studies have examined the effdcsynthetic fibers on the
blast performancef concrete structures, with most previous tests conducted on panel and slab
type elements (s€kable 2-6) as discussed in this section.

Previous tests on panels and slabs

Ohtsuet al. (2007)examined the dynamifailure of 4 slabgreinforced concrete (RC),
polyvinyl alcoholic fiberreinforced concrete (PVAFRC) with 5% fiber volume fraction,
polyethylene fibereinforced concrete (PEFRC) with 4% fiber volume fraction, and
polypropylene fiberreinforced concretPPFRC) with 1.5% fibr volume fraction) under blasting
as shown inFigure 2-33a. The slabshad dimensionsof 60 cmx 60 cmx 10 cm. The main
parameter investigated wasetleffect of fiber addition on the flexural toughness of concrete
exposedo blast. Results show that R&ab (with 0.2 kN-m flexural toughness) had the larges
spall areawhile the PEFRGIlab(with 45.9 kNm toughness) had the smallsptllarea(Figure
2-33b). Hence, adding polymeric fiber reinforcement improves the flexural toughness of concrete
which in turn decrases the damaged volume.

Foglar & Kovar (2013) investigated the blast resistance of 5 bridge decks (3 FRC and 2
RC) using 25 kg of TNT charges placed at a distano® the slabFigure 2-34a shows the
experimendl setup. The specimens were 6 m long, 1.5 m wide and 0.3 m thick. Polypropylene
synthetic fibes were used at a volumédraction of 0.3 and 1%. Slabs were reinforced
longitudinally and transversally. The compressive strength of concrete used in theesigegas
either 30 or 55 MPa. The main parameters investigated were thes efféber volume, concrete
compressive strength and therdawnation of both on blast resistance. Results show that fibers
changed the failure mode from brittle to ductile. Momxgdebris was more attached by the fibers
making it harder teeject during the testsvith the volume of debris reduced. Specimens with
higher compressive strength performed better and were less damaged. Combining fibers and high
strengthconcreteimproved the blast performance of slabs significarfligure 2-34b shows a
comparison of the blast performance of the different specimens.

Tabatabaei et al. (2013) tested 7 panels (3 RC and 4 FRC) using 34 kg of TNT at a standoff
distance of 1675m and zero angle of incidence as showRigure 2-35a. The panels measured
1830x1830 mm and were 165 mm thick. Two types of fibers were used in the analysis (long carbo
fiber Type A and longarbon fiber Type B). The fiber was added afddnd 1% by volume for
Type A and B rgsectively. The main parameter investigatedsihe effect of fiber on blast
performance of panels. Results show that the spalling resistance of concrete increaszohignif
with the addition of long carbon fibers (either Type A or B). Moreover, filetaced the degree
of crackingandincrease blast resistancdzigure 2-35b shows the surface damage of panels. It
was also found that fibers contributed to a significant decrease in flying debris.

Pantelides et al. (2014) tested eighteen 1.2 m square panelaidRRE&) with different
thicknesses under blast detonatiasshown irFigure 2-36a. Figure 2-36b shows the specimen
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details. Macresynthetic polymer fibers were used in this study at a volume of 1% for the FRC
specimens. Reinfoement consisted of steel and/or GFRP (glass-figaforced polymerpars.

Figure 2-36¢ provides a description of the panels. The main parameters investigated were the
effecs of macresynthetic fibers, GFRP ba and the& combination onthe blast resistance of
concrete. Results show that in RC panels, GRFP bars caused a brittle failureowipamed to

the ductile failure caused by steel bars. Reinforcing FRC panels with steel bars was found to
enhance the blaperformancevhencompared to FRC panels without steel bars. Among the panels
tested, the FRC panel with steel bars (C4) showeHldseresults as shown kigure 2-36d.

Drdlova et al. (2018) examined the blast resistance of 500x500%x40 mm hybrid fiber
reinforced highperformanceoncrete paneklsxposed t@xplosives at 100 mm from the specimen
as illustrated irfFigure 2-37a. The main parameter investigated was the effect of songpfibers
with various geometries (higmodulus steel/middienodulus PVA and higimodulus steel/low
modulus PP). Results show that hybrid reinforcement significantly enhances the overall blast
resistance in terms of reduced spalling éragmentation. The performance of the ste@iA (50
mm and 12 mm respectively) fibeginforced panel significantly outperformed that of the
companion specimen containing ste@ fibers due to the high tensileestgth and modulus of
elasticity of PVA, wlich further strengthened the fiberatrix bond strength (sdeigure 2-37b
andFigure 2-37c).

Previous tests owehicle barriers

Coughlin et al. (2010) tested the behaviour of 5 portable concrete vehicle barriers under
satchel sized contact charge explosiveshasvn inFigure 2-38a. One barrier was a control barrier
with normal concrete. Tavother barriers were fibeeinforced, one had nylon fibres while the
second had carbon fibers. Both Hafi% fibers by volume. The final two barriers were constructed
with a mix of steel and synthetic fibers each with a different fiber volume (3.8%%hdThe
barriers had a rectangular shape with dimensions of 3050x1070x610 mm. The main parameters
investicated were the type of fiber and the fiber content. Results show that usingefiiferced
concrete reduckdamage and hefjolkeep damaged concreteors intact. Both the 3.8% and 5%
steel/synthetic fiber meshad similar performance. In other words, wlzecertain level of fiber
volume is reached, adding more fibers wonot
area, like carbon fibergave fragments greater cohesiveness resulting in larger fragmigoite
2-38b shows the percentage lodirrier fragment ejected during blast.
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Previous tests obeams

To the knowledge of the author there exists no research on the blast behavior of SNFRC
beams. However, a limited number of studies have focussed on steel FRC.

Magnusson etla(2010)examined thélast performancef plain andsteelfiber-reinforced
concretébeamswith dimensions of 306hm x 160 mm x1720 mmunderair blast loadingwhich
wasappliedat a standoftlistanceof 10 m(seeFigure 2-3%). The beamsvere constructed with
NSC or HSC anavere reinforcedvith varyinglongitudinal rati@ andstirrupsspaced at 200 mm
Results show that the use of steel fibers predebtitle failuresunder dynamic loadingvhile
ensuring a ductile faire modedue to the enhanced shear strengthdardility as shown ifrigure
2-3%.

Among these studies, four were conducted at the University of Ottawa. The test program
involved beams having similar charactgas in terms of specien detail and test setup in order
to allow for comparison between the resultjassem(2016) tested the behaviour of plain and
steel fiberreinforced higkstrength concrete beams with dimensions ofrh&bx 250mm %2440
mmunder ¢gnamic blast loads using a shettie as illustrated iRigure 2-40a. The results show
that the use of steel fibers led to significant improveismiéncluding: increased shear capacity,
reduced maximum and residual rggan displacements, reduced blast fragments and increased
damage tolerance. Fibers at a volume &b vere also sufficient to replace transverse
reinforcement (seEigure 2-40d andFigure 2-40e).

Li (2016) examined the static @dmlynamic behaviour of 125 mm x 125 mm »@4nmm
HSC beams detailed with higdtrength reinforcement. Results show that reinforcing the beams
with high-strength bars increased blast capacity and controlled maximum and residual
displacements. Adding stedbffes was found to be effective in contnad crackwidth, increasing
fragmentation resistanceeducing displacements and further increasing Wtz capacity.
Despite these enhancements, the combined use of HSC arstrieighth steel led to a more brittle
failure as illustrated ifrigure 2-40b andFigure 2-40c.

Castonguay (2017) investigated the behaviour of 18 steelrféib&@orced concrete beams
under quasstatic(seeFigure 2-40h) and simulated blast loading using the shadbe. The 125
mm x 125 mm x 2440 mm beams were cast wiimalstrengthself compacting concrete. The
resultsillustrated inFigure 2-40i show thesignficant effect of steel fibers in improving shear and
flexural capacity of the beams. Furthermore, increasing fiber content to a certain volume fraction
was found to improve the overall blast response by redunidespan displacement, improving
damage tarance and reducing fragmentation. Further increases in fiber content was found to
negatively affect workability without any noticeable enhancements in performance.

Charles (2019) examined the effect of reinforcement detailing by testirtpCheams
under static and dynamic loading. Results show that the provision of compression bars and closely
spaced ties improdghe blast performance by controlling displacemigrttieasing blast capacity
and minimizing damageséeFigure 2-40f andFigure 2-40g).
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Table 2-6 Summary of previous blast tests

Crosssection

) : Tensionsteel Transverseateel Fibers
dimension (mm)
E|l s |8 T ls | & g |5
Study Test No. of Specimen| Kg of iitstr;i?:g 0 £ E 5 g < E =) 2 < = 2|z _ - .%
; MP. - ~ sT| 8| = IT| 8 ) o | E c S € g
method specimens type TNT (mm) B H L MP) | 5 o | 58|l eS| 2 | 5SS & | &5 & £ g 5
Q S S| s S S| s = o< g & ~ ~ Q
e & TS| E® @ TS| 2@ O o = =) (o] %
3 o ] o - o 2 o = S 8 ) <
a %) > o 0 > [v4 b >
0.6 50-
SF N/A 30-50 0.8 63
Drdlova et . 0.01 | 333
al. (2018) Live test 11 Panel 0.1-0.15 100 500 40 500 114 - - - - - - - PP 3 X 6-12 8 667
0.04 120
PVA X 6-12 01 150
Normal 10 152 0.61- | 152
Pantéides steel 152 1'6 305 | 420 | 172 | 305 | 4% i i ) N/A i i i
etal. Live test | 18 Panel 6.2-15.6 1000 1200 35(; 1200 | 4651 o
(2014) 152 | 717- | 0.61- | 152 | 717
GFRP 1| 305 | 788 | 172| 305 | 758 | P ! X 50 09 | 56
Foglar & Bridge 30 or
Kovar Live test 5 Y 25 450 1500 | 300 | 6000 16 140 500 0.5 150 - 0.07 PP 051 X 54 - -
deck 55
(2013)
Tabatabaei
et al. Live test 7 Panel 34 1675 1830 | 165 | 1830 | 4554 13 150 407 0.82 300 - 0.03 LC 1-1.5 X 100 - -
(2013)
N 1.5 X 75
Can ot
. Air blast disclosed ¢ 15 * [
Coughlin loadin Vehicle due to
etal. ading 5 ( - - 610 | 1070 | 3050 | ~35 | - - - - - - - FE | 225 | NA 30 - -
(2010) using G4 barrier sensitive 0.06
explosives nature of PP 6 X Variable
research -
PP 0.4 o Variable
IPE 1.8 or 50
PVA
Ohtsu et | - sein 4 Slab 0.01 of - 600 | 100 | 600 | 3963 | 10 | 120 | - 12 | 120 | - | 022| /PE | 155 x 30 - -
al. (2007) SEP PP

Fiber type:SF = steel fiber, SN = synthetic fibétE = flattened end$ = polymey PP = polypropylenePE = polyethylenePVA = polyvinyl alcoholic,LC = long carbon, N = nylon, C = carbon
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Figure 2-33 Ohtsu et al. (2007) research

Specimen No. 1 2 3 4 5
Concrete C30/37 (C30/37 (C55/67 C55/67  C30/37
Fibers 45 kgm® — 4.5 kg/m* 9.0 kg/m*

002 m? —
151 m? 0.73 m?

0.43 m* 0.26 m?
235 m® 1.89 m?

Puncture — top surface
Concrete spalling
(soffit) — <concrete
cover
Concrete spalling
(soffit) — >concrete
cover
Concrete spalling
(top surface) —
< concrete cover
Concrete spalling
(top surface) —
concrete cover
Concrete spalling
(left side) — <concrete
cover
Concrete spalling
(left side) — =concrete
cover
Concrete spalling
(right side) — <concrete
cover
Concrete spalling
(right side) — »concrete
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Volume of crushed
concrete
Permanent deflection

0.61 m?

1.71m® 1.09m®> 12m’ 044m® 037m?

043 m’ 026m* 089m” 0.68m* 0.66 m?

043 m’ 026m’> 029m? 0 0.08 m?

052m? 0.05m* 008m’ 0 0
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034m? 0.16m> 008m? 0 0

0.23m* 011m?> 002m? 0 0

023m* 015m* 020m® 0.05m*> 0.06 m*

031m 037m 028m 0.30m 0.26 m

a) Experimental setup

b) Blast performance of different specimens

Figure 2-34 Foglar & Kovar (2013) research
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B4-6 NA NA 50 Below AT standards
B4 FRC B4-10 NA NA 50 Below AT standards
C4-6° 2 5 0 Medium
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c) Detailed description of pats d) Test results

Figure 2-36 Pantelides et al. (2014ksearch
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2.5 Summary

This chapter presented a literature review related to the shear and flexural behaviour of
synthetic fibesreinforced concrete beams under static loading. It r@¢i@wed pevious studies
on the effect of synthetic fibers on the structural response of concrete under impact and blast loads.
Based on these studies, the following conclusions can be summarized below:

1 Material studies on SNFRC show that the use of yittibers improves the pogieak
capacity of concrete in compression with no significant effect on peak compressive
strength. Moreover, the addition of synthetic fibers significantly affects thecpasting
tensile resistance of concrete with improvedghness;

1 Alimited number of studies have investigated the shear and flexural behaviour of SNFRC
beams, especially in the case of hgijtength concrete"fg 60 MP3g. Based on these
studies, the use of maesynthetic fibers improved the shear strémgtudility and
toughness of beams while also resulting in a more diffused cracking pattern with reduced
crack widths;

1 Research on the dynamic properties of concrete tested under iimgaetesthat the
addition of synthetic fibers improves the impadistance and toughness of concrete under
dynamic loading, though the energy absorption capacity of synthetic fibers is greater at
lower drop heights (strairates). Some studies also indicate that synthetic fibers are less
effective under impact when caaredto steel fibers;

1 The behaviour of SNFRC under blast loads is not well understood, especially in the case
of beams and elements built wiitgh-strength concretdloreover, most previous research
has focused on elements subjected to -fielt blasts. Noneheless previous tests
conducted on panels and slabs indicate that adding synthetic fibers improves the flexural
toughness which in turn leads to a reduction in the volume of damage.

In summary, limited research exists on the response ofdtighgh conecete beams
reinforced with macreynthetic fibers. Moreover, the ability of maegnthetic fibers to improve
the blast resistance of concrete requires further study, especially in the case of beams and elements
subjected to fafield type blastsFurthernore, there is a need to examine the potential of using
macrasynthetic fibers to relax stringent blast detailing requirements in modern blast codes.
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Chapter 3:ExperimentalProgram

3.1 Chapter Overview

The experimental resear@nogram includeseventeen beams iliuvith macrosynthetic
fiber-reinforced concretevhich are testednder static andynamicloads. Parameters investigated
include the effegtof: macroesynthetic fibers, hybrid fibeygombined use of fibers and stipsy
longitudinal reinforcement typand ratio. This chapter summarizes the details regarding beam
specimen designs, material properties, specimen construction, experimental setups and testing
procedures

3.2 SpecimenSpecifications

A total of seventeelheams were constructed and tested inrdssarch progranNine of the
beams were tested under qustsitic fourpoint bending, and eight were tested under simulated
bl ast | oading using t hteabe Wost of the seanisweecast usiat t a wa ¢
either plain higkstrength concreteHSC) or highstrength macrsynthetic fibesreinforced
concrete (HSFRC), with two beams casted with nostraingth selconsolidating concrete
(SCC). The beam design details are summariz&tgure 3-1.

All specimens had dimensions D25 mmx 250 mmx 2440mm and were tested over a
simply-supported span of 2232 mmith a constant moment region &&¥mm and shear spans of
741 mm resulting in a shear span to depth raadd) of 3.7. The longitulinal reinforcement
consisted of either:-25M or 220M (Canadian size) normatrength bars, or-Rlo.5 (US size)
ASTM A1035 Grade 690 MPa higgtrength barsThe No.5 and 15M bars were detailed with 90°
hooks (except for the 15M used for the SCC specimevtsle the 20M bars were detailed with
180° hooks to provide adequate development of the tension steel. Eightsel/émgeermeams
were designed with tresverse reinforcement which consisted of eitheshidped stirrups spaced
at 100 mm in the shear spg(minimum stirrups required by the CSA A23.3 standard}losed
hoopsspaced at 100 mm along the span of the bgalaxed blast detailing at s = di@her than
the d/4 spacing required in the CSA S850 stand&tifyupsand hoopsvere made from 6.3Hm
smooth steel wire. To facilitate constructior5.35 mm bars were also provided in the shear spans
of most beams (the exception was the doubigforced beam which was provided withlM
top bars over the full spanThe clear cover to the longitu@dinbars was kept a1 mm for all
beams. Macraynthetic fibers were implemented in all the fibeinforced concrete beams at a
fiber content of 0.75%\bvolume of concrete (6.8 kgAn with two specimens having a hybrid
mix of 0.75% macresynthetic fibes and0.25%smooth straight steel fibe($9.5 kg/nd).

The specimens can be divided into three categories based on longitudinal steel ratio (rebar
size) which include the: 15M series, 20M series and No.5-kigdngth steel serie$able 3-1
shows a summary of the design details for the various beathsy each series, including
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specimen ID, concrete mix type, fiber type and volumetric ratjogteel reinforcement properties
and loading type. The specimen remlature follows this logic:

CONCRETE TYPEFIBER % and TYPESTEEL REBAR SIZESTIRRUWS

For instance, HS®.75%S115M-0 is the label for a beam constructgith high-strength
concrete (HSC) having 0.75%S1 fibers and reinforced with 15M nestreigthlongitudinal
reinforcement with no stirrups, while HSC75%S115M-S is the companion beawith stirrups.
Similarly, HSG0.75%S1No.5(HS}S is the label for the companion beam constructed with No.5
high-strength barandstirrups.

The following nomenclafre was used for one of the beams wagh continuity bars
CONCRETE TYPEFIBER % andTYPE- STEEL REBAR SIZE (BOTTOMOP)- STIRRUPS

HSC-0.75%S120M-10M-d/2 is the ID for a beam built with higétrength concrete
containing 0.75% macrsynthetic fibersand reinforced with 20M normatrength longitudinal
reinforcement, 10M compression bat the top andlosed tiespaced at 100 mm all the way

Table 3-1 Specimen designation and main properties

* Fibers Steel Reinforcement Properties

2 Concrete Test

= Beam ID -

3 Type Tvoe Vi Tvpe | Grade | Amount gt'ggﬁ Type!

yp (%) YPE | (MPa) | &Size | SPACNY
(mm)
SCG0.75%S115M-0 scc Sy(”gl")s“c 075 | NS | 400 | 2-15M . s

= SCGO.75%SH15M-S scc Sy(”sﬂl")s“c 075 | NS | 400 | 2-15M | 100 S

—

8 HSC-0% 15M-0 HSC ; . NS | 400 | 2-15M ; )

B "

» HSC0.75%S115M-0 HSFRC Sy(”sﬂl")s“c 075 | NS | 400 | 2-15M . )
HSC0.75%S115M-S HSFRC Sypstg‘)at'c 075 | NS | 400 | 2-15M 100 )
HSC0.75%S120M-0 HSFRC Sy(”gl")s“c 075 | NS | 400 | 2-20Mm . )

= HSC0.75%S120M-S HSFRC Sy(”stkl")a“c 075 | NS | 400 | 2-20m 100 )

N .

2 | HSCO0.75%S120M-10M-d/2 | HSFRC Sy(”stkl")a“c 075 | NS | 400 | 2-20M | 100* D

& Synthetic 0.75

HSCGHYB-20M-0 HSFRC S;gl NS | 400 | 2-20Mm ; SID
o) 0.25
(%)
[SJTe) .
§ S | HSCO.75%SNo 5(HS)S HSFRC Sy(”sﬂl‘?t'c 075 | HS | 690 | 2No5 | 100 S/D
(7]

1. S: Static Test; D: Dynamic Test
*: Closed hoops provided over the full span
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Figure 3-1 Beam dimensions and reinforcement details
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3.2.1 Seriesl5M

A total of eight specimens were cstnucted using 15M normakrength reinforcement.
The beams can be divided into two groups, with two beams casted witlosetflidating concrete
(SCC) and the remaining six beams casted with -biggngth concrete (HSC). Both 6C
specimens were tested under gisatic loadingThree of the HSC specimens were tested under
staticfour-point bending while the three companion beams were tested under dynamic loading.
This series included beams with either stirrupacresynthetic fbers, or both.

3.2.2 Series20M

This series included sewm highstrength concrete beams reinforced with 20M normal
strength bars. Four of the specimens had mggnthetic fibers incorporated at a volumetric ratio
of 0.75%, two of which had no stirrups (one $&batic loading and one for dynamic loading) and
the other two were detailed with stirrups spaced at 100 mm in the shear spans (one for static loading
and one for dynamic loading). One of the specimens constructed for dynamic loading and
reinforced with 075% macresynthetic fibers had 10M bars at the tafpthe beam section with
closed stirrups spaced at 100 mm all the way. The last two beams in this series had no stirrups and
included hybrid fibers. The two types of fibers used for this specimen were-syathetic fibers
with a fraction volume of 0.75%nd smootlstraight steel fiberwith a volume of 0.25%.

3.2.3 SeriesNo.5

The last series included two beamsddor static and one for blast) which were built with
American Size No.5 higbktrength bars. Botbeams were detailed with stirrups spaced at 100 mm
in the shear spans and were reinforced @i#%% macresynthetic fibers.

3.3 Materials

This section describesahmaterials used for this research, which include: concrete mixes,
steel reinforcement bayges andiber types.

3.3.1 Concrete Parameters

Three tyes of concrete were used in this study:-selisolidating concrete (SCC), high
strength concrete (HSC) and higtiength fibetreinforced concreteHSFRQ. The concrete was
mixed using the large panixer at the University of Ottawa Structures Laboratory.

The SCC usedonsisted of a prpackaged mixshown inFigure 3-2, with a specified
strength of 40 MPa. The mix contained a maximum aggregate size of 10 rhra séneto-
aggregate ratio of roughly 0.45 and a watement ratio of approximately 0.42. An-amtraining
admixture, a supgplasticizer ad a viscositynodifying admixture (VMA) were incorporated into
the blend in the form of dry powdérable 3-2 shows the properties of the gsackagd MS-S10
SCC mix provided by the manufacturé&irig Packaged Materials Companyable 3-3 shows
the properties of the HSC amtiSFRC mixtures.The highstrength concret mix in this study
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contained Portland cement, slag, silica fume, two sizes of coarse agg€egatenand 19 mm),
sand and liquid admixtures (a supdaisticizer and a set rethar) and had a target strength of 100
MPa. Figure 3-3 presents the materials used for the HSC base mix.H3ERC mix was

constructed witta similarHSC base mix, witlthe addition of fibers

Table3-2 KING SCC mix properties

Mix Component Content (kg/md)
HSF Cement 500
Fine Aggregate 915
Coarse Aggregat 765
Mass Density 2300

Table3-3 HSC and HSFRC mix properties

Content (kg/m?)
Solid Component _ HSERC HSERC
Plain HSC | synthetic) | (Hybrid)
Type GU Cenent 373 373 373
Slag 164 164 164
Silica Fume 48 48 48
Sand 740 740 740
Fine Aggregate (9.5 mm) 560 1120 1120
Coarse Aggregate (19 mr 560 - -
FiberContent 6.8 (S1)
(S1, OL) - 6.8 (S1) +
19.5 (OL)
Liquid Component Content (L/m?3)
Water 176 176 176
SuperPlasticizer 7.5 10 11
Retarder 1.9 1.9 1.9

Figure 3-2 KING SCC
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3.3.2 Steel ReinforcemenParameters

Five types of steel reinforcement were used in this study. The first type was smooth non
deformed wire which had a diameter 6.3 mm and a crossection of A = 32mn? and was
used aitherthe transverse reinfoementor thecompression reinforcement in the shear spans
(for easier construction of the cayeBhe second type, which was used as compression steel for
one of the dynamic specimens, consisted of defomoetiatstrength steel (10M) with a diameter
of dp=11.3mm and a crossection of A = 100mn?. Theremaining three types of deformed steel
wereused for theensionlongitudinal reinforcemerdndconsisted oéithernormatstrength steel
(15M and 20M)or high-strength ASTM A1035 bar(No.5). The 15Mand No.5 rebarfad
diametes of db= 16.0 mmandd, = 15.9 mm respectivelywith a crosssection of A = 200 mmn,
while the 20M rebar had a diameter Fdl9.5 mm and a cros®ction of A = 300 mn3.

Steel coupons were tested using the GALDABINI SUN Wniversal Floor Standing
Testing Machine shown iRigure 3-4. Table 3-4 summarizes the properties of all five types of
steel used, including steel ID, bar diameter ared, yield strain and strength, ultimate strain and
strength andtrain at rupturdrigure 3-5, Figure 3-6 andFigure 3-7 showthe stressstrain curves
for each type of steel. A comparisortioé stressstrain relationship of all steel reinforcement used
is demonstrated iRigure 3-8.

Table 3-4 Steel reinforcement mechanical properties

Steel | Steel DiaBrr?(;ter Bar Areza Yield s UIt|matefu Rupture
ID Reinforcement by (mm) Ap (mm?) ey (MPa) eu (MPa) er
6.3NS | Non-deformed 6.35 32 0.0031| 559 0.063 617 0.069
10M Regular 11.3 100 0.0026 | 477 0.149 569 0.173
15M Regular 16.0 200 0.0027 | 434 0.137 586 0.209
20M Regular 19.5 300 0.0030| 426 0.143 568 0.202
No.5 MMFX2 15.9 200 0.0065| 886 0.049 1144 0.107
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Figure 3-4 GALDABINI Universal Floor Standing Testing Machine; testing steel rebar
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Coupon Test StressStrain Relationship
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Figure 3-5 Stressstrain relationships for different types of steel bars with photographs
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Coupon Test StressStrain Relationship
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Figure 3-6 Stressstrain relationships for different types of steel bars with photographs
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Coupon Test StressStrain Relationship
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Figure 3-7 Stressstrain relationships for different types of steel bars with photographs
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Figure 3-8 Comparison of stresstrain relationships for different types of steel bars used
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3.3.3 FibersParameters

Two types of fiberswere used in this research. The main fiber used in all the- fiber
reinforced concrete beams was masrg nt het i c fiberl daediegrsat e r
polypropylene fiberdiad a length of 50 mnwith a tensile strength of 625 MPandpartially
fibrillate when mixed in concrete. The other fiber used for the hybrid mix was smooth straight
steel fibershaving a length of 13 mm aradtensile strength of 2750 MRad esi gnat ed as
fibers) Table 3-5 summarizes the properties for both types of fibers, whideire 3-9 shows
sampé photos. The synthetic fibeeinforced concrete beams were built with HSC containing
0.75% Wr = 6.8 kg/m3) of macrsynthetc fibers. The smooth straight steel fibers were used in
the hybrd mix at a volumetric ratio of 0.25%/(= 19.5kg/n?).

Table 3-5 Fiber properties

. . Aspect .
Fiber ID | Fiber Name lL ?rr;]gntqf)l [ga(r:ﬁrt:)ar iﬁsmsﬁn:&c;n Ratio TensEI'\(jIPS;;ength
f i (mm/mm)
TUF-
S1 STRAND 50 - 037x1.1 74 625
oL OL 13/.20 13 0.21 - 62 2750
E — |
N '. '! 4 Yol
e ‘\5? 1 N
|1
E GGy
e 58 \
a) S1 b) OL

Figure 3-9 Photographs of fibers
3.4 Construction of TestSpecimers

The construction of the seventeen beams was accomplished at the University of Ottawa
Structured.aboratory. The following procedures were followed: preparing the formwork, bending
the steel bars, building the steel cages, applying the strain gaugesy cdthe concrete and
finally curing the beams.

3.4.1 Preparation

The first step was to buildawood f mwor k t o be used for cast.i
of 1/206 thick plywood was luse¢d satsudheplbacsed od
provide lateral support when casting the specimens. The form was able to fit seven specimens at a

53



time with 3 / thiok plywood being installed as a separafogure 3-10shows the formwork after
it was ready to be used

The steel cages were built eitheith or without stirrups. The transverse reinforcement
consisted of either {dhaped stirrups or closed stirrups made from 6.35 mm wire and bent using a
manually operated jig. The-shaped stirrups were spaced at 100 mthé shear spans for beams
with shear reinforcement. Two top 6.35 mm wires were also provided in the shear spans to
facilitate constructionThe closed stirrups were used in only one of the 20M specimens tested
under dynamic loading and were spaced atrh@®throughout the entire lengtBoth the No.5
high-strength steel and 15M normsttength steel were bent to have a 90° hook at both ends
(except for the 15M used for the SCC specimens where the bars were kept straight). The 20M
normatstrength bars wetgent to hava 180° hook at botkends Figure 3-11to Figure 3-15show
phobgraphs of the different steel cages after construction. Once the cages were ready, a strain
gauge was installed at the sgan of the longitudinal steel bar. A 1¢Gstrain gauge as used
on one of the bars for the static specimens and & 3&fain gage was used on both bars for the
dynamic specimens. To prevent concrete from adhering to the form and allow for an easier removal
of the beams, oil was applied into each row of trenfusing a brush. This also allows the reuse
of the formwork. After oilig, 41 mm plastic chairs were placed inside the form to provide
adequate clear cover. Finally, the steel cages were inserted inside the formwork.

Figure 3-11 20M rebar with 10M compression bar and closed stirrups all the way
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Steel cages with 90° hooks (no stirrups)

Figure 3-12 15M rebar without stirrups
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Steel cages with 90° hooks (with stirrups)

Figure 3-1315M & No.5 rebars with stirrups
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Steel cages with 180° hoak(no stirrups)

Figure 3-14 20M rebar without stirrups
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Steel cages with 180° hooks (with stirrups)

Figure 3-1520M rebar with sirrups
3.4.2 Mixing and Curing

Concrete wasnixed at the University of Ottawa Structures Laboratory using avdR0
electric paAmixer, asshown inFigure 3-16, with a capacity of 225 L. Once the mix was ready,
the cancrete was poured inside the form in layers and a vibrator was used throughout for both the
HSC and HSFRC mix to ensure the concrete is well consolidated. The remaining mix was used to
cast concrete cylorers and flexural beam prisms. After levelling theaims and allowing the
concrete to dry for around three hours, all the specimens (beams, cylinders and prisms) were
covered with a wet burlap sheet (as showRigure 3-17) and then a plastic sheet on top (to keep
moisture) and cured for seven consecutive days. The beams were then removed from the form and
air-cured until the day of testing
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