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Abstract

Ultra-High-Performance Steel Fiber Reinforced Concretd®-SFRQ is anemergingconcrete
consideredhs aroptimal durablematerialthat carsubstitute conventional concrete owing to its
distinct fresh and hard propertieShus, it is essential to understand the mechanisstress
transfer between this concrete and conventional reinforcement that permits the composite action
of bothmaterials A four-point kendingtestprogram (FPBTas arranged and conducted on 19
beams designed for the bond development tordodine constant moment region along a short
embedment length in order to achieve a unifrom distribution of bond stressasling
measurement of bond strength through reverse engineering of beam strehdéfaamation.
Additional material testing was conducted on prisms ungmoidt loading in order to extract

the mechanical properties for all material mixes considered. Thedpmuimens failed either

by pullout or by cone formation with minimal deteaton of the concrete cover, illustrating the
high confinement provided by the novel concrete surrounding the bar in tefi®rbond
strength was determined to be directly proportional to the tensile strength capacity of the design
mix, where for thestrongestmaterial the bond strength was approximately 30 MRaeover

the test results indicated a very ductile flexural beam response accompanied by significant mid
span deflectiomeaching 27 mnandsubstantiabarslip valuesattainingl9 mm Different UHP-
SFRCmixes, concrete coverandembedment lengwere considered® numerical model was
developed to simulate the FPBT using a nonlinear finite elementsaalatform VecTor2

with the ability to model thisiovel concrete.The high bond strengthrovided by theconcrete

cover enables significantreduction in the design development length as compared to what is
used today for conventional concrete.
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Chapter 1. Introduction
1.1 Background

Owing to its inexpensive constituents and its mechanical stremgtiventional concrete is
considered as the predominant alternative building matadaptedworldwide for all sorts of
structures; bridges, highways, residential houses,-tisghbuildings, tunnelsgtc that reflect the
urban infrastructure developnteaf a city. Unfortunately, itwas seerthat thesenfrastructures,
generally built usingnormalconcrete, tend tdegradeprogressivelywhenexposed t@evere climate
exposures. As a matter fact, applying deicing salt insubzeroweatherleads to the mechanical
deterioration of concrete angveas the reinforcing barsvhich initiatestheir corrosionfMindesset

al., 2003) Even though these structunesre initially designedccording to the codd€SA, 1995)

with an estimated service life between 50 to 99 years, this value is experimentally proven to drop to
30 yeargKumaret al, 2001) These damaged structutescome not onlyisually unpleasanbut

also structurally unfit for their intended purpo$éus,maintenance and rehabilitation interventions
are requiredwith an estimated yearly cost exceeding $1 billion for bridges and $20 billion for
structures surpassing the averannual amount spent on building new structy@skanet al,
2018) After several failed unsustainable repairing solutjeugh as grout injection to fill the cracks

or replacement of the entire damaged concrétiya-High-Performance Steel Fiber Reinforced
Concrete (UHPSFRC)was proposeds the optimatconomicandinnovative sustainabimaterial to

be usedIn fact,researchwas conducted in 2016 on the number of brsdidpat are using UHBFRC

in their recent constructiomhich has reacheg7 in Canadaas presented iRigurel-1 (Haberet al,
2018)
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Figure 1-1 Number of bridges using UHPC in Cana(#aberet al, 2018)
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Ductal®is oneof the mostcommonlyusedproducts in North Americat wasdevelopedn 1990
basedon the RPC (Reactive Powder Concretgrinciple with the merged efforts of Lafarge,
Bouygues and Rhodia along with thelp of universities and researchetéaracterized by its high
fresh and hard properties with a flexural strength of 40 MRzhlihg 2004), t was then
commercialied in the dawn of the 2icentury As stated byDoiron (2017) this producthas been
recently usd to retrofit severainfrastructure projects ojpig for high durability with an incredible
reduction of future maintenance cdsigurel-2 (a - b) belowis the example ofhe pier jacketing of
the CN Rail Bridge in Montreallhis concrete is being incorporatén new constructions as well.
Due toits high cost, iis gopliedas a thin protective layeoveringregularconcrete decks he first
application inNorth America was in lowa with the retrofitting of the Mud Creek Bri(i§ythararet
al., 2018)

(b)

Figure 1-2 (a) Initial damaged surfacand (b) Retrofitted withUHP-SFRC(Doiron, 2017)

1.2 Introduction of UHPFRC

Theabbreviatiorof this innovative concreteanbe dividedinto two partst h e WUHPE€Osrd thé
second 6AUHRPCCO denotes the concrete matrix com
materials,cement substitutedine aggregates with a grain diameter limited to 669 water and
high-range water ragcteisknown as superplasticizgiBache, 1981 )ollowing an optimized packing
procedure for the dry materialsdrecing thewater/binder ratio (w/b) to vary between 0.18 and 0.25

and adding the adequate amount of superplasticeeveyal researchers were able to obtauery

dense paste with high fresh properties and a compression strength greater thdta ib@rivbient
temperaturesvith conventional mixergWille et al, 2011; Macaet al, 2012; Willeet al, 2012 Yu
etal,2014)AFRCO i ndi cat es t he tharpewmrhe developnientsftthe mitro f i b e



cracks anceliminate the brittle failur®@f concreteunder tensiorwhere thef i b ®nsite strength,
their shape and their bomteractionwith the matrix should be optimized to reach high mechanical
propertieswvhile maintainingan appropriate workabilitfWille and Naaman, 2010, 2012§aaman
initially classified FRC compositestafour performanceategoriedased on thebehavior, directly
related to the fibevolume contenas described ifigure1-3 (a). Thisstars by bridgingthroughthe
opening of cracksvith a deflection softening behavidrhis type of material would be sufficiefar
shrinkage cracking. The second level of performance corresponds tefleetion hardening
materials known as Ductile Fiber Reinforced Cement CompodRE&CC) characterized by the
development of several crackader flexure but not in tension. Theswterials are adequater
structural elements controlled by flexure. The third level of materials tievetrain hardening
propertyknown as High Performance Fiber Reinforced Cement Comp@ditdsRCC)where in that
case multiple cracks will develop under tension prior to crack localizatidrinally the last level is

to obtain a high energy absorptitgd ratingbefore crack localization greater than 50 BYNaaman
and Reinhardt, 2003Yhe third and final levelare qualified to be used in eajtrake design for
structures under cyclic or impact loddis classification was then enhanced starting by dividing the
materials based on thestrain hardeningHPFRCC)and strain softening behavior as depicted in
Figurel-3 (b) (Naaman and Reinhardt, 2006)
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Figure 1-3: (a) Classifiation of FRC compositéb) previouslybased orfour performance levelfNaaman and
Reinhardt, 2003)jecent based on their tensile and bending behagWaaman and Reinhardt, 2006)
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A strain-softening materialyith an adequate fiber contefdr bending can become deflection
hardening material. If not, it remains a deflectswitening materiallt is important to stat¢hat a
strain hardening material is always deflection hardening but not vice ¥ersadired tensiontest
as described ifigure1-4 (b), HPFRC materialsra mainly distinguished bthe presence gfhase
Il behaviourknown ast h e @hsatrrdaeipimasairgdirect tensiordefinedby the capability to
develop multiple crackingfter the development of the first cragk (+  andprior to the initiation
of crack localizatioronce the peak load, h is reachedWille et al, 2014) This property
characterize®)HPFRCasafi st r ai n rhaternabdHoweven, the otheFRC compositebave
Phase | andPhasell only; wherePhasel correspondgo an initialascending lineaelastt phase
behavioruntil the first crackoccurs definedby (, R in Figure1-4 (a) and(b). Then,Phase IlI
directly garts with thdocalizationof thefirst crack rgpresenting the stress afunction of the crack
opening rather than the strairhus, these FRC comptes followaii st-s af heni ngndére havi

tension
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£ s
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Figure 1-4 Comparison of the stressdrain response under direct tension between (a) strain softening and (b} strain
softening behavioNaaman and Reinhardt, 2003)

(Naaman and Reinhardt, 20@#ssifiedHPFRCbased on their first crack with a straiot exceeding
0.0002 and an elastic modulus greater than 10500 ERmtually they classified them in classes of
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T-, ranging betwee-2.5 until T-20 with a minimum peak strain of T8t Tt.LCommon
HPFRCare mainly Engineered Cementitiousrposite (ECC)Slurry Infiltrated Fibrous Concrete
(SIFCON), Slurry Infiltrated Mat Concrete (SIMCONand Ultrahigh performance steel fiber
reinforced concretelJHP-SFRQ discussed previoushEC@ &ave mainly a mortar base matrix
(sand, cement and fgsh) along with polyvinyl alcohol (PVA) fibe(Sahmararet al, 2007) Once
ECC is cracked, even with width not exceeding 0.1 mm, it is considered to have a very high
permeability (2 x 18° m/s) particularly greater thanonventional concret@epech and Li, 2009)
SIMCON is an enhancemeaf SIFCON wherghe manual dispersion of fibewgs replacedy a
premade well distributed and easily placed fiber méttrated with the concrete matriXhey are
both characterizedith a high percentage of steel fibégseater than 5% (Krstulovic-Oparaet al,
1997, Breitenbucher, 1999YHPFRC are considerethe highest class diPFRCCowing to their

high strength mechanicptopertiesandtheir dense matrpas can be seen kgurel-5.

s ™
4 ™
UHPFRC - Ultra-High Performance
Fibre Reinforced Concrates
{8.9. RPG, GEMTEC et )
HPFRCLC - High Performanca Fibre Reinforcad
Cament Composites (e.g. ECC, SIFCON)
FRC. - Fibre Reinforced Coneretes
\(f.g SFRC - stesl fibre reinforced concrete) J
Cementitious materials

-Q—.oncreta_ mortar, hardened cement paste) ‘/

Figure 1-5 Definition of UHPFRC (HABEL, 2004)

Therefore, this newancrete with high mechanical characteristics, flexural stremgthoughness,
used as an impermeable solution for external attacks, can now sulgstitwéational concrete when
designing reinforced concrete structural elements that requinggker ductiity and energy
absorptionFigure 1-6 (a) and(b) depictsthe seismic retrofitting athe piers ofthe Mission Bridge
located in Abbotsford, BQsingUHPC Ductal®Doiron, 2017)



@ (b)

Figure 1-6: (a) Bridge pier prior p) and after retrofitting(Doiron, 2017)

Also, reinforced deck overlay for the repairing of the Chillon Viaducts inSwitzeland was
accomplishedising UHPC to strengthen and protect the slab as can be deguorel-7 (a) and(b)
(Srithararet al, 2018)

reinforced UHPFRC
_hy=40-80mm |

i
]
reinforced concrete E

Strength + protection
function

(@) )

Figure 1-7: (a) Chillon ViaductsUHPC reinforced bridge deatesign (b) and applicatio(Sritharanet al, 2018)

Hence, it isessentialto understand the behavior of UFBFRC reinforced concrete structures,
particularly the force tramsr between conventional reinforcing bars and this innovative concrete
when subject to different types of loadifithis perception coulaéxtendits type of applicatiorand

developproper design codes for future structural applications.

1.3 Introduction of steetconcrete bond

In general,a concretebeamsubject to an external force perpendicular to its midigemerates a
bending momentplacing the lower part of the beam in tensiarich isconsidered as fragile
property for conventional concreteOnce the developedstresses exceed the tensile strength of
concrete, cracking occurs leading to a brittle mode of failure in te(Glaaoet al., 2009) Therefore,
reinforang barswith high tensile strengthre placed in this region teceive andesist thes¢éensile
stresses instead concretdormingtogether aeinforced concrete structuireated as singlesystem

However, hi s composite action is only possible

6
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s t r e,mwbhichlllows the transfer of stresses between the reinforcing bars and the surrounding
concrete.lIf this detailing was not taken into consideration properly, a structureigh@bperly
designectould have less durability angborperformanceHowever, the deformecekbar subject to a

tensile force tends to slielative to the surroundingpncrete. At this stagée response of the whole

system depends on the capacity of the concrete to deform as much as the steel. Therefore, bond
strength corresponds to the capacityhe concrete to deform and degrade locdlhe surrounding

concrete exhibitsthena system of i nterfacial reaction f
me ¢ h a npresemteddfrigurel-8 showingthatif it exceedthe bond strength between these two

materials debonding will occurKabir and Islam, 2014)

T bearing and friction
forces on bar

- TN T TN

p— —

Z_

adhesion and friction forces
along the surface of the bar

Figure 1-8: Forcetransfer mechanisms (ACI Committee 408, 2003)

Lutz and Gregely stated that this interfacial phenomenon is divided mainly into three mechanisms for
conventionatleformed reinforcing bars. The fiistachievedy chemical adhesic® between the

two materials. This adhesigmdirectly brokerdueto a relative slip between the reinforcing bars and

the concete(LeRoy and Petge 1967) The loss of this force transfer mechanism leads to the second
type of force mechanism known as #Africtional
interface along the barrelf the bar.However, for larger slip values, these tnarsal frictional
stresses along the smooth part of the rebar are lost. As a consetpeanicgy and frictional forces

along the ribs are mobilized due to the presence of the ribs alodgftrenedb a r . l'tds no
that frictional forces proportiotig increase with the upsurge of bearing forces. However, when slip
values become greater, the frictional forces will no longer be effective. Eventually, the force transfer
between the concrete and the steel is only ensured by the Heaceg{ACI Committee 408, 2003)

As seen inFigure 1-9 the bearing force applied on the surface of the rib is divided into two
components; the horizontal is the bond or shear farwithe vertical is the radial compsasn force.
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Figure 1-9 : Development of stresses along the interface s@etrete(Phan, 2012)

Consequently, the surrounding concrete elements will be subject to a system of shear and
compression stresses along their surfaces, causing tereslgestin the concrete in both longitudinal

and transverse directions of the faemnitzer and Curbach, 2012}he loss of the concregeel

bond strength leads to the imiion of radial micrecracks. Their growth can cause different
mechanisms of rupture and in some cases can lead failtire oft h e e n t-dondeonciet®t e e |
system. Ramirez proposed four different types of fasluliscussed below for a deformed reinforcing

bar (Ramirez, 2005)In fact, failure can occur in the concrete due to the formation of longitudinal
and conical cracks or in the reinforcing bar once #er their plastic stage or in the bond strength

itself due to the formation of cylindrical cracks.

1.3.1 The gread of the conicaland transversalcracks

The shear stress places the surrounding concrete in tenoaisingconical micro-crackswith a
possbility to propagate andeach the surface of the concrete leading to the conical extraction of the

concrete bloclas seen ifrigure1-10 (a) (Ramirez, 2005)

1.3.2 Rupture of the reinforcing bar

Figurel-10 (b) shows a yielded reinforcing bar resulting from a high force interaction between the
steel and concrete. This occurs in a highly dense and reinforced matrix that can lead, in some cases,
to the rupture of the bg§Ramirez, 2005)



-
(@) (b)
Figure 1-10 (a) Extraction of the aocrete cone (b) Steel bar ruptufi@amirez, 2005)

-

1.3.3 The goread of longitudinal cracks and splitting failure mode

Splitting failure is the most common failure deoccurring to reinforced concrete elements. As
mentioned previously, the resulting radial stresses along the perimeter of the ribs will create internal
tensile hoop stresses that once they exceed the tensile strength of concrete, longitudinal cracking
starts to appear resulting in a splitting failure mode of the system, as shéwguiel-11 (a) and

(b). At this point, a minimal displacement of the reinforcing isataused by thehearforce in the

concrete leading to shearing cra¢Ramirez, 2005)

radial
cracking

Wi

(@) (b)

Figure 1-11: (a) Radial stresses appligd the concrete eleme(ifastaniet al, 201§ (b) splitting failure (Ramirez,
2005)

1.3.4 The goread of cylindrical bond cracks and pullout failure mode

The emergence of longitudinal cracks depends mainly on the tensile strength of concrete, the concrete
cover, the spacing between the longitudinal reinforcing bars, the stiangithe lateral pressuré.

these parameters were applied correctly, theuld contribute along with the tensikrengh of

corcrete toencountethetensile hoop stresses leading todieéayor even elimination ahe splitting

failure mode A study revealedthat sufficient confining conditionswould result in higher radial
stressesThe latterwill increase thdrictional coefficientp andamplify the frictional resistance of

the concrete along the longitudinal axis of the bar to reach the maximoaoh strengthThe



accumulationof the shear cracks created around the bar aailisecylindrical cracks Once this
frictional stressappliedon the bar exceeds the sheapacitystrengthof the concrete cylinders in
between the rihghe bar will pullout (Tastani and Pantazopoulou, 2018) this point maximum
displacements of the rdorcing bar are achieved duedomplete shearing of the concrete in between
the ribs (Ramirez, 205). This mode of failure presented Figure 1-12 (b) describesbestthe

degradation of the concresteel bond strength.

(B2 0 e
s

\Crushed concrete
slides

() (b)

Figure 1-12: (a) Shear stressamn the concrete element causing tensile strefsgsylindrical cracks(Ramirez, 2005)

These fAforce transfer mechani s thalaral hndstessps e d p
relationship, obtained by conductingillout-test under monotonic loading for reinforcing bars
anchored along a short embedment lengthdefatherethe bond stress is assumed unifoFigure
1-13shows the phases of the three previously mentioned force mechanisms when occurring with high
confinement ratio: adhesion in part I, bearing in part Il and Il and friction in\parb andc. Smooth

bars cannoteach high bondtrengh valuescompared taibbed barsdue to the absence of the
deformations along their surfac€hus, the bond strength is only controlled by the adhesive and
frictional phase as seen in the response difliase hnd Phase IVah Figurel-13(a) (Will, 1997).

This is why deformed bars are used instead of plain bars.
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Figure 1-13 Local relationship between bond stresip (fib/ceb/fip 2000)

The bondinteraction between the reinforcing bars and the normal concrete defining the overall
performance of the system is found to be easily deteriorated dine tracking strains developed in

the surrounding concrete. Thus, duditionof steel fibers is one of the adopted methods to enhance
the concrete matrix in contact with the reinforcing bar without any external confinement.
Furthermore, iwas proverthat adding fibers in the concrete matrix has the same effect as adding
passive confinement to minimize the splitting crack and optimize the bond st(&teftheiou et

al., 2017) Therefore, fibers will bridge the opening of cracks to enea@transfer and will mainly

act as confinementto the concrete to stop it from expanding and reaching its limit of
incompressibility, thus enabling the reinforcing baatcomplish its initial roleFigure1-14 shows

the bridging effect of fibers on the spldattin

leading to a pubut failure mode.

s

Multiple cracking due to
fiber bridging

Splitting Crack

Figure 1-14: Enhancement dhe propagation ofracks withsteel fiberdChaoet al, 2009)
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1.4 Thesisobjectives

The primary objective of this research project isdfer an understanding dhe bondstressslip

relationshiplexperimental and numericdrt h e s y s-baandUHRSFR® antto explorethe

contribution of thisnovel concrete on the development lengtha regular reinforcing baiThe

following taskswere completetb achieve this objective

1-

A literaturereviewto understand thieistorical background ddHP-SFRCandits mechanical
propertiesThis is bllowedby an understanding of bond strength, amastigation otlifferent
types of bond testavailableandrecent bondests obtained on conventional reinforcing bars
embedded iHP-SFRC

A selection ofan optimal and conservatil@mndtest setupo beconduced The choice of the

specimen detailingndthe adequateneasuring tools

Various trials on the previously proposed UBPRC design mixes, to compare treshand

hard propertiesn order to choose the most appropriate one to casbuse.ln addition,
commercial mixes currently being used in Canada w&sto study their bod performance.

These three design mixes differ in their mechanical properties constituting one parameter of
thestudy.

A selection oftwo additional experimental parametetise concrete cover and the embedment
length to study their effect on bond strgthwhen usingthisinnovativeconcrete.

Material tess such as cylinder compression strength tpdj tensile strength and fogoint
loading on prisms in order to extract the mechanical properties for all material mixes

considered.

Experimental testing to analyze the failure modes, extract thalispthcement response and

the bondstress slip relationship for different concrete covers of the three different mixes

12



(commercial and #nouse). Three embedment lengths dse atudiedn the inhouse mix
UHP-SFRC.

7- Modeling of the lpam lond testo compardhe numericaload-deformation response with the
experimental behaviobased on the understanding of the constituthadels of the 2D

software VecTor2

1.5 Thesis autline

This thesisncludes 7chapters. Chapter 1 is an introduction of all the materials to be covered such as
the concerned materials followed by a genprakentatiomf bond strength in a reinforced concrete
structure. Chapter 2 is a literature review ofriee concree as well as the methods to measure bond
strength and the recent reseadnducted Chapter3 and Chager 4 focus on the planning and
execution of the experimental programaspectively. Chapter 5 showcases the experimental results
obtained andtheir disamssion Chapter 6presents the modeling of these experiments and the
comparable results obtained between the experimemadlmodeling tesChapter Awill elaborate

the conclusiosand recommendations following the study conducted on the bond behasteebf
reinforcing bars embedded in UFSFRC.

1.5.1 Chapter 217 Literature review

The first part of this chaptgrovidesa general description of the history bathithe development of
UHP-SFRC andts main components and their effect onfteshand hard poperties of this concrete

(dry and liquid materials, fibers). Examples of recently developed-BHRC and their design
mixtures will be presented as well. The second part will discuss the different types of experimental
tests to measure the bond strentltlejr advantagesnddisadvantagegndthe recently conducted

bond tests on UHBFRC and their results.
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1.5.2 Chapter 37 Plan of the experimental program

The first part of this chapter will discuss the chosen experimental program that includes the type of
bond test, the specimens detailiagd a detailed representation of the test setup. The second part will
focus on the trials conducted on two different design mixes to choose the one with fheshastl

hard properties. The third part will introdudethe mechanical tests to be performed on thlednse

design mixture to extract their properties.

1.5.3 Chapter 47 Execution of the experimental program

This chapter focuses on the execution of the experimental program, particularly the preparation of
the formwork and the specimenand the casting of the commercial anehouse mixes. It will
explain the adjustmenisplementedor the specimens followed by the actual installation of the test

setup.

1.5.4 Chapter 51 Experimental results

Chapter 5 contains the experimental results for each beam series. It will measure the mechanical
propertiesobtained forthe inhouse design mixture. The results will be dividiei two parts:the

plotting of the loaddeflection behavigrand thebond stessslip response The digital image
correlation procedure (DIC) islso introduced to verify the experimental response obtained.
Moreover, it will present the analysis of each parameter studied and its effect on the bond strength.
In addition, it will desribe the different modes of failure observidthe end, a simple conclusion

of the whole experimental process will be made.

1.5.5 Chapter 61 Numerical study

The first part of this chapter wiliscussthe proposeanodelingfor the UHRSFRC based on the
acual constitutive models available in the analytical program regarding the response of the flexural
prisms. The second part focuses on the development of the finite element (FE) model for the reference

fully bonded beam test. The third part consists ofpttesentation of the final FE analysis for all the

14



beam series of the experimental program. The plot of both the experimental and analytical model
responses will bedemonstrated to verify the ability of the model to capture the performance of the
UHP-SFRC.

1.5.6 Chapter 71 Conclusions

This chapter summarizes the study conductedilsti providesrecommendations to be adopted in

future projects.

1.6 Scope and bjective df the thesis

The understanding of UHBFRC has been under study for more than two decades where its high
mechanical properties have bgamfoundlyidentified. However, thesealistinct properties are not
considered in structural designing since no appropriate desigs spécific to thismovel concrete

are available yet. An actual example can be the choice of the required development length proposed
in concrete design codes to develop the strength of the reinforcing bar. Thus, the knowledge of the
bondstress slip at #hinterface of steel reinforcement and UBPRC is needed. The purpose of the
thesis is to participate in the boddtabaséo confirm numerical or analytical models recently being
developed for future enhancement of design codes, concerning the develiEmginof reinforcing

bar in this material such as embedment, anchoeagiap-splice lengtk. Taking into consideration

the high tensile strength diis concreteit can economically reduce the required embedment length

to develop the yielding stresegbars and therefore will facilitate the design in buildings where limited

spaces available or even complicated

Based on the authords knowledge and research,
UHP-SFRC to study the bond strength fochored reinforcing bars. Even though the bond test setup

is based orpreviouswork (Tastaniet al, 2016, the novelty in he current @search relies on the
experimental testing of longer beams foditferent type ofHPFRC with abroader scope of
parameters. In addition, the developmerd fafiite element FE) model to represent UHBFRC and

the bond models in a 2D finite element platform, lacking constitutive models to represewtithis

concrete, contributes to understandisgnodeling process.
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Chapter 2. Literature Review

This literature review aims at sheddinght on the historical evolution of UHBFRC while
emphasizing its composition and mechanical properties. In addition, it includes a detailed explanation
about the design mixes selected to perform trials-bbuse mixes to be studied consequently. This
chapter will concentrate as well on the understanding of one mechanical property between
reinforcement odavithd briefoenieworthescenty bevetoped numerical equations
describing the bondtress slip relationships pertaining to bothwational concrete and HPFRC

that is under development. It will contain the most common experimental bond measurement test
setupswhile stating their main advantages and disadvantagasdditionstate of the afindings and

resultson previously condued bond experiments on UHBFRCis presented

2.1UHP-SFRC

2.1.1 Development ofUHP-SFRC

In 1824, the construction world facadadical changwith the emergence of the inorganic Portland
cement produced by AspdjAspdin, 1824) This powdeis substatially formedby calcium silicates

(alite CasSiOs (C3S) andbelite CaSiOs (C2S)), aluminate (6A) andaluminoferrite(C4AF) obtained

from exposing both limestone and clay to elevated temperatures up teC1@0tbn. 1979) The

hydration of Portland cementiominatedby the reaction between calcium silicates and water,
produces a distinctive binder paste characterized by its strength once it l{8ngeri983) Portland

cement paste was then used as an adhesive combined with coarse and fine aggregates to obtain the
normal concrete with aatevycement ratio ranging around 0.4. One centatgr, severaltypes of
researchead toobtairing a low porous matrix by reducing the wi/c ratio to 0.2 followingvil@um

mixing procedurd&Yudenfreundet al, 1972)or heattreatmeniRoy et al, 1972) These procedures

allowed he concrete to readtypical compressive strength of 230 MPa and 680 Mespectively.

In the earlyl980s the newly discovered pozzolaasd superplasticizeadmixtureswere added to
reduce the porosity of the matrix formingxes known ashe MacreDefectFree (MDF)(Bache,
1981)and the Densified Smalldticlesmatrix (DSP)(Alford et al, 1982) In terms of ductility the
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poortersile strengthof thematrix imposed arittle failure of the structureThus, theconcretes with
high-compressive strength and tbenventional concretaunfortunatelyremained much the same
under tensionThe addition of fibers in the matrix enhances the behavior of concrete in tension found
in Slurry Infiltrated Fiber Concrete (SIFCON) and Engineering Cementiticunposites (ECC)
(Lankard, 1985; Li and Leung, 1992)hese two products only fit the HPFRC category since
SIFCON has a low tensile strength for a high content of fiwers (¢ 1 R while ECC develops a

compressive strength below 70 MPa. Nevertheless, other composites containing steel fibers were
developed following an optimized packing procedure and are denoted aSERIP for their high
mechanical properties as describeérigure2-1 (Alford and Birchall, 1985; Bachd,987)

Pseudo strain hardening
(multiple microcracking.
A appearance of macrocracks)

Strain softening
/UDC@J deformations,
T

macrockracks start opening)

Tensile stress

»-

Strain. deformation

Figure 2-1 Tensile behavior for different HSFRCSpasoj evi | , 2008)

Based on that, DSP is transformed todbmpacteinforced composite (CRC) by adding to the highly
strongcementitious matrix short steel fibets (@& a P 1 W & accounting td-10% of the
total volume.Afterwards, wwo UHP-SFRCdesign mixes were developadFrance the first named
RPC known forusing longer steel fibers than CRE (p ax ¢ M 1 @ & with a Vi below
2.5%(Richard and Cheyrezy, 199ida tensile strength of 8 MPRPC is the design mixture behind
the commercial produ®uctal®mentioned in 8ction1.1and known for dlexural strength reaching
35 MPa(Orange,et al, 2000) The secondype of UHP-SFRCwasdeveloped in the Laboratoire
Central des Ponts et Chaussées (LC#{&d asthe Multiscale Cement @mposite(MSCC) and

characterizedvith the addition of a mixture oghortsteel fibersld@ va ¢ & w & MW
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v b with long hooked end fibergdt ¢ W al T a aNw ¢ P (Rossi, 1997)This was
based ortheiit Mu-5t al e Fi ber Rewhiohfhadrbeea prop&éossiet plt1687)
S0 as to showhat addingshortsteel fibers to conventional concrete plays an important role in limiting

the propagation of the micro crackencejncreas ng t he materi.al 6s tensi |l

At the same timdong steel fibersestrainthe development omacrocrack&nd thereforéncreasing
theload capacity and ductility of the elememtp or t o t h e (Rossietdg 1987jLatérs f ai
on, MSCC was modified by adding three types of steel fibers instead of two and by increasing the
volumetric fiberfraction from 7% to 11%esulting in the CEMTEfuriscale This concretean achieve

a compressiostrengthof about 220 NPa and an average modulus of ruptfrBOMPa(Rossiet al,

2005) Habel proved that setfonsolidating UHF-RC couldbe designedHabelet al, 2008) Self
ConsolidatingConcrete (SCCjs known for their ability to fill the space in between the formwork
and reinforci ng sdfeeightwithaueany eaternallvibratiSs8CCsvere initially
introduced inJapann 1986 to enhance ¢éhwokability of the mixture so ago eliminate durability

issues caused lweakexternal compaction from the lack of expertidéaborers on sitgOkamura,

1988)

2.1.2 Composition of UHP-SFRC

UHP-FRC is designed based on three principles. The first one considers a higher homogeneity
because of the elimination of coarse aggregates. The second one focuses on the reduction of the
porosity and the improvement of the microstructure with the use of cementitious materials (CM) and
superplasticizer (SPJFinally, thethird principle is based on the gain in ductility by the addition of
fibers (Richard and Cheyrezy, 1999)s a result, UHHFRC mixesareformedby fine aggregates,
cement, water, admixtures (mineral and chemical) and a small percentage @b fibeys v Pwith
awaterbinderratioaround 0.2. Each of the different constituents will be discussed Jedlmvg with

their role in the above mentionednciples.

AggregatesFine aggregates are only used in the concrete matrix. The largest particle size starts with
the sand, uniformly graded with a mean diameter ranging betweé®&4nm forregularclass and

0.157 0.3 mm for a finer one. Silicaarad, in quartz form, is characterized by a spherical, constant
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andstableshape qualifying it to be the best rheological fit for UHRC. Knowing that the difference

in the mechanical and thermal properties between the cement paste and the coarsesatgégate

to generate cracks, the elimination of coarse aggregates reduces the development of cracks and
enhances the homogeneity of the matrix.

Portland Cement Cement is considered to have the seduigdestparticle size in the matrix around
15um. CEM 1 52.5, ASTMIype | and Il are the mosbmmonlyused. It is well known that the
main disadvantage of UHPRC is its high cementcontent, almost double the amount used in
conventional concrete. Thaore significantamount of cement leads to the increase of the design
mi xt ur eds coemidsiona whie genkrating@&@trongly exothermic reaction, that in some
cases causes premature shrinkage cracking in structures. Omesnénais in contact with water,

the hydration of (GS) and (GS) produces the Calcium Silicate Hydrate gel (g$Hhat mainly
provides the compressive strength of concrete. Accordigjlite et al's 011)study, theamountof
calcium silicates added to the cement should be greater than 65%. AlsosAhed@tent must be
limited to 8% since it can reduce the workability of the mix{@eeyrezyet al, 1995) In fact,(CzA)
reacts with the superplasticizers thus reducing their initial required amount to ensure adequate
workability( Zde b and $ | Besideskehkeant,sholdbe Bayed on low alkali content since

it tends to incease th@orosity and decrease the compressive strength of concrete in the long term.

Two types of mineral additivesre generally usesh UHP-FRC; cementitious materials and inert
fillers. Cement and the mineral additives constitute the binder of the mixture. The cementitious
mat erials are di vi dceassiicafunve are fly ahyie Foz ané lkeamasd s
Ahydr auildalcdo maudeh as ¢gr onacedlagyGGBA)ard dytashde Clohthes t  f
second hand. In fact, the hydration of cement produces calcium hydroxideti{@&HJoes not
contribute to t Neverthelmssitwasproeethat osceé thgorzglanhmaterials

rich in silicic acid are added, they will reasith (CH) causinga seconchydration that produces

more (CSH)to increasehe concretés strengthwith the samenitial amount of cemenfMassazza,

1993; Wenget al, 1997) Therefore, one unit of pozzolanic material can replace a unit of cement,
leading to the reduction of the initial amount of cement, to eventually obtain the same amount of
CSH. It was proven that the addition of these

strength with time, which is not applicable to normal cordigtodeau and Mohan Malhotra, 2000)
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Regarding the hydraulic materials, they present cementitious properties and can directly react with
water. Both of these cementitious additives are in@staste renderinghe usage of UHFRC an
eccofriendly and economicathoicewhile preserving the same mechanical strength. However, inert
materials such as limestone, rice husk ash, recycled glass cullet, palm oil fuel ash, waste ceramics,
and waste bottom hsdo na partidpate in the hydration process. Yet, their ability to fill the void

reduces the porosity of the mixture, making the hardened concrete denser, stronger and less permeable

Fly Ash: Fly ash (FA) is a waste dhe coal combustion process and can only be @sedoncrete
filler. FA is classifiednto three types; ¥pe F, C] andCH differing by their content of calciu@aO
(A3001, 2013) Type Fis geneally usedas an admixture since it has the lowest conteit Gf <

8%) and thereforeelies on itpozzolanic propertiewithout anyhydraulic behavior to obtain high
compressive strengtiA Types Cl and CHontain a high amount of calciuandhave hydraulic
properties which allows them talirectly react with watemresulting in a normal strength concrete
(Thomas, 2007)FA is characterized by a spfical shape that smoothens the contact area and
enhances the workability of the design nfBest and Lane, 1980It is the only admixture with a
particle size greater than cement (70 ufy, it is less reactive with a low surface adsorption capacity
resulting in the reduction of the required water in the mixture. In 1886 of the adequate fly ash
can actubly reduce 3% othe required amount a¥ater(Thomas, 2007)Fly ash also contributes to
an increase in the setting timeausing a delayed aetivity, which is beneficial in terms of the
exothermic heat and shrinkage cracking. Howevenisagas not recommendetbr early strength
projectsandin cold weatherespecially for FA Types Cl and CH (hydraulic properties). In fatte
replacemendf cementvith 20% of FA carincreasdhe compressive strength of the mixtureddgs
after its castinglbrahim et al., 2017)

Slag Slag also known as groungranulated blasiurnace slag (GGBS$#a particle size around 0.45

€ mis another admixture resultirigpm the steel and iron industry. Slag has the same effect as FA in
terms of workability and hydration rate owing toarsgular particleshape. A replacement of 30% of
slagdelays the hydration process ledds to high longerm compressive streng8hao, 2016)In
addition, it was shownthatthe presencef slagin an amountexceedingd0% of the cemebts uni t
weightcould decrease the flexural properties of the condflerahimet al, 2017)
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Silica Fume: Silica fume is thdinest pozzolan particle with a diameter of & recognized as
micro-silica and condensed silica fume. This small particle with a high surface area is the most
reactive pozzolan material that accelerates the hydration process and provides high strength at an
early age(Yoo and Banthia, 2016lt is characterized by its capability to fill the smallest voids which
optimizesthe packing procedure and increases the density and the strength of concrete, making it the
most common aditure used in UHHFRC (Bache, 1981)Not only does it improve the contact
interface between the binder and sand but also between the cement and ste@Hébefst al,

2006) (Shao, 20163howed thafl0% of silica fumewould lead togreaterworkability and strength

than using 18% of the binder weight. Moreover, the addition of msitica fume densifies the

mixture and leads thighercompressive strengtlheeet al, 2018)

Inert fillers: Fillers are usually admixtures that replace a portion of the binder without engaging in
any chemical reactions while still influencing the workability and the strength of the mix. Limestone
is a type of fillecommanly added to the binder of UHPRC(Yu et al, 2014) It is characterized by

a fineaggregate size that tends to fill all the voids, increasing thétgeht/HP-FRC. This will lead

to the enhancement of the mechanical properties of the mix and its impermeability.

Chemicaladmixtures The additiorof chemical additives is necessamyensurdow water to binder
ratio with high workability (Plank et al., 2009)Superplasticizer is a type of water reducer (such as
polycarbxylates angbolycarboxylag ether$ that is frequently used in UHPRC to reduce the water

to binder ratioleading tolow porosity. The reduced amount ofvater enhanceghe compressive
strength of the concrefélsadey, 2013; Basheerudeen and Anandan, 2QliS)}to be noted that the
way of adding superplasticizeaffects the wrkability of the mixturelt is advised to incorporate it
gradually Maet al, 2008).

Steel fbers Two main types of fibers are generally added to UHB@thetic and metallicThe

former can control the propagation of early age conaretekingowing to its low modulus of
elasticity that is yet geet er t han t h eourigmedsibiLebceuf, 201&)Asdod steel Y
fibers, they are generally used due to their high modulus of elasticity (200 GPa), their high tensile
strength (up to 2000 MPa), high ductility and toughness that control cracking development in the

service life of concret@Habel 2004) There are differentypes of steel fibersstraight (S), hooked
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(H1), hooked (H1) combined with hookE2), high twisted (T1) and low twisted (TR)Ville and
Naaman, 2012)For straight steel fiberghree different lengthsangesare typically used 5mm,

between 5 and 25mm and greater than 30 mm. The length of the steel fiber should be 3 to 4 times
greater than the manum aggregate size. For instance, with an aggregate presenting a maximum
diameter less than 1mm, the short steel fiber can be used ¥FBBRvhile taking into consideration

the steel fiberds nterxis@nsiestdrghel opment | engt

2.1.3 Effect of steel fiberson UHP-SFRC properties

2.1.3.1Effect on thetensilepropertiesand workability

A flexural test was conducted on UHPC with and without the presence of short steeldib&s (
mm; & =0.2 mm;Vs =071 3 %). The test showed thiie incorporation of steel fibers improved the
postpeak response of the concrete marked by the ability to sudhégea load (Wu et al, 2016)
Moreover, a direct tension experimental program reported a hégieadency of the tensile strength

of the matrix to the volume fraction of steel fib@rgille et al, 2014)as presented in Equation (2.1)

, L W (2.1)

A volumetric fractionof short steel fibersnore significanthan 3%increases the tensile strength of
the matrixbut decreaseits workability. This low flowability provides the concrete withvascous
propertythatwill entrapa significantamount of airOncethe concrete matrix harderthe trapped
air becomes voigpace decreasing both the compressiirengthandthe young modulus values.
The optimal volumetric fraction of steel fiber ranges betwe8f6avith a tensile strength of 10 MPa
leading toa stran-hardening behavioprior to crack localizationwhile maintaining effective
workability (Macaet al, 2012) Furthermore, steel fibers can be added in accordaitbeanother

parameter; théiber factor.... Thefactoris directly proportional to the mechanical strength of the

mixture and indirectly proportional to its workability. Therefore, it was advised to limit the fiber
factor to 2.5 for short steel fiberd (= 13 mm ;dr = 0.2 mm ;&/ds = 65)to prevent the formation of

fiber clumps using Equation (2.@ylarkovic, 2006)
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L = QW (2.2)

Thed f i berabeserrigiyng me ¢ h akgurse22allowsrthe steehfibeesdo achieve
their functions.Zollo, (1997) explains this mechanism as follows; the low tensile strength of the
matrix generates strain cracks prior to the peak Bads the fibers will debond andridgethrough

the crack to finally putbut and/or yieldthen rupture.

Fiber failure

Fiber pullout

Fiber bridging
I | l Fiber/matrix debonding
s . Matrix cracking

'
oomoﬂo

Figure 2-2 Transformation of the matrik i ber i nter f ace -kmoavmb iarsg fAoiohled N iesrmd g

Therefore, even if the concrete matrix is vastly dense and the steehfilvera high tensile property,

the bond strength at their interface determines the tensile strength of the material and its ability to
present a strain hardening behavibboth materials are bonded properly, the fibers are ald®fo

the opening of theracks and ensugestress transfanechanisneading to a ductile behavior of the
structural elemeniThus, the pullout force should kess tharthefiber-breakingforce as mentioned

in Equation 2.3]Spasojevi i, 2008)

0 ”

This composite action depends on several additional parameters such as the control matrix, the
properties of the fibers and their surface interaction. Bond strength was proven to be directly
proportional to the density and strength of the m@&bu-Lebdehet al, 2011) A study showed that
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adding short straight steel fibe& = 13 mm ;di = 0.2 mm) ina UHPCmatrix, rather than i@an

HSC, transforms the composite response undesitenfrom fragile to ductile as illustrated in the
graphs inFigure 2-3 (Wille et al, 2012) It was concluded that an amount of silica fume etpa
almost 2030% of the cementitious volume, enhances the bond interface between the concrete matrix
and the steel fibers leading to a pullout mode of fafGtean and Chu, 2004)

Shear stress 7 in MPa

T!"= 2290 MPa
UHP paste (no sand

\_HSC f/ = 60 MPa
1

1 I
0 0.25 0.5 0.75 1

Relative slip s/Lg

Figure 2-3 Comparison of the shear stress slip response for smooth steel fibers when embedded@x I68™Pa)
and UHPC (Q>194 MPa)(Wille et al, 2012)

With regards tasteel fibersdifferent properties affect thigher-concretecomposite action such as
the tensile strengththe type, geometryand oriertation A preliminary study indicatethat using
hooked endibers (H) & =30 mm;d: = 0.38 mm)and twisted fibers (T§& =30 mm;dr =0.3 mm)
instead ofshort straight fibers (S(=13 mmn dr =0.2 mm)leads tohigher tensile propertiedue to
theirmechanical bon@Wille et al, 2011; Wille and Naaman, 2012 oweverwhen a recent direct
tension test was conducted ORIP-SFRCdog bons, no differencen behavior betweethe types of
fibers was noticed (Wille et al, 2014) This was explained by the calculation of the group effect

parametepthrough calibration of the experimamingEquation (2.4) proposed below:

R
» =wTw5 0w (24)
It was observed that the group effect parameter wasimpatantt or S f i bers (& =
and T steel fibers (& = 0.24) r es Uligurel-h Ghuswi t h
the group effect parameter proves that the effect of mechanical bond of H and T steel fibers is similar
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to the effect producedhen using shostraight smooth fibers that enable aghibond strength with
the matrix.
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Figure 2-4 Similarities in the tensile properties for S, T and Hefib (a) peak tensile strength (b) peak tensile strain
(c) energy absorption capacity g (d) fracture enefgille et al, 2014)

It was also proven that the surface contasheit steefibers and their abundansirpasshe effect

of the hooked and twisted ends on the behavior of the mateoasti, 2013)Moreover, bng fibers

tend to crumble inside the mixture creating obstacles and slowing the flow of the concrete mixture.
They have limited enmcement on the first crack of the mat(ioo et al, 2016) Several design
mixes were proposed for UHBFRC encouraging the use of short, straight and smooth steel fibers
since they have no tremendous effentthe flowability of the matri{Macaet al, 2012)

Commercial UHP-SFRC mixes startedusing brasscoated short steel fibet® reduce corrosion
attacks. Howeveiit was proven that brass coatetgelfibersleadto a higher fiber/matrix adhesion
thanregularsteelfibers (Chan and Li, 1997)A pullout-testwasconductedon straight steel brass
coated fiberga =13 mm;dr =0.2 mm ;& = 6.5 mm)in differentUHPC designmixturesto analyze

their behavio(Wille and Naaman, 2013RAs depicted irFigure 2-5, the response curv@sesenta
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very ductile behaviowith a pullout mode of failureeaching a pullout strength pf

p ¢ x0ad &

when sand (Sig) is added. The pullout can be detected by the abrasion of the surface of the coated

steel fibers. Moreover e to the cutting process in tinianufacturingthe short steel fibers developed

small deformations on their edges contribgtto the anchorage strength.

Pull-out load P in N

50

40 p-—+4--3

30

20 W

~~4~UHPP SPL B+

T i !
UHPP NS

hydrophilic

T T
UHPC NS

hydrephilic

—i- 63y

(no NSF)

Slip s in mm

Fiber stress oy in MPa

Figure 2-5 Pullout loadslip relationship for different parameters for short steel bresated steel fiber in UHPC

(Wille and Naaman, 2013)

The method of casting and the orientation of fibers havesaantiakffect on its tensile properties.

In fact, a replication of concrete and steel fibers were experimentally realized by using a transparent

and viscous materigCarbopol)with PVA fibers to show thatie casting from one side showed that

fibers were mostly oriented vertically in the constamoment region causing the reduction of the

numberof horizontal fibers participating in the flexural behayidhou and Chida, 2013This was

observed as welly Shao(2016) where the di#rence was more than 50%.

2.1.3.2Effect on thecompressivetrength and Yungd sodulus

The addition of steel fiber enhances the stk flexural strength of the mixtungstthis has limited

effect onits compressive strength dryoung sodulus.Some studis claim that the addition of 2%

of straight steel fibers will increase the compressive strength by 20% of the control r{iitessan

et al, 2012) Nonetheless, in other cases, adding 2.5% of steel shghdly increases it by 7% as
can be seen iRigure2-6 (Shao, 2016)
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Effect of Fibre Content on Compressive Strength
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Figure 2-6 Effect of steel fibers on the compressive stre(gtho, 2016)

Steel fibes are onlyusefulin the plastic deformation stag&herefore the modulus of elasticitis

not affected by their presen¢@L-Ameeri, 2013) In fact, theYoung sodulus of UHPC without

fibers is \ery high and ranges between 50 GPa to 70(GBap a s 0 | e. However, tReGddiion

of steel fibers changes the mode of failure of the specimens in compression from brittle bursting to
ductile (Wille et al, 2014)

2.1.4 Mechanical propertiesof UHP-SFRC

The compressivstrength of 50 mm x 50 mm cubies8% higher than the compressive strength of 75
mm x 150 mm cylinderg¢Graybeal and Davis, 20Q8¥till, there is no difference between both
specimens for a compression loading rate betvie2d and 1.7 MPa/fGraybeal, 2006)Several
design codes previously proposed a compression sireés response depicted by an ascending
linear behavior followed by a plateau, considered to be very conservative, limiting the use of the
properties of UHHFRC. Hence, a atstitutive prepeak behavior of UHPC was proposeddescribed

in Figure2-7 (Haberet al, 2018)
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Figure 2-7 Pre-peak compressive stresgain behavior of UHP@Haberet al, 2018)

Initially, the response curve folloveslinearelastic responsénce it reaches half of the peak lpad
there is a possibility of a slight softening based on Equation(@raybeal, 2007)The parameter

is considered as a linearity deviation factor that is calculated by data calibration

Q -0 p | (25)

The compressive strength of UHFRC should be greater than 120 MRaleti and Sritharan, 2014)
The compressive strain at pestkesganges between 0.0035 and 0.004 ¢ared concrete in normal
conditions(Baqgersacet al, 2017) Equation (2.pis proposed to caltate the Youngd modulus &
out of the compressive streng{@raybeal, 2007)The Elastic modulus Hor UHP-FRC varies
between 40 to 55 GR&élaberet al, 2018)

0 p1 @ TQ (ksi) (2.6)

Based on the standards, Equation (2.7) sstggenother calculation of theoMngd sodulus where
0.00005 is considered the strain for the stf@s§ASTM C496/C496M:

0 “ 2.7)
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A direct correlation between the compressive strength at 28 days and any other day (t) is specified in
Equation (2.8YGraybeal and Baby, 2013)lowever, in some situationg was documented that it

did not provide accurate valuasd needed more investigation:

8 8
Q Qp Q (2.8)

The Poissonds ratio can be calculated using EC¢
0.175(Haberet al, 2018)

1
= x
1
=y

(2.9)

1
¢

1
y

Direct Tension Tests (DTT) were conducted to obtain the tensile-strags response presented in
Figure1-4 and divided into the elastic phase (phase I), the rardtiking phase (phase II) and the
localized deformation phase (phase Ill). The strain of the first crack is represgiiedibersection
between the tensiatressstrain curve and the line at an offset of 0.02% from the origin with a slope
equal to theYoungd snodulus.Furthermore, it was shown that the splitting tensile strength gives
higher values than the direct tdastest. In fact, the direct tensile strength was about 10 MPa
compared to 17 MPa for the splitting tensile stren@gthberet al, 2018) Equation (2.10) was
proposed to determine the tensile strength of YARE from the compressive strength at 28 days
depending on the type of curing appli€raybeal and Baby, 2018hereK is equal to 6.7, 7.8 and

8.8 for the untreated, aireated and steacured specimen, respectively:

M 0 Q (2.10)

2.1.5 UHP-SFRC under fire

Fire is considered a tremendous hazard for infrastructures and bridges, that can destroy the structure,
disrupt the traffic flow and jeopardize life safety in gené@drlocket al, 2012) Moreover, he
behavior of thisnnovativeconcrete isiot fully developednce subject to firancreaseshisrisk. For

this reason, excessive research is done in this field for a safer application in future infrastructure
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designs or in the retrofitting of existimtpmagedb nes ai ming for a #Afire
both domains of applation. Any renforced structure an be designed to be i
elevated tempatures and protecting reinforcimgrs, to maintain an Operational (L& or even

an Occupancy performance level (LB postf i re up to a | imited exte
performance state whetbere are no risks of collapseonetheless the structure requiresmare
extendedperiod to be repaired. The operational level state should be reached for infrastructure to
avoid heavy traffic in case no alternative roads candeel.The reduced amount of pores ihigh-
performanceoncrete under heat, known for its optimized compacted mix and permeability, prevents
the evaporated watdrom escapingthus causing elevated capillary pressures that exceed the
concr et etiesgthand thardafteeexptodéthan and Carino, 20Q0)hus, thisnovel matrix

was exposed to heat and showed great residual stremgivever spalling occurred, which
diminished its strength. Several ongoing studies on this concrete resulted in methods that prevent

spalling. These stlies will allow the design afkesilient structures.

The initiation of spalling is interpreted in two ways; rfrqpressure inside the pores or from the
prevention of thermal expansigdim et al, 1999) Both mechanisms are explained below

1 The first hypothesis relies on the transfer obstruction of tesspre gradient from the
dehydrated zone near the heated surface to the partially saturated area inside the concrete
owing to the highly water saturated zone 0
point where this accumulated water pressurel@giese pores exceeds the tensile strength of

concrete and spalling occurs.

1 The second hypothesis relies on the prevented thermal dilatation created by the thermal
gradient, from the difference between the temperatures of the heated surface andchtie inte
zone of concrete, causing compresstresses parallel to the surface. At the same time, the
same zone enters the plastic phase caused by thdafiraged symptoms discussed

previously leading to spalling.

The occurrence of both phenomena can be accelerated from the pore pressures where they play a
second role in this cagPe Moraiset al, 2010)
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According to the Eurocodé#je content value of the former should be taken ar@¥dEuropean
Committee for Standardization, 200#evertheless, th effect of mesture wasnot observed in
Y e r maxpdrimen(Yermaket al, 2017) While according tgHertz, 2003)thecondensetdHPC
blend spalled without the presencenf/water Whereas foNC, spaling occurdor moisture content
between 3 4 % by weight For the casevhereno water was presergpalling happeed from the

waterformed fromthe dehydration of cement pasteceexposed to fire.

Another method used to prevent spalling and that is currently under research is the addition of a small
volume of PP fibers. Eurocode 2 advised the use of 2k@fmPPF (Europen Committee for
Standardization, 2004) heexperimentonducted byYermaket al, 2017) with the addition of 0.75

kg/m? to the mixture design initially containing 60kgfrof steel fibers stopped the spad) from

occurring, whether they were 6 mm or 12 mm levith the same diameter 0.032mirhis was as

well observedby another experimenwhere it was noticed thdor 1 kg/n¥, the most beneficial
outcome was obtained for the shortest and thinnest PP Tiber.thinnest diameter used (@ =

0. 032mm; a = 18mm) presented no superficial |
(0.5mm < | < 1.1mm; 40mm < a < 50mm) discol or :
fibers as well had a better graddakrease of the relative compressive strength in comparisbe to

thick fibers(Balazset al, 2017) In fact,the prevention of spalling when adding polymer fibers was
explained by their decomposition around 500&€ating channels to release the pressure gazes
formedfrom the annealing of cement around 80@t&2obolyet al, 2017) (Serranocet al, 2016)
statedthat around 400°C, due the high permeability caed by PP fibers, lower temperatiaze

reached regarding the heated specimeitls a slower coolingphase thatimited the number of

cracks

Serrancetal., (2016)experienced that the addition of PP fibers leads to a higher compressive strength,
before and aftethe directfire, when thick hooked steel fibers are only added. The most beneficial
response was for 1% V of PP fibers leading to higher ultimate strain and sffi¢sdeset al, 2003)
observed as well that PPiprovedthe ductility of the columns in compresswhensubject to high

temperatures. Another method that prevented spalling was the additioardfaiinment. In response

32



tothat( Akca and Zidemonstrateld thairae@tr@iingnt only prevents the explosive

behavior of concrete when polypropylene fibers are pre@merwisespalling occurs around 500°C.

There have been several standard desightS&and LHSC but very few regarding fire resistance

and none irmajor codes until very recent/ysuch as the French Standards of UHPRR@L6 and

the Swedish(2011) recommendation for preventing fire spalling doncrete structures for Civil
Engineering purposefn example of a commercialized mix design that used PP fibers as a solution
to prevent spalling was Ductal® and was tested for different structural elements and different types
of loading subject to thiSO fire curve(Fehling, 2004)

2.1.6 UHP-SFRC design mixes considereds trials

A simple mixture of the materials discussedattion2.1.2does not lead diregtito the formation
of UHP-FRC. Two stepsmust be achieved in the procese first step is based on optimizing the
concrete matrix with reference to the compressive strength and thewluie the second step
focuses on obtaining high bond strength at the {ibatrix interface. Previously developed UHP
FRC design mixes were characterizgda high amount of cement contegreaterthan 1000 kg/m
(Habelet al, 2008; Maceet al, 2012a) Two design mixes are exposed due to theigue usage of
low amounts of cement to create an-&@endly concrete and reduce global warming.

For this reasormresearctwas followed to stuglthe ability to reduce the amount of cement down to
650 kg/nt by replacing 20% of its portion by quartz or 30% by limestone, following the modified
(Andreasen and Andersen, 193fjrticle packing modehnd the mixing procedure presented in
Figure2-8. This resulted in a slight decrease offileshand hard properties by a maximum value of
10% where the flexural strength react3dMPa for a short steel fiber volumetric fraction of 2.5%
while thecompressive strength attained 150 MPa at 28 (ay®t al, 2014)
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Figure 2-8 Mixing procedure followed to obtain the proposed design(ifidet al, 2014)

The design mixture was then enhanced by reducing the proportions of the dry materials where
cement ds weight was °3foaak2@orvoluenetric drdction af steldilders.2Thek g / n
relative slump flow was around 28.8 cm based on the ¢@@&EM C1856, 2017)The compressive

strength at 28 days was 140 MPa with a flexural strength of 28 MPa obtainea fimmpoint

bending test on prisms (500 x 100 x 100 mm) causing the development of multiple cracking that
depicts a ductile behavidiYu et al, 2015) The proportions of the reference design mixture

considered are psented inTable2-1. This design mixture is noted as Mix M.

Table2-1 Reference design mix proposed M

Material s Type Symbol Amount Unit
Cement CEMI525R C 594.2 kg/m?
Filler Limestone powder LP 265.3 kg/m?
Fine sand Microsand 0.3 mm M-S 221.1 kg/m?
Coarse sand Sand 02 N-S 1061.2 kg/m®
Pozzolanic material Nanosilica nS 24.8 kg/m®
Superplasticizer Polycarboxylate ether SP 44.2 kg/m?
Water - W 176.9 kg/m?
ShortStraight fibers & =13 mm ;& =0.2 mm LSF 2 %
w/c =0.2

Another design mixture follows the same principle as the previous one where the limestone powder
is industrially incorporated in the cement material rather than in the mamddlves. Integrating
limestone in Portland cement is a recent method proposed, to lenembunt of clinker and reduce

CO emissions(Hooton et al, 2007) Portland limestone cement (PLC) containing &5 % of
limestone, used in Canada since 2011, is proposed in the design miebie2-2 presents the

followed design mixtureThe researcher varied the proportions of each material to obtain optimum
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fresh and hard properties with a volumetric fraction of 2.5% of steel fikersl@ mm;&x = 0.2

mm) and a 30% and 10% substitution of cement &y ahd silica fumeaespectively.

Table2-2 Reference design mix proposed B

Material s Symbol Amount (kg/m?3)
Cement C2 724.13 757.81
Fine Sand S3 668.60 699.70
Pozzolaic material Slg2 362.06 378.90
SF2 120.69 126.30
Superplasticizer SP3 17.01 25.83
Water wW 241.13 227.34
Steel fibers (2.5%) SSF 195.75 197.75
w/b 0.2 0.18

Following themixing procedure proposed kigure 2-9, the diameter othe slump flow was around
570680 nm based oMSTM C1611 and the compression strength at 56 days was 139.16 and 141.92
MPa for w/b = 0.2 ad 0.18 respectively.The mixing procedure emphasizassthe beginningof

mixing the dry materials from the smaller grain size to the largest to ensure a full blending of all the
materials. The mixing procedure is proposed for a vintage 15 L mixer vatalanixing time around

28 minutesWhat mainly changes the followgrmixing procedure with the one describedrigure

2-8 is the addition otthe superplasticizan two steys (Sep 2 and3) while in the previous mixture
waterwasadded inwo phasesnd the superplasticizer wpsured entirely in one phase.

*Material
*Dry Material Water, 50 %
SF2, Slg2, of SP3
C2,83 *Mixing time
*Mixing time 5 minutes
3 minutes *Resting time
10 minutes

*Material * Material
50% SP3 SSF

*Mixing time *Mixing time
5 minutes 5 minutes

Figure 2-9 Mixing procedure propose(Bhao, 2016)

Shao(2016)cured the specimens by placing on top of them polypropylene sheets covered by wet
burlap sheets. Aér 7 hours, once the surfagkthe concrete hardened, it was coveredwaylayers

of wet burlap sheetand a layer oplastic sheet. The specimens arentdemoldedone day after

casting and then wrapped in wet burlap and plastic sheets for 3 days. Finally, they are unwrapped and

stored in room temperature until testing.
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The casting methoology orient the steel fibers i specificdirection influencingthe tensile and
flexural behavior of the mixThe researcher compared threded#nt ways of pouring concretire

flow method applied from the center, the flow method from the side and the layered method. The
latter gave the highest flexural strengthueaof 21.3 MPa compared to 10 MPa for the two other
methodgShao, 2016)Plus, the layered method of castiegulted in a high modulus adsticity of

about 44 GPa and a strestsain response under direct tension asaegiinFigure2-10.

Stress-strain relation (layered method)

Average tensile stress (Mpa)

0 0.002 0.004 0.006 0.008 0.0
Average strain

Figure 2-10 Tensile stresstrain behavior obtaineShao, 2016)

It is acknowledged that UHPRC needs a high energy input, thus requirimgoae significantime

of mixing leading to the overheating of the mixture. However, this issue can be solved with a high
energy mixer or by decreasing the temperatures of each comg@ragbeal, 2013)In addition,
several researchers advised the use of ice in the mixing procedure inst@ateroto prevent
overheating mixture¢Bagersacket al, 2017) The mixing procedure isssentiato obtain a dense
matrix. Acaordingly, researchers initially proposed to mix the dry materials first and theheadebt
materials graduallypecause it is easier to break the clusters formed by these fine aggregiayes in
conditions rather than iwet conditiongRichard and Cheyrezy, 1995)he steel fibers should also

be gradually added in the cementitious mixture to eliminate the possibilitasd kmots formation
(Macaet al, 2012)
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2.2 Bond strength

2.2.1 Bond force-slip law for deformed barsembeddedin conventional concrete

Bond strength is defined by the besigessslip relationshipGenerallyit is obtained experimentally
by conducting bond test&igure 2-11 presents the Free Body Diagram of the reinforcing bar in

tensionandthe forces acting on it.

™,
\

\
P = fw.sin(u)ﬂ fea q

Ry feq.cos(a) \

fs (x) fs (x + dx)

d

Figure 2-11 Equilibrium of forces acting on the baith conventional concrete

The equilibrium of forces acting on the bar in tension along a short bonded lengtivritken:
Q& Qw Qud QwEeli 81—0 T
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Thus, Equation (2.113howsthat the bond strength is directly proportional to the variation of the
tensle force of the baon a sectiondx:

Q" Qw T
Qw 0O

Q@ (2.11)
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In design codesnathematal equations aravailable tacalculate the minimum required embedment
length of a reinforcing bar to develop its yield stress in conventional concrete. These equations are
based orEquation (2.12assumingan average and uniform distribution of bond stresacalbe

studied embedmefgngth:

QQ O
Qo P 212
Qo ) (212)

Therefore, the minimum required embedment lertgtlyield the reinforcing bais presented in
Equation (2.13):

a — (2.13)

Nevertheless, the constant average bond stress assumption is only valid when the behavior of the
reinforcing bar is elastic (linear variation of the steel stress 1) and ina short embedment length

sinceshear stresses in the concrete cover are limited. Thus, numerical equations of tbedssnd

slip law concerning reinforced steel embedded in conventional concrete were recommended to
determine the variation of the bar strain, the bond stresthaber slip starting from the loaded end

of the reinforcing bar propagating along the entire considered embedment (€agthni and
Pantazopoulou, 2013They are based on Equation (2.11) #me compatibility equation presented

in Equation (2.14)

e (214)

Three main assumptions wege/en to solve these equations. Firstly, strains in the concrete were
considerednegligible compared to the strains in the reinforcing bar due to their poor tensile

properties. This lead to the compatibility equation presented in Equation: (2.15)
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- o (2.15)

Secondly, the reinforcing bars were characterized bglasteplastic behaviarThirdly, thelocal
bondstress slip law represerd splitting-pullout failure modepresented by the grey line Figure
2-12. It was obtained by conductirg series of direct pullout tests for regular reinforcing bars
embedded in conventional concrete where the local-streds slip relationship measd depicts
the black line with a conservative average bond sti®ss (Tastani and Pantazopoulou, 2010).
However,the grey linepresents the assumed local betickss slip law divided in an initial elastic
segmenup to a maximum bond stre$3  for a relative slig . At the end of the elastic phase, a
plateauof the maximum bond stress is formé&hce the relative slip reaches ttistance between
the ribsi , the bond force drops to reach a residual bond steesslefined by the local bahfailure.
Afterwards, theonly mechanism of force transfienowna s Af ri cti ono occur s

ribs and the formed cylindrical surface of the concrete o@wastani and Pantazopoulou, 2010)

A  max
o i)
A
iy
i \j';)r('s‘
P A |
87 isat S

Sy Su

Figure 2-12 Assumed (grey line) andeasured (blackne) local bondstress slip lawTastani and Paazopoulou,
2010)

Figure 2-13 presents thecalculatedsolution of the state of bond stregbtained by solving the
previously described differential equations, using the isdipdaw depicted by the grey linekigure
2-12. Response iglivided mainlyinto three stages. The first stage observedFigure 2-13 (a)

b ¢

represents the linear elastic behavior of both the reinforcing bar and the bond stress. The second stage

in Figure 2-13 (b) determines thdond detapration failure mode If sufficient confinement or

embedment length were provided, the bond stress enters the plastic phase, enabling the bar to

experience higher strains wigtips greater than their yield slip valudhereforethe embedment

lengthh experiences from the loaded end until a certain plastic léngtiplastic distribution of the
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maximum bond stres§)  whereast remains elasti@long the rest of the embedment length of
(O a). In the third phase, the reinforcing bardathe bond enter the plastic phase together
throughout a yielding or dieonding lengthx . Along this lengh, the bond stress decreases to reach

"Q when using deformed baffastani and Pantazopoulou, 2013)
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Figure 2-13 Analytical solution for bond stress behavior with elastic behavior of the reinforcingrithbond (a)
elastic behavior of the reinforcing bar and plastic behavior of bond (c) plastic behawteetibar andbond(Tastani
and Pantazopoulou, 2013)

Tastani and Pantazopoul@002)studied the effect of the radial state of stress on the longitudinal
component by correlating them with a frictional factor as showrigare 2-14 and presented in

Equation (2.16)

Figure 2-14 Frictional concep{{Tastani andPantazopoulou, 2002)

A
Q C— ” Q (2.16)

Several experiments have been proposed in the past to charaitteriaealbond stresslip laws
concerning reinforced steel embedded in conventional concrete to fatigateproveddesign of
structural concretddowever the bond model is stilhidevelopment regarding UHEFRC. In fact,
the bondstress slip equations presenteigure2-13are not valid for HPFRC since the assumption
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of the compatibility deformation equation cannot be applied because the tensile strainrfovehis
concrete cannot be neglected. A mathematical solution for ECC was recently proposed to highlight
the main diferences between both numerical mod@eftheriou et al, 2017) Firstly, the
compatibility deformation used is given in Equation (2.14) without any simplifications. Secondly, the
equilibrium of the forces for the studied element presemé&igure2-15 (a) includes the forces of

the concrete matrix. The latter presents the tensile sthess behavior of HPFRC such as presented

in Figure2-1 with an initial linear elastic response®f 'O 8- . This tensile strength remains
constant until the ultimate strain. Lastlyetassumed s&of bond stress is modified in the ppstk

phase presented iRigure 2-15 (b) highlighting the presence of bond toughnddewever, this

solution is limited to thelastic behavior of steel reinforcing bars

Abfs(X+dX) e >
A £ (x)
= X

f-A (x+dx) PINPN

f-A (x)

< dx —>

s, 8

i 2 83
&) (b)
Figure 2-15 (a) Forces acting on the bar in HPFRC (b) Assumed local fxiress slip law for HPFR(Eleftheriou,
Tastani and Pantazopoulou, 2017)

2.2.2 Different types of bond tests

Bond tests are dividedto two main categorieSsSh e f i r st i s t he Figare2d6sf er
where the reinforcing bar is pulled by both eratsithe bond is measured indirectly by the use of
strain gages placed on the reinforcing bar or on the conghatd is a complicatk procesgCairns

and Plizzari, 2003)

Load %
qauges Helix
—
Sip % Slip
auge auge
goug @ A\ ® gaug

¢)

bond length bond length

Figure 2-16 Bond transfer tegiCairns and Plizzari, 2003)

The second is theéancha age or devel opment typeo test whe
embedded in the concretmdthe other end is pulled out. Thendstrengths directly calculated by

applying externakquilibrium. Hence, most of the experimental tests conducted are based on this
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principle. Initially, hesaendar d @ pul | showninfFiguse?-17 (a)wadthdsty usedfor

its simple applicatioyyet twomain disadvantages were noticétie formation of compression struts
between the support and the surface of the reinforcing bar due to the sigmalitions, placinghe
surrounding concrete in compressiomereas the concrete cover is in tension in RC flexural
membersThustheeffectof transverse cracking is not taken into considergé@i Committee 408,

2003) The second disadvantage is an overestimafibond strengtiralues generated by the pullout

failure sincethe concrete cover greater than the minimal cov@airns and Plizzari, 2003figure

2-17i ntroduces the beam end t e sttwhede botithereinfocingt h e 1
bar and the surrounding concrete are placed in tension showing the actual stress state. This test is
rarely used because of its need for adequate transversal reinforcement to avoid a premature shear
failure instead of splittingA Direct Pullout Test (DPTpresented ifrigure2-17 (c) has been used as

an alternativeestwhere the bar and the surrounding concrete are both placed in t@restemi and
Pantazopoulou, 2002)he state of bondtressalong the developed length westablished based on

the testresults.Despite itsadvantagesthe DPT is difficult to perform sincé requires perfect
alignment of the gripped ends of the specim@énotheralternative favoed by laboratories ithe
standard AFour Peosiguch as Bie bea anaporeB spacimeriras shokigune

2-17(d) (Top) and the spliced beam specimen presentedjure2-17 (d) (Bottom). They depict the
actualsituation occurring in flexurabeammembes, with the distribution of stresses along their
crosssection.The beam anchored specimsibased on the choice of a bondewdgth along withthe

creation of one main flexural crackhis test setup, with thegsence of the supports, was proven to
increase the bond strength. The beam splice specimen is considered tanbstteraightforward

and reliable test to set up. It was commonly used to develop most desigriCaides and Rzzari,

2003)

test bar f * +
Tb aring stress v o VEDed Eé ”.
<, bearing stres: . s £t i,; a a
S *: } 3 & 11 Il
V1B /7 /[ support b S5 | & * f
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Figure 2-17 (a) Sandard pullout specimeiib) bearmend specimer(c) DTP(Tastani and Pantazopoulou, 20624
(d) beam anchorage specimen (Top) splice specimen (Baddh)Committee 408, 2003)
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A recent modification of the anchored beam specimen was proposed whéntes length is
developed in the constant moment regibhe setup enabldéke backcalculationof the developed
forcein the reinforcing bathrough global equilibrium of the specimen, from whibk bondalong

the embedment lengik estimated The autor studied the bond behavior f@aHHPFRGC where the
test specimens failed by pullout rather than split{ifastaniet al,, 2016a)

2.2.3 Previousexperimental and parametricresearchon UHP-SFRC

Bond strength depends on tb@ncretematrix properties (composition, workability and mechanical
properties), the reinforcing bar geometry and property (diameter, rib geometry, teesilghy, the
loading regime (loading regime and rate) and lastly the system parameters (concrete cover,
confinement, thgositionof the reinforcing bars). Also, the constituents and mechanical properties
of UHP-FRC have a positive impact on the bond regth between the reinforcing bars and the
surrounding concrete contrarytt@t ofconventional concrete. SintBHPChas only fine aggregates,

the effect of aggregate interlock is reductkdfact, it was denoted that the elimination of coarse
aggregatecould change the mode of failure from pullout to splitting for small concrete cover
(Holschemacheet al, 2004) However, the adhesive bond stresei@eimportantfor UHPC than

it is for normalconcretedueto the dense matrix that bods tightlythe steel and the surrounding
concretetogether This innovative concretés characterized by a ductile capacity after the first
cracking in tensiorenabling ito sustairgreatehoop tensile stressdsveloped in the concrete cover
surrounding the reinforcing barhus, based on Equation (2)1Gigher bond strength values are

reached.

2.2.3.1Modes of failure

According to a pullout test on 12 mm diameter reinforcing bars embedded in UHPC blocks with a
volumetric fiber fraction of 1.5%, three modes of failure were observed in the coffeebtanget

al., 2012) Figure2-18illustratesthe concreteconetypefailure, thev-type splitting,andthe splitting

failure. It was as well reported that at the end of the bonded length, a transversal crack was developed.
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Concrete cone failure V-type splitting Splitting

Figure 2-18 Concrete failure modeg$-ehlinget al, 2012)

The study also included the analysis of concrete covemgafsom Id, to 2.5, and the embedment
length starting from @& until 12dy to define the failure modd€gehlinget al, 2012) Consequently, a
correlation between the differefdilure node was developed and is presenteBigure 2-19. The
researcher pointed out that the cone failure results in a brittlgppaktbranch while the-gplit and

the splitting failure are more ductil@~ehlinget al, 2012)

R
o | ey
0 2 4 6 8 10 12 14
Ib/ds
Figure 2-19 Relationship betweedifferent types othefailure mode(Fehlinget al, 2012)

The fourth mode of failure observed in this bond tedtesyielding or the rupture of the reinforcing
bar as can be seenhigure 2-19 which occursvhenlargeconcrete covers and embedment lengths

are applied.

2.2.3.2Bond testsand results

One of the first bondestson UHPC wagerformedin Germany by conducting a standard puHout
test on RILEMspecimens to study the behavior of conventional reinforcing bars (diameter 10 mm)
for an embedment length of 1.5 times the bar diam@t mm) and a concrete cover of 4.5 cm.

Different loading rates, ranging between 0.001 mm/s and 0.1 mm/s were applied for several UHPC
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mixes at different age days. Firstly, the bond strength and stiffness increased with time, where the
bond strength reaed 6070 MPa at 56 days. The increase of strength with timepaescularly
noticedwhen fly ash is added rather than silica fume. Moreover, low loading rates result in a steeper
ascending bondtress slip curve and a flatter ppgtak descending brandhowever, thedading rate

and the bond stresdip increase proportionalliHolschemacheet al, 2004) In 2012, a continuity

of the pullout test was conducted on the same specimens while varying the concrete cover between
4.5 and 2 cm. It was noticed that the batieess relationship wasmilar for both concrete covers for

the prepeak while it presented a steeper reduction in thepezt for the smaller concrete cover.

The peak bond stress was slightly higher for a concrete cover of 4.5 cm equal to 65 MPa compared

to 58 MPa for a comete cover of 2 cnWeisse and Holschemacher, 2Q12)

The same pllout test was conducted on 14 mm and 20 mm reinforcing bars embedded in UHPC for
two volumetricfractionsof steel fibers Vs = 1% and 2%) with the same bonded length ofisLabd
aconcretecover of 4.5h. It is noted as well that the maximum aggregate is about 5mm. All the
specimens failed by pullout excepetone with a 20 mm rebar ant bf steel fibers. However, the
latterreachedhe highest bond strength values of 86 MPa in comparison to 77 MRalerfiber
content of 2% or 67 MPa for angller bar diameter of 14 mm as can be sedralsie2-3. For a 14

mm reinforcing bar, the increase of the embedment length fraua th.2d, for the same volumetric

fiber contentVs = 1% did not affect the matrix bond strength of 67 MBehoening and Hegger,
2012)

Table2-3 Bond strength values for the pullout PO specimens for diffeleartd f (Schoening and Hegger, 2012)

Test POl  PO2 PO3 PO4 POS5 PO6
2] [mm] 20 14 20 14 20 14
steel fi-  [% | 1 2 | - -

bre con- p.v.]
tent
I [mm] 30 21 30 28 30 21
Somewverso  [MPa] 184 179 186 177 136 142
Som [MPa] 163 139 141 123 116 116
Sremn [MPa] 10 10 18 9 9% 9%
T [MPa] 86 67 77 67 64 53
Demenve -] 047 037 041 038 047 038
[

Tfem -] 053 048 055 054 055 046

Another standard pullout test was conducted on a block of 200 rafHBEC (compressive strength

of 154 MPa) for 12, 16 and 20 mm reinforcing bars embedded along a standard embedment length of
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5d» where all the steel bars ruptured. Thus, smaller embedment lengths were proposed of & 3 and 4
for the 16 mm rebar. For a bortiéength of 8, the bond stress was around M®a where the

specimen failed somewhigt bond and steeblipture(Vitek et al, 2013)

To summarize thestandard pulloutest was givingunrealistichigh bond strength valuaghere the
minimum required embedment length to measand stress wak.5d, instead of the standard value

5dy to prevent theupture of the reinforcing bar. Moreovéiased on the results of thige of test it

was noticed thahe bond strength depends on the bar diameter. However, it is slightly influenced by
the concrete covemMoreover as mentioned previously and basmd several experimentghe
standard pullout test was not ableptedict the effect of fibers and the ¢obution of theconcrete

properties on bond strengtHarajli et al,, 2002)

A direct tension lagsplice test was conducted on 25 mm and 35 mm reinforcing baidPFRC

for avolumetric fiberfraction @ = 10 mm, %o, = 0.2 mm) of 32% (splice lengths of 5, 10 andd;B

and 4% (splice lengths of 5,8, 12and 18&l,) while maintaining a concrete cover of ;230 mm).

Most of the specimens failed by spligifailure while a few failed by yielding of the reinforcing bars
when the embedment length reachedyI®r dy = 25 mm) and 1, (for d» = 35 mm). The splitting

mode of failure presents no crushed concrete in between the ribs wiyiielday of the reaforcing

bar could be followed witlsplitting cracks or only presentsparestrainhardening behavior of the

steel It can be seen that the average bond strength for all the differesplie@gs and bar diameter
values was about 1D1 MPa forVs = 4%, 8 MPa foVs = 2% and 6 MPa fo¥s = 1%. However,
longer embedment lengths such ady18ad to the reduction of the bond stren@tagieret al, 2015)

For a splice length ofd, the bond stress was considered locally uniform after thimstand stresses
were measured along the splice length. Moreover, the increase of the steel fiber content from 1% to
4% for the embedment lengths 5, 8 ands¥@garding a 25 mm reinforcing bar, leads to the increase
of the bond strength by 47% where the stress reached 400 MPa as can be seen in the measured
bondstress slip relationship presentedrigure2-20 (Lagieret al, 2016)
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Figure 2-20 Bondstress slip respondéagier et al, 2016)

Figure2-21 presents the pullout splice length test setup conducted on #5 reinforcingbab(875

mm) embedded in two types of UHFRC with 2% of short steel fibers. Different splice lengttus,(4

6ds, 8ds, and 10ds) were considered with a clear cov®s = 2d, and a clear bar spacing ofi4
concerninga concrete witli & 97.4 MPa. It was shown that the bar stress is linearly proportional to
the increase of the spliced length. For this test setup, the bar yielded for an embedment lelagth of 6
Moreover, different concrete clear covesswere chosen for a Grade 120r lzad an embedment
lengthlq = 6dy for two different concrete strengthlsc& 134 MPa and .& 93 MPa). The bar stress
increases whenoncretecover valuesverehigher. This increaseasobserved for UHHFRC with
higher compressive strength. For the UHRC withf c& 93 MPa, the bar stress augmented from
600 MPa to 650 MPa when the side cover went frdpd@3.5d,. However, in the case of the concrete
withfc& 134 MPa, t he expasienckanyschange dos a silé abvebdl,2vhile it
reacled 800 MPa for aso = 3.5y (Yuan and Graybeal, 2014)

Figure 2-21 Direct pullout test setup to measure baosd concretesplitting

47



Moreover, the splitting crack pattern depends on the concrete sidecepard the bar spacing;.

The concrete splitting can occur in the free space cover as shégure2-22 (a) or in the concrete
between the reinforcing bars as depictedrigure 2-22 (b). Moreover it was stated that when the
adjacent reinforcing bars are located far from the auxibarythey no longer interfere in the bond
strength that becomes depen¥duamand Gralybedl, B0d4) concr e

(a) csi> cso 25%

(b) csi < €so

Figure 2-22 (a)in free space cover (bg¢tween reinforcemefYuan and Graybeal, 2014)

The modified pullout tests were conducted on UHPC with conventional reinforcing bars (13, 16 and
19 mm) for three different embedment lengths rangieigveen d, and &l,. Tests showed that the

bond stress drops when the embedment length increases. It was noted that the bar with the smallest
diameter of 13 mm surpassed yielding to reach rupture for all the embedment lengths. However, the
specimen withie 16 mm reinforcing bar failed by splitting and developedd stress about 16.7

MPa with a bonded length of 4l8and 2%V The specimen with a 19 mm reinforcing bar faced a

conical mode of failuréAlkaysi and Eftawil, 2016)

Thus, a new direct splice pullout test was conducted on #4(M13) with A615 grade 60 and #7(M22)
with A615 grade 80 bars embedded in UHPC for different spliced lerigthto(10ds) and concrete

side covers (d» to 3.5,). Most of the specimens failed by splitting mode of failure except for the
specimens with a high concrete cover ofdl3@nd a short embedment length df thatexperienced

a cone failure. It wasvidentthat the reinforcing basould yield in two caseswvhen the splice length

is 8dy with a high concrete cover otidor when the embedment length isld @ith a small concrete

cover of 1.8h. Moreover, the bar stress increases with the development lengiieremen with a
concrete cover ofd® developedarstress of 280 MPa for a splice length df &1 comparison to 480

MPa for an embedment length ofdiOIn addition, aslightincreasen bond stress with the increase

48



of concrete cover is observed. For @mbedment length ofdg the bar stress developed at bond
failure remainect 280 MPa for a concrete cover of ds&nd 2. Thus, a slight increase of the bond
strength from 1.6 (11 MPa) until 2, (12MPa) was notice(Ronankiet al, 2016)

Haber conducted the same experiment as descridédune2-21 for different types of commercial
UHPC with astandardeinforcing bar (#5 (M16) & Gr.120) and embedment lengths varying between
8dy to 10ds. The mode of failure was investigated dependinthersteel fiber volume fraction; where

it started with a large splitting crack foe= 2.5%, then multiple small splitting cracks #r=3.5%

and lastly a cone mode of failure foWe= 4.5%(Haberet al, 2018§.

Along with the direct splice length test, several béass wereconductedo study the bond strength
and modes of failure in comparison to the other tésthird-point load testvasperformedon slabs
presenting a lagplice of 10 M reinforcindpars in the constant moment region with the variation of
the splice length between B8m (1.8dy) in the presence of shereinforcement and 26 mm (2:p
without It is noteworthy that the concrete matrix contained 2/5 mm coarse aggregates and the
concretecover was 2 cm. It was shown that slabs wittoasideral# splice length of 26 mm and
transverseeinforcement lead tgielding of the longitudinal bars accompanied with concrete cracking
in the tensile zone. However, failure occurred due to crushitiga@oncrete in the compression zone
with a middeflection reaching 23 mm. Nevertheless, the shortespipe of 18 mm lacking shear
reinforcement failed by the bond splitting along thedapce with a deflection of 18 mifWeisse
and Holschemacher, 2012)

Another beam tesivas conducted with splice length of aboutl,6under fourpoint bending of
#6(M19) and #7(M22) A615 gradB0 bars foa concretelear cover of In and 1.5n. Nonetheless,
the beams failed by shear prior to bond failure due to the specimen ddRdmankiet al, 2016)

Lastly, four-point bending beam tests wa@nducted on retrofitted beamg € 3%) with 25mmand
35 mmreinforcing bar diameters that dag@-splicedalong a6dy, 12ds and 18, lengthsin the constant
moment region. The beams were filled witRIPCin a small portion of the section in tensittnwas
shown that the splice length oflfwith a repair depth ofd, lead to the splitting mode of failure.
However, it was reported that this mateoaiild delayor eliminate this splitting mode of failure for
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splice lengths greater thandb2In this casgfor a splice length of I and 18, all the reinforcing
bars yielded and in some cases could not reach rupkigere 2-23 exhibitsthe response curve of
thebeamsresentingaductile behavioreachinga maximum applied load of 200 KiNr a minimum

repaired depth ofds (Dagenais and Massicotte, 2012)

250

200

Load (kN)
o
o

-
o
o

(%))
o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Midspan deflection (mm)

Figure 2-23 Load-deflecton response curve for the bes(@agenais and Massicotte, 2012)

As a summary of all the experiments discussed previotlsBetypes of tests were condudten
UHP-SFRC standard pulloutlirectsplicepullout, andbeam splicéest.For the standard pullout test
the bond strength waextremely highreachng 60 MPa as mentioned previousWhere the
embedment length needed to be reduced td, InSorder toprevent the rpture of the reinforcing
bars.As for the direct splice testhe bond strength was aroundIID MPa. Moreover, bothests
proved that the use of UKPeffectively reduceshe splice lengtmequiredto yield the reinforcing
bar:in standard pllout tests tlk splice length could go as far dowrRasd,, whereador direct pullout
testgt was around @. This allows a tremendous enhancement for future design codes sinaiel&
the entire development of the reinforcibagr strengthT o t h e kaowledgedheréisno beam
anchored bond test performed on UHRC to study the bond strength this regard, the author
conducted this test sap to studythe outcome®f this type of bond tesind enrich the bond test
database for UHSFRC.
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Chapter 3. Plan of the Experimental Program

The experimental programisainly divided irto threeparts. hefirst partprovides dull description

of the experimental bond test setup. The sepamnttoncerns the development of twehnuse design
mixtures to obtain the mdssuitable and optimized on&he third part presents all the necessary
testing to determine the mechanical properties of the materials under study.

3.1 Choice of the experimentaketup andtype of specimen to be tested

3.1.1 Bond test type

The experiment setupas chosen based on a formsaccessful anchored beamecimer(Tastaniet
al., 2016. Figure3-1 presents thdirecly supportecdbeam subjeeidto two equaloads(P/2) placed
symmetricdly at the midspan at a constant distar{bgcreatingacentral region o€onstant moment
Theshearspan is equal to (daving a linear moment diagram (constsimeay.

o
o
jul

R,
_H%f*

Figure 3-1: Freebody diagranof specimen under foypoint loading

Based on the edibrium of the external forces, the support t&@ts areobtainedn Equation (3.1)
From equilibrium of thefree body diagrams presentedFigure 3-2 to Figure 3-4, Equation (3.2)
until Equation (3.7are used taeternine the moment and shear forces:
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Thus the moment and shear diagram of the sesiip argoresented ifrigure3-5.

Pa/2

F-N F-N

v

P/2

-P2

Figure 3-5: Moment and shear diagram of the test setup

3.1.2 Parametric evaluation

In the present study, the effect bf¢eimportantparaneters @ bond of UHPGwill be investigated
the design mixture, the concrete cover and the embedment [€hgtlast two parameters are scaled
to the bar diametefThree differentUHP-SFRC mixes wo commercial andne in-house)with
different fresh and hard propertiegre selectetb study abroaderrange ofUHP-SFRCandpoint
out the effect of the workability and the tensile strength on the bond strength since each design
mixture ischaracterized by their proper mechanical propertibse.bbnd strength is determined for
a reinforcing baembedded alongshortlength of &, wherethe bond stress is assumed unifdam
two different concrete covers oflsland 2l,. Theratio of concreteoverc. to bar diameted, studies
the effect of confinement on the bond strength.tRespecimen seriesastusing the irhouse design
mixture and considering a concrete cover @f, 2 total of 3 different embedment lengthsvere
tested 5, 10 andbty. This parameter studies the variation of the bar stresthabdnd strengttior
increasinghebondedength

3.1.3 Specimen detailing

Three steel beam formwork36 in (914 mm)long, were available in the laboratgoyesentinga
crosssection & xb =6 in x 6 in= 152 mm x 152 minas can be seen gure3-6 (a). In addition,

wooden formwork beams were fabricateith the same dimensiorsénce the followingexperiment
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will cover abroad range of parameters that requires in some caddisionalformwork as shown in

Figure3-6 (b). The fabrication procedure is described in Secfidn

Ty

Figure 3-6 (a) Steel and (b) wood formwork

The constant moment present in betweerafh@ied loads as depicted kigure 3-5 generates pure
tensile stresses #ie bottom of the sectiohus no shear reinforcement is needed in this section
since there is no shear forcehe emledment length will be developed in this regitonstudy the
contribution of theensile properties of thmncrete to resist the tensile hoop stresses as a confinement
methodologyThedesired embedment lengtas attainedby covering the reinforcing bavith PVC
pipe(polyvinyl chloride)ensuring that it remains in the constant moment re@i@staniet al, 2016
placeda notchbeforethe studiedembedment length to be able to back calculate through global
equilibrium of the specimen, the bar forces tir&t developethrough bond over thetudied bonded
length Thiswas achievedh the current setup bipsertinga foamboard to isolate the bar frothe

surrounding concrete.

The longitudinal steel reinforcement under stwdys chosen asl5M rebar since it is the most
commonly used in thedustrynowadays with a nominal bar diamedgequal to 16 mmThe design
strength of these reinforcing bas considered in North America are 400 MPa and 600 MPa for the
nominal yield strength and ultimate strengtspectively. Additional tests were conducted to verify

these main properties.
Figure3-7 presents the beam setup for one case as an example. It is mainly based on the parameters

of the studyand the factors that will be measured experimentally such as the slip of the reinforcing

ba.
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~ 900mm

Figure 3-7 Specimen detailing for an embedment length ef 5d

3.1.4 Design verification of the beams

3.1.4.1Concrete cover

Depending orthe bar diameter and the adequate pouring control realized in the labotiagory
minimum concretelearcoverc: knownasthe distance between the external surface of the steel bar

to the closestoncretesurfacewas calculatefrom Equation (3.8JEuropean Union, 2004)

~ ~ ~
g ¥

W W Ww P @ da (3.8

~

Ww 1tsince theras control in the laboratory.

~

G A D ; i Ag@apada paa

i A® pa@a

€
= x

o 0 p p TO & ; the resistance of the concret€i€40/50 with a class (S4).

This experiment mainly considered the effect of the bottom concrete cowvarthe bond strength.
Two concrete covers will be followed, = d, = 16mm and, = 2d, = 32 mm.The sideconcretecover

for the auxiliary bargs considereds = 16 mm
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3.1.4.2Shear span to effective depth ratio

Thelength of the beam is chosen about 16 mm shorter than the length of the formwork to create an
extension of th@rimaryreinforcing bar for slip measurement. This was achieved by placi2gra
mmthick wooden block with the same cressctonal dimension as the beam in the consideraid.

As can be seen iRigure 3-8, the length of the formwork would 86 inches 914.4 mn) including

the length of the bea®00 mn) and the wood thickness 121m. For an embedment length ad,5

(80 mm) and 1@, (160 mm), bhe distance between the applied loads is taken to be equal to 200mm.
Moreover,a flexuralshearspanrequires ahear span to effective depth ratio around 2. Therefore, the
shearspan should have rminimum value of 300 mm for a beanrosssectionof (150 x150 mm).

Also, the extended part of the beam could vary up to 50 mm outside the supports

914.4

J
Length of the formwork

901.7 1

Length of the entire beam

Q
O
Effective span (between mid-axes of supports)

P/2 P/2

1504 |- L

i
‘--"-,|-i“,=“4_
PN -

I

I

]

I

-50.9 300 ~—100——100— 300 '50.9-

Figure 3-8 Detailing of the formwork and beam length for embedment lengths 5 apd 10d

However, themost extende@mbedment length reachesdi5 240 mm meaning the inquiry of a
constant moment around 26@m as can be seen Figure3-9. Verification of the shear resistance

from theshearforce applied was followed to eliminate premature shear failure prior to bond failure.
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152.4

Figure 3-9 Detailing of the formwork and beam length for embedment lengths 15d

3.1.4.3Selection of longitudinakteel reinforcement ratio

A pertinentcalculationas showrbelowwhich was followedin order to choosthe adequate amount
of longitudinalreinforcement in the studied regiatherebyprevening any other modes of failures
such ashear oflexural failure. Due to the novelty of this concrete, the estimatedw@adobtained
from proposing the flexural stree$ 25 MPa,obtained fronfour-point bending test trialsn prisms
to be equal to the tensile strength of the caterand bond strengtonsideringhese values, the
highest embedment length p uwQ consideredcan cause the yielding of the bar. With a
conservative assumptioof a uniform distribution of the bondqual tostrength, the moment

developed from the loading defined in Equation (9):

0 Y ROrBomQ (3.9)

Equation (3.10) calculatebe effective deptlior the case othe smallest concrete coverassume
the highest load

d=hi (cc+—) =150i (16 +—) =126 mm (3.10)

The developed moment is calculated based on the bar force requieedtiits yield capacity:

Y 'Q®o T T@EC Tty Q0

O 7T omBowp ¢ @ uBT X QURY
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From theinternalmoment calculated previousiyhe load obtained is equal to:

~ Cwbd puy
V) —_—

5 % (pT[QU

Thebending momentesistance factdf: defined in Equation (3.11) is calculated

0 wp T wWwp T . v
3.11
W 0Q pua‘upc(pos(qwuw ( )

Afterward the reinforcement ratip= 1.2% Therefore, theequired tasion reinforcement:

0 "WOwQ TBIpQP LGP C @G CBA G

One15M reinforcing bar in the tension region is not enough to prevent faidiexure Therefore,

two auxiliary barslOM were placedn both sides of the main bavhere the embedment length is
studied to prevent any premature failure of the specimens other than bond failure which was the
study objective(Tastaniet al, 2016§. However,for the embedment length, = 10 and 18, an
additional criterion is taken into consideratidws longer embedment lengths are considered on the
right of the notch, the development length of the pathe reinforcing bapresento the left d the
notchis reducedThus, to prevent the slippage of the reinforcing bar along the left sidegadlwas
attached to the reinforcing bar. Based on the 0S®A (Canadian Standards Association), 20it4)

is statedhat the reinforcing bar can reach its yield strength whenead has an area equal to 10
times the bak crosssection noting that the compressive strength of the consrgreater than 25
MPa and thejield strength of thd5M is less than 500 MP& assuminga square Fhead section
where each side is equto c. Based on Equation (3)12 T-head with acrosssectionof (50 mm x

50 mm) as shown imable3-3 (sect o n isAequjred to prevent tteippage of the reinforcing bar:

113 'Q

- ¢ T TOTY (B.12)

o) ® p O p T
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3.1.4.4Design detailing

The detailing of all the beam specimens is described bdiomted in different section alonigs
length. The crossection of eackectionwill be presented in detaih Section3.1.4.4.3

3.1.4.4.1Embedment length of 0LQ

As can be seen ifiable3-1 (a) and(b), the main reinforcing bar is about 916 mm and goes through
both the foam board and the wooden block. Moreover, to realize the embedment I&tgthrnofin
between the 200 mm constant moment region, the notch was placed to the left ofshamichile

a PVC pipe of 383.6 mm length was placed on the right side passing through tfenbloc# as

well. Table3-1 (c) presents the top view of the test setup pointing out the length of the auxiliary bars
(476.3 mm and their location according to the main rebar preserving a side @@fet6mm. The
auxiliary bars are supported by the notch and the wood block admwatldition Table3-1, cases

(a) and(b) differ mainly in the concrete cover be developedvhich mainly affects the height of the
notch, the height of the holes in the notch and the height of the holes in the wood block that will be
discussed in the next paragraph. The designation of each color are presdiatelé 3-3 based on

each section (A), (B), (C) and (D)

Table3-1 Detailing of the beam for the test setup with an embedment length equahes3he bar diameter for two
different concrete covers

Detailing for an embedment length m. -%

@ P2 @@ Prz @

20

Front 26

View t
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Detailing for an embedment length m -1’r

® ) ® © w ©
o i PR LN N
. + ‘";_".’"":' ——383.6—— AR ]
View 7777777777 777777
300 '50.9-
©
©
P ) - |
Top a 4 il —12.7
7 |
View s
JL PRI I
'|r-++
©
-50.9! 300 —100——100— 300 150.9-
Shear span a Shear span
Effective span (behkz'eoeg 'n'lcld—axes of supports)
(c)
3.1.4.4.2Embedment lengthof p @ anda p @

Theratio of concrete coves: to bar diameted, equal to twas only consideredor an embedment
length equato 10 and 18,. For an embedment length ofdsD160 mm of the reinforcingarshould
bein the constant moment region as s€able3-2 (a). Thus the PVC pipe is chosen to be equal to
373.6 mm and the foam board is moved 70 mm from its original locatesented iTable3-1 (b).
From Table 3-2 (b) the auxiliary bars are equal to 546.3 mFhe samas followed for the casefo
15d, to ensurea bonded length of 240 mm where the detailing is presenteabie 3-2 (c) and(d).
secti

The designatiof each color are presentedTiable3-3b a s e d each

and (D).

on
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Table3-2 Detailing of the beam for the test setup witheambedment length equal to 10 and 15 times the bar diameter
for two different concrete covers

Detailing for an embedment length o -

] JL
+ for r -#

®

®

P2 Woo ock
| /
- ‘. o T " = CEy
DR S R e Sl 20
isba [Fo ol s Ry -"ih%
AR R ) -
Front | \gsh e =
View 32! 125.4
1254 5300 L-100——100— 5300 '
@) ® © @
()]
| |
v @) ® ® © ©)
TOp
View
50,9 300 L 100—-—100— 300 50.9-
8000 A
(b)
Front
|
View . I
50,9 270~ —130——130— 5270~ 50.9-
@) ® ® © ©)
c
v & ©
©)
e -
Top g [ Qpeanl ,‘
View ® @® © © ®
~50.9 1 269 roon I 50.9-

800.0
Effective span (between mid-axes of supports)

(d)
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3.1.4.4.3Crosssectiondetailingalong the length of the beam

All thebeamgresent similar crossectionsbutthey differ n the longitudinal portion of each cress
sectionalongtheir length These crossections are marked in the drawingsTable 3-1 and Table
3-2. Firstly, the crosssectionof the beam under studypsesented iffable3-3 Section C The latter
illustratesthe reinbrcement detailingf theprincipaland auxiliary barfor the twodifferentconcrete
coves evaluatedTable3-3 SectionD presents the crosection of the beam where thminbaris
coveredwith thepipewhile the two auxiliary bars are still considered bon&sttion Bin Table3-3
presents the crossection of the beam at the notch whtre onlyelement resiting themoment is
the 15M bar. Fourthly,since the crossection presented fBectionC Table3-1 is the critical cross
sectionwhere failure will firstoccur, then the part of the beam on the left of the notch is irrelevant to
the researchSince the required development length is adkdefor the left part of the reinforcing
bar, the auxiliary barsvere not addedlong this sectiorandthe main bar is embedded entirely along
the lengthas can be seen ire&ion ATable3-3. S e c t Tabla3-3Arésentsno Fhead detailing
for the embedment length of d&0and 1%l,.

Table3-3 Detailing of the crossection of the beam in the specific locations (in mm)

Cross-section reinforcement detailing

Position T T
-JI- -‘”'
[——bo = 152.40———— , 152.40
] 8.20— )
Section A I'_G h =1%2.40 154.40
|_C ] Main bar (15M) 3%
Cc=¢Cy = ‘1(:‘vJ
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Cross-section reinforcement detailing

Position I -
-JL -JA-
b0 = 152.40——— | 152.40
Section B 820 h =152.40 162.40
] Void (foam) | ’_O | _.;-,T
| \ B Mai \ 3 |
L ] ain bar (15M) L 7& 77777 IR
Cc=0Cy= 1
b0 = 152.40——— 152.40
h=152.40 154.40
~—16 16—~
Section C TG =16 G = 16—
O Z) @) Main bar (15M) © | @ O
I [ Ausiliary bars (10M) ¥
Ce =y = 16
[~—bo = 152.40——= 152.40
Section D 26.00 W Sleeve (PVC) 26.00
Doy = 26mm(1")
h=152.40 @, =20mm(0.75") 153.40
t=3mm l~——16 16—
==—"©Cs = 16 Cs = 16——==| O
@) 0O [] Main bar (15M)
{ 13.00 [ Auxiliary bars (10M) 29i00
Cc=%=15J + Cc=cb=32J
[—bo = 152.40——=
Sectic N/A R DT A e .’hj=152_4
Main bar (15M) {"; R % jﬂ
] Square head Cb=+32" w 1* 4 :
151 -
~51.20-~—50—l-51.20—
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3.1.4.4.4Additional specimenfor testing

Beams presentingifly bonded15M reinforcing bar without the presence of a PVC pipe vedse
preparedThis setup hdmainly twopurposesThefirst wasto study the behavior of the bedan a
fully embedde reinforcing bar and obtain itdtimate capacityThe second purpose wasfacilitate
themodelingof the following fourpoint bendingest setup and enrich the dadae eliminating one

parameter which is thHeVC pipe.

The test setup was identical ttiat presented irmmable 3-1, where the only difference relies dhe
absence of the PVC pipe. As presentediable 3-4, the test setup has the same notch poséiah

lengthas thabof the auxiliary bars.

Table3-4 Detailing of the beam for thegesetup withully embedded 1d) reinforcing bar for two different concrete
covers

Detailing for a fully bonded reinforcing bar

4
|
1
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Detailing for a fully bonded reinforcing bar

Front
View
.
+
Top
View
AL
ar .Jr|'
-50.9" 300 —100—-—100— 300 150.9-
Shear span o 00 G Shear span
Effective span {ben‘freen ‘mid-axes of supports)
(©)

3.1.5 Detailing of the notch and the woodlock

In addition to the role of the notch and the wood block, holes were pierced in both elements to support
and maintaira straigh&and stable height for both auxiliary bars. This eliminates thefoeedncrete

cover chairs in the test setukhe notd is formedby placing a foam board in thiequired position.

This foam board is easily removed during demoldikghird hole is perforated in the nottiirough

which the 15M steel bar can pad8oreover, ® achieve thgrimary purpose of th test setup and

isolate the bar from the surrounding congrefte height of the notch should not be less than

N w Q
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Thus, for a concrete coveb of 16 and 32 mm, the height of the notch is taken as 40 and 52 mm
respectivelyThe Top View detailingin Table3-5 presents the depth tfe perforatedholes for the
auxiliary bas. It can be seen that thpgnetrate halfway through the notichorderto stabilize the
10M bars The notch detailings shownin Table 3-5 for both values of the concrete cover. For all
cases, the height of the center of the hole for both the auxiliargnamdbar is the same and equal

to:
N O — €105
Table3-5 Notchdetailing for the experimental setup (in mm)
n Notch detailing
., Front View Top View Sections "Q (mm)
(1) (2) (1) 254 10M
T T =
Cs= 16r——r DT I 11.3E@qﬂ0 Q ¢@u
- 16 S Qs Se——T cp, =16
4‘5& 254 EIN/IE
- 11. 113
c,=16" 45p4 . 2113 ——15R.4— @ —25.4
| | b -1
1 (2 16.0" 4 1 4 15M
IR c, =16 o
CT
@ (2) (1) 254 10M
I 142"
[ 11.3 B 5
=16++———— = 16— | -
%] 916 A I ——CT {;532 !
52 ¢ 4= 254 [0 b 8
: . i 11.3
? =32 5o 4 o113 152 4— ) —25.4
.‘/f]\] \'/é\i 16}: 5
R Cp = 32 15M

During the test setup, the wooden block will have drilled holes allowing both the reinforcing bar and
thePVCto pass through it while remaining insithe formwork. Then, during beatemolding upon
concrete hardeninghe block of wood cahe removedand the reinforcing bar woulle visible The

detailing andgoositions of the holes to be drilled for each case are preseniad|&3-6.
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For the 10M bar.

A slightly greater diameter is considered for the hotemparedo the diameter of theteelbars:

Q Q md ;e based on the available spditedimensionsQ T® ¢

The height of the center of the hole in the wood blck

N O — & -2 (inmm)

The offset of the center of the hole from thi&ral sides of the wood block

i o p o —2 (inmm)

For thel5 M bar

Since the PVC pipe will pass through thleck, the diameter of the middle hole is drilledking into
consideration the diameter of the PVC pipe while the height of the center of the hole dep#rels
proposed concrete cover:

Q n p8tu ¢ based on the available spaatedimensionsQ pTe

N O 0 — &6 o -2 (nmm)

However, br the fully embeddectkinforcing bars, no PVC is used, therefore

Q Q mhpoec

Based on the available spade pit dimensiéns: ofte
” 7 7 38 .

Q w — w — (inmm)
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Table3-6 Block of wood detailing for the experimental setup (in mm)

Woodblock detailing
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p 0 155728.57
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@26 Q o @ unm
2 @20 Q ™ ¢
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D
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3.1.6 Test setupand procedure

Figure3-10represents the entire test setup proposed to be conducted for all the bedhowestsr,
in the following drawings, the poles of the test setup are ignored for visual clarificBtierstéic

hydraulic universal test systewas used to impose asgiacement control on the tegtecimes.

T

———

=
| <
| 4
E:’
| &

I T
L

L

Figure 3-10 3D model of thexgerimental test setup for all the specimens

The span of the beam is 8@@m, while the length of the platform of the MTihiversal testing
machine iapproximately600 mm. This is why steel beam was placed underneath to accommodate
the needed span. The structural capacity of this beam was verified in terms of bucklingaand she
capacity.A two-point loadjig was designed to be attachdthe system tgealize the fowpoint
bending testas can be seen Kigure3-11. The design was taken from previous drawings where
rollers werantendedo transferlie load therebyenabling the movement bbth inthe planeand out

of plane directions. Thisewuld eliminate any type of friction that occuretweentie loading system

and the beamAppendix Apresents thdetailed drawingof the jig
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W = Upper Part of the MTS

— Part A

Part B

— part F

N Bearing
Roller

\
\\ \— Bolt B2
— Bolt B1

Figure 3-11 Jig used for the foupoint bending test

Figure3-12 demonstrates the basldeof atestsetup where the linegotentiometeA is attached to
the beam by drame cod systemto measure the mideflection of the beamrlhe aluminum bar
eliminates theeffectsof therotatiors of the supportenthemid-deflectionmeasurement§ he whole
arrangement will bexplained in detail in &tion3.1.7.1 Moreover, the linear potentiomet®ris
attached t@ framewhich is turnattached to the sidof the beamThus, the linear pehtiometeB is
directly mnnected to the extended parttioé 15M bar forslip measuremenSpecific detailof the

frame will be given in 8ction3.1.7.2

Jig to apply
a Four-point
bending load 9 Frame to
support the
horizontal bar

Frame to
attach the
linear pot B

Linear pot B

Horizontal bar
to support the
linear pot A

Supports

Linear pot A Steel beam
to extend the

span

Figure 3-12 Test setup of the back of the beam
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Another methodwas followed to measurthe middeflection of the beamThis was realized by
conducting a digital image correlation (DIGjigure 3-13 demonstrates the front of the test setup,
where the beam was speckled using white and black paint in the middle rég@sprimary
challengewhile using the MTSiniversal testingnachinegis the presence of the poles where for each
specimen typethe seel beam was ratied in order to accommodate this intrusiorthe field of the
cameraMoreover, the bar inside the notch was speckled as weallder to obtain the strain in the

reinforcement by using DIC

Speckling
of the surface

Figure 3-13 Test setup of the front of the beam

3.1.7 Measuring equipmentand tools

During the experimenseveralparametersveremeasured such alse applied load, mideflection,
slip of the remforcing bar under study arstirain in the einforcingbar. In addition the cracking and

mode of failureverealsoobservedand analyzed.

3.1.7.1Deflection of the mid-span of the beam

Two steel frame were pimed on both sides of the beam at the suppast€an be seen Figure
3-12. FromFigure3-14, thesteel frame is composed of 2 vertical steel elements KRadnnected

by a horizontal element (Part JThe drawings with the measurements of ezleiment ar@resented
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in Appendix A Moreover, Wwo vertical rods are screweanhto the Rt J ofthe frameto reachthe
upper face of the bearBmal legs are attached to eaohthe vertical rodsallowing themto siton
the surfaceandproviding inplane movement stabilityrhus, the frame rotatesongwith the support
without causingdisruption.Theframealso providesupport for the aluminumab holding the linear

potentiometeA for the midspan deflection measurements.

vertical
rods to stablize
the frame

Part ]

Legs of the
steel rods
Part K

Frame to support
the aluminum bar

Groove

Angle A

Horizontal rods
to attach the
frame to the beam

Angle B

Figure 3-14 Detailing of the vertical frame

Theends of thealuminum bararecutto formacircular notch orone endand a rectangular notch on
theotherasshown inFigure3-15 (a). The distance between the cemtéboth notches is equal to the
distance between the makis of both supports known as 800 nifrhediameter of thengulamotch
is drilled to perfectlyit the horizontal rodhaving adiameterof 3/81 16 bar. This notch is used to fix
thealumnumbar on the pinaccordinglyrestricting any horizontal and vertical movement. However,
the pin supporting theectangular slot permits theorizontal movement yet bloclks the vertical
displacemenbf the aluminum bamMoreover, two holes are perforatediie center of the aluminum
bar to attach the line@otentiometeA atthe midspan of the beams can be seen kigure3-15 (b).
The detailing and the dimensionfstioe aluminum bar are presented Appendix A
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(a)

Ang|e A ; 7 Groove

Spring

Horizontal rod

/ (Pin) F Aluminum horizontal bar
¥
3 K |
\ Bolts —~ TEsm
— Reciangules / T Attachement
Nut Linear Pot A

(b)

Figure 3-15 Detailing of the aluminum rod with the linear patiometerA

The middeflection is measured from the topAufigle A. The latter wakot glued to the surface of
the beam,given that itshould follow theb e a mdilexction To prevent the owdf-plane movement
of Angle A,Angle B was attached to it ataken as a stiffenefn addition, a groove was hammered

in order to control and limit movement of tleearpotentiometeA as shown irFigure3-14.

3.1.7.2Slip of the main reinforcing bar

ThelinearpotentiometeB was fixed to a small frame as shownTiable3-7 to measure the slip of
themainreinforcing bar ashown inFigure3-12. The frame is formed by three pieces of part G and
two pieces of part HAs shown inTable3-7 (b), linear potentiometeB is attached to the frame by
the intermediate of the steel plate | tiaascrewed onto the linepotentiometeand the pdrH. The

two vertical parts G of the frame were hot glued to the side of the Ipgasenting the extension of
the 15M bar. Therefore the frame follows the movement of the beam eliminating the effect of the
rotation on the slip measuremenhetip of the lineapotentiometeB touches the extended surface
of the 15M bar.
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Table3-7 Detalling of the frame used to attach the linear potentiometer and measure the slip of the reinforcing bar

Frame detailing
Front View Back view

Linear Pot

Part G

(Quantity: 2)
Plate I
Angle
'Bolt 1 (25 mm x 25 mm)
(Quantity: 9) (Quantity: 4)
: 4 “ q Part G
; % - Part H
inear Pot tity: 3 /
(Quantity: 3) Bolt 1 Bolt 2
it ’ Tip of the Linear Pot
(Quantity: 9) (Quantity 2)
(@) (b)

The materials werpurchasedrom D & D Air & Hydraulic Components Indhe 6 mlong extruded
barpresented iTable G4 (a) wascutto size All the parts were€onnected to each other using lasg
as shown imable3-7. However, the angles weagtached to each part Bynutsandscrewdollowing
the methodology described kigure3-16.

vy
Al

Figure 3-16 Methodology to insert the-fiut inside theba¢ 6 The Pr g ®003)e System

3.1.7.3Digital image correlation(DIC)

The digital image correlation (DIGyas anothemethod adopted to calate the deflection of the
beam The latter was alscomparedwith the resultobtained fronthe linear pagntiometerA. For
this reason, as can be seerfrigure 3-13, the middle regiomf the front of the beam gaspeckled
usingblack andwhite paint. The DIC vasconducted usinthe GeoPI\\RG softwareprogranmed
within Matlab to calculate the deflectiaf a beam at the desired poiiWhite et al, 2003) The
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software,basedon localizing the centroid o smallgroupof pixels usesan initial picture captured

at the beginning of the test. Théndetermines the movement ofgltentroid varying according to
the timing of the images placed in sequendes image processing program has been validated in
previous researcfWhite et al, 2003; Galegt al, 2012)

3.1.8 Displacementrate

In order to observa detailedbehavior of the beam#he displacememntate of 0.005 mm/min was
chosen for all the flexural testBhe MTSuniversal testingnachine was connected to the two linear
potentiometer#\ and B using a data acquisition system to extract all the necessary measurements.

The data wasecorded at a frequency of 1 Hz. Tteet wagerminatedncethe load dropped by 80%.

3.1.9 Extraction of the bond strength

The applied moment is calculated using Huation (3.4)Based orthe force diagram irFigure

3-17 andFigure3-18, the reinforcing bar resisthe applied moment followingquation (3.13):

M="YoT Q & &oQol Q (3.13)

The internal lever arm is 128.4 mm for a concrete cof/édg(ref: Figure3-17) and 112.4 mm for

a concrete cover ofdg (ref: Figure3-18).

I bo=152.4

a=0.8c :‘

_ . ! d=128 4
[J Void (foam) h=1524 [ L | h=152.4 z=pd
[ Main bar (15M) 1 ATREE SR

4’0 O Te
4 16 o
f
Beam Section Force Diagram

Figure 3-17 Force diagram for the beams with a concrete coverds Gn mm)
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I bo=152.4

a—ﬁ{.Sc = Ce
d=112.4 1

] Void (foam) h=1b24 | . .. R h=152 4 z=pd
[1 Main bar (15M) . R L
! e T
T %
Beam Section Force Diagram

Figure 3-18 Force diagram for the beams with a concrete cover ¢ =@dmm)

However, assuming a uniform distribution of the bondssteong the embedment lengtine bond
strength can be determined at the loadedusimy Equation (3.14):

o J— (3.14)

Theaveragebond stress ithen defined irequation (3.1%

O w0 G
g awd o Q (3.19

3.2 Choice of the mixes considered: Preliminary and Commercial

3.2.1 In-housetrials and final matrix characteristics

3.2.1.1Equipment and tools used
All the equipment and tools uséal batching and weighing materials, mixing and pouring are

presented iTable G1in Appendix C Table G1 alsopresents the smadteel formwork for concrete

cubes and prism¢lowever, deter mi ni ng sréngthwasalone usimd teeb s
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Controls Mot testingmachine The beam testo extract the flexural strength of the material was

conducted in the MT8niversal testingnachine.

3.2.1.2 Material used

As known, there are six componentier than water that constitutHP-SFRC fine sand, cement,
pozzolanic materials, inert materials, superplasticiaed steel fibers.Table 3-8 present all the
materialswith their symbolthatwere usedn the research concerning thehiouse design mixture.
Sieve analysis was conducted for all the silica sand to determinenthaggregate distribution and
nominal diameter size as presentedable B 1.

Table3-8 Materials used for trial and final concrete-huse mixture

Material Picture Properties Annotation Supplier
Max aggregate size S1
0.771 mm
K&E
Max aggregate size S2
0.370
Silica
Sand
Z # 530 Bell &
[+ 530 s1ica Max aggregate size S3 Mackenzie Co
S 0.542 Ltd
Type GUL General use C1 CRH
Cement PortlandLimestone
Cement
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Material Picture Properties Annotation Supplier
Lafarge
Stoney Creek
GUL (6 to 15% limestone C2 Valley
powder)
Ground Ganulated Blast Slg1 St Mary
N/A
Slag Furnace Cement
N/A Ground Granulated Blast
Furnace Slg 2 Holcim
BASF
MasterLife® SF 100 SF1

Densified Silica BEme

Silica
Fume
Densified Silica Eme SF2 Norchem
Fly Ash Type F FA Lafarge
N/A MasterGleniur® 3030 SF1
Stpaplas N/A MasterGleniur® 7700 SP2 BASF
icizer
N/A MasterGleniur® 3400 SP3
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Material Picture Properties Annotation Supplier
N/A

Uncoated hybrid mix

Diameter: 0.2 mm CSF
Type | length: 13 mm
Type Il length: 19 mm

Steel
Fibers

Coated SF Type |
(Needles)
Diameter = 0.2mm;
Length = 13mm
Tensile strength = 1900

MPa

SSF Nycon

3.2.1.3Trials

From te literature review discussed$ection2.1.6 two types of design mixesere chosefiYu et
al., 2015; Shao, 20167The approach followed in the trials waditst obtain a flowable mixturevith

a high cube compressive strength based on the design mix proportions pr&eusedlyto test
small prisms under foypoint bendingn orderto extractan approximabn of theflexural strength
and thirdly to study the distribution dlfie steel fibers taobserveany possibility of segregation.
Therefore, sveral trial batches were conductedtest and comparedh freshand hard properties
andfinally choose the most qualifiddHP-SFRC

3.2.1.3.1The tial of the esign mixturgYu et al., 2014)

The design mixture as depicted Table 2-1 was followed as closely as possible ast all the
mateials were available in Canadgpeciallylimestone powdeg(LP) thatwasdifficult to find. Thus

the LPquantitywas takennto consideation by usingimestonecement instead aformalcement
such as Cpresented ifable3-8. Thus,the amount of cement used would be the combination of the

regularcement and the amouot limestone powder considered.
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The amount of limestone present in the binder content is reduced from 40% toakbp into
consideratiorthe percentage available in the cement ®llx M1 was considered a stiff material
since itwas not able to fill the molds by itswvn self-weight and the cube compressive strength
reached 93 MPa after 7 days. Therefore, it did not meet the requireméRAPe£BFRC Table 3-9
presats the concerned batch M1, mixed volume, datdhemixture, proportions, fresh stgtand
cube compressive strengthll of the other batcheare presented itabular forms inAppendix B,

where the blue writing highlights the modified parameters.

Table3-9 Design mix of the first trialvorkability andthe cube compressive strength

M1 (V=1.1L 11/07/2017

Material  kg/m® (9) Workability Qe 000

C1l 859.5 945.45 i 07 chys 07/18/2017 93
LP 0 0 4 14 chys 07/25/2017 98
S2 221.1 243.21 / 28 days08/08/2018 100
S1 1061.2 1167.3

SF1 24.8 27.28

SP1 44.2 48.62

W 176.9 194.59

CSF 156 171.6

Since the superplasticiz€P)has asignificanteffect on the flowability of the mixture, another type
SP2 defined imable3-8 was chosen instead of SP1 for the same design mixture presemtduan
B-2. The comparison betweenable 3-9 and Table B2 demonstrates an improvement of the
flowability. Therdore, SP2 was considered inste&tb samples were taken to test the mechanical

properties of the mixture.

Foran economical and eddendly concretethe limestone content in the binder pastsreplaced

by pozzolanianaterials instead of cemestuch & fly ash (FA), silica fume (SF) and slag (Slg). Fly

ash was considered as the first reactive additive eslasubstituteto limestone powder instead of

the cement as shownTrable B-3. After mixing all the materials, the mixture was in a powdery state
Even though FA is considered to enhance the workability of the mixture, it was noted that in some

80



cases if the carbon level wahkigh, it leads to an increase in water demar{@homas, 2007)A
proposition ¢ reduce the amount of water needed for the aggregaieso usdhe sand with the
higher aggregateliameter(S1)as seen iTable B4 sinceit presents déowersurface area. However,

this parameter did not affect the flowability of the mix{sia@ceit remained powdery as well.

Mix M5 has the same design proportion; yhevolumewas doubledn order to study the size effect

as presented ihable B5. The mkture remained powdery where@6f waterwasadded to make it

a flowable mixture. The water binder ratio wasfo = 0.37 disqualifying thévatchfrom being
considered as doHP-SFRC Moreover, this high flowability can result in the segregation oftéwd s
fibers. This addition of water detoReasddd he ¢
considerablyless than plain concrete. Adding water is not an appropriate method to increase the
flowability, thereforesuperplasticizers must las well considered. Mixture M6 is identical to the two
previous mixes M4 and M5, where both water and superplasticizers were added to increase the
workability. The addition of ¢ of SP2 and 20g of waterasneeded to transform the mixture fr@am
powdery $ate to a more flowable textyras presented ihable B6. The use obne type of sand was

not a goodoption since it reduces the flowability of the mixture and lieggia greateamountof

water andsuperplasticizersSince C2 contains around 10% of limestone, this value must be
considered in the design mixture. Thus, to maintain the same initial amount of cement as the reference

design, C2 is equal to:

0 o} B w B LW W

o

) 2 = 653 kg/nt

Therefore, from th&53 kg/nfof C2,594.2 kg/ni areordinarycement andthe 58.8 kg/mhare LP.
Considering the amount of limestone to cb&0 v §& xkg/m® and assuming LS anthe

replacement pozzolan materfave nearly the same densitymaintain a unit volume of study:
DEQOQEAUWY 0 Yo CoO® LV X qnalpod—
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This amount of FA constitutes about 30% of the cement content, the averagtypicaily used in
UHP-SFRC mixes. The design mixture M7 was initially dry but reached the level of flowability
presented inrable B7 with the addition of 7 g of water and 8 g of SP2. The cube compressive
strengthreached’Q= 80 MPa at 14 day§he mixing procedure wasdoubled for the design

mixture M7, yet no changes in the flow werebserved.

Since adding FA by itself caused some flowability problems, otheozzolanic materials were
considered to study their effect thre workability thecubecompressivetrengthand tensile strength
of the mixture. Therefore, the residual amoohtLS calculated previously (206.53 kghmwvas
divided between the two additivdésllowing different proportionsMix M8/M9 with 30%FA -
70%SIgl (refTable B8), Mix M10 with 50%FA - 50%SIgl (refTable B9) and Mix M11 with
70%FAT 30%SIgl (refTable B10).

For the mix M8 and M9, the duration of the mixing procedure was analyzed to studgdtefthe
workability as presented ifable 3-10, to verify if the initial mixing time is sufficient to complete
the reaction between all these componéFtite. mixture M8 presented iFable B8 hardenedluring
Step 3 inthe fast rate phase to the point where it could no lobgeast A newmixture of M9 was
done with the same design mixtuyet the last phaseas reducetb 2 minues instead of 1finutes.

The workabilityof the mixturewasenhancedvithout adding SP.

Table3-10 Elongation of mixing procedure for two mixes M8/M9

Steps Mixing rate Initial time Modified time (M8)  Modified time (M9)
1 Slow rate mixing 30 sec 5 min 5 min
2 Slow rate mixing 1 min30 sec 7 min30 sec 7 min30 sec
Rest 30 sec 2 min30 sec 2 min 30 sec
3 Slow ratemixing 3 min 15 min 15 min
Fast rate mixing 2 min 10 min 2 min
Total mixing time 7 min30 sec 40 min 32 min

All three mixes presented the same flowabilitlgerefore mechanical tests were conducted on small
cubes and prisms to study the effect of these additives on the hard properties of the mixture. The
graph inFigure 3-19 shows hat the mix M11 containing the highest dosage of FA experienced the
lowest load equalb 6kN. This can be due to the fact that kAerferesin the long termMixes M9
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and M10 obtainedhe samepeakload of 8kN which explains that the effect of slag Slgl on the
concretebs flexural strength stops after a
presented iMable B11 was proposedwhere the pozzolanic additives were SF1 and Slg1 without
thepresence odnyFA. It canbe seemn Figure3-19thatthis design mixture experienced the agh
peak load reaching 8lN. The mixM11 experienced the highestatrhardening behavior and cube

compressive strength which conclsdeat having a small amount of FA is beneficial.

------- MO (70% Slgl - 30%FA)
- M10 (50% Slg1 - 50% FA)
M11 (30% Slgl - 70% FA) "

M12 (70% Slg1 - 30%SF1 -
5 No FA) :

=

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Actuator Displacement (mm)

Figure 3-19 Load-actuator displacement (mm)

Basedon the previous observations, the final mixture proposed contained all three additivine
following proportions:15% FA, 60% Slag and 25% SF. However, some of the matesal were
modified and replaced by C2, Slg2, S3, SF2, SP3 as introduced previotialyl&3-8. In addition,
straight coated steel fibers were introduced instead afdtidail uncoated mixefibersto study the
effect of the type of fibers on the response curvesé@&lmeaterials are highlighted in blueTiable B

12. Thesame mixiig proceduravas usea@s explained for MIThe concrete mix M13 was considered
flowable as can be seenfable B13and can be cl assi f iUHBSFR@AIt he
prismswere pouredand then hammered 25 times on each shmther batch M14 was prepared
following the same mix design as presentedrable B14, yetusing a different mixing procedure.
The main difference relies on the time when the superplasti@P3 was added, where htdé
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amount was introduced in the second step and the other half in the third step. Thisstemeide

a significantdifference in the results.

3.2.1.3.2The tial of the design mixturé&Shao, 2016)

This part isdivided into three different stepsial phase 1first casting andrial phase 2The

proportions of each trial batch greesented i\ppendixB.

3.2.1.3.2.1Trial phase 1

The design mixture corresponding to tbeer waterbinderratio of 0.18 presented iFable2-2 was
choserto obtainhigher mechanicaroperties Since the materials of the proper d@smixture were
not deliveredthe materials specified ifiable B14 for the mixture Blwere used instead. At first,
thetotalamount of sand was divided between S1 and S2 equally. The mixing resaltezhiydrated
material that requirethe addition o#49 grams ofSP1 and 10 mmsof water to reach the level of
workability depictedn Table B14.

Therefore, mix B2 was proposed where the proportions of the sand varied between 20% for S2 and
80% for S1. Moreover, the superplasticizer SP1 was replaced by SP2 based on the previous results
obtained in mix M2. However, a very minimal improvement of tbesdbility was observed where

Table B15 presents a more or less muddyture There wasio bond between the matrix and the

steel fibers. For this reasaxtrasupeplasticizer and water were added until a flowable mixture was
obtained. Teenhancehe workability of the mixturethe proportiongor water to binder ratio equal

to 0.2 presented ifTable2-2, were used for the third bat&@8. However, the mixture remainedan
mud-stateand needed 20 additiongtams of SP2 to become flowable as showiTable B16.
Therefore, these materialsere set aside until the appropriate matenetse delivered. BatcB4
represented imMable B17 presents the actual mix proportions of the reference desigr{Sheo,

2016) A flowable mixture was obtained whei@ reached pproximatelyl40 MPa. A2 liter batch

volume was castetd form 3 cubes and 2 prisrtesbe tested and compared with thechanicatesult

of batch M13 and M14Yu etal., 2015)in terms of compression and flexural strength.
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In terms of flowabili y , the mixes M13 an dWHPSERCwleelthey aten d e r
flowable enough to be able to filarts of a formwork, yet require additional external compaction.
The mix B4 is considered a flowable design mixtuvkereits selfweight is suffieent to mobilize

it. The failed prisms and cubes for mix M14 and B4 are presentadune3-20.

tested prisms:

tested prisms:

= Tested prism at 55 days
$2, Mix 2 (Shao, 2016)| |
p=2478 Kgim® % *

Teﬁe;d prism at Gf;iiaysl
P2, Mix 1 (Yu, 2015)
© p=2528Kgm’|

tested cubes: tested cubes:

28 days

14 days

(b)

Figure 3-20 Failed prisms and cubes (a) M&hd (b) B4

On one hanghe cubic compressive strength of M13 and M14 at 28 dayapyasximatelyl16 and

120 MPa as shown iable B12 andTable B13, which most likelyfal in the limit of theUHP-
SFRCcategoy. On the other hand, the cube for mix B4 was able to reach 140 MPa at 28 days as
depicted inTable B17. For determining the flexural strength of both concrete mixes, all the
corresponding prisms were tested under-fanint bending load with a displacement control of 0.005
mm/min. The main pameters of comparison are the peak loadppak behavior in terms of strain
hardening and pogteak behavior. The flexural behavior is presentelignire 3-21, where all the
resistance cungepresent prepeakhardening capacitgonfirming an adequate borktween the

steel fibers and the concrete maivwkerethe steel fibers were pulled out and not ruptured. In
addition, the curve presents a ppstk softening b&vior.Mainly both mixtures presented the same
maximum peak load of around 12.5 kN and a flexural strength of 20 MPa. The mixture of batch B4
was chosen in this cas@nce it presenteldigherworkability and all the materials were available in
Ontario(Shao, 2016)
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12 B4 - 51 (Shao, 2016) - DIC

B4 - 52 (Shao, 2016) - DIC
M13- R1 (Yu,2015) - DIC
10

M13 - R2 (Yu, 2015) - DIC

—a— M14- P1 (Yu, 2015) - DIC

[o5]

- P2 (Yu,2015) - DIC

Load (kN)

Mid-deflection (mm)

Figure 3-21 Load-deflection behavior for mix BM13 and M4

Moreover, it can be noticed that the behavior of the prisnmt&agure 3-19 are highly stiff with a
deflection of 1 mmat the end of the tegt comparison with the prisms frofYu et al, 2015)in
Figure3-21with a deflection of 10 mm. The main difference between these two MiSdd12 and
B4 is the steel fiber used, where for the former the steel fibers were hybrid while fattén¢he
steel fibers were straight and covered with biasst. Thus, the use of brassated straight short

steel fibers enhances the ductility of the mixture.

First casting

Even though the first casting that was cartdd had the same design mixing proportiaa4, it
did not meet the requirementsat/HP-SFRC Table3-11 presents the results of the first flow test,
showinga very flowable mix to an exterit overflowed the flow table (greater than 230 mm). In
addtion, a segregation problem becaapparenivhenthe steel fibers concentrated in ttenterand

becamesadly separated from the matrix.
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Table3-11 Design mix for thé&™ batch same liquid additives but extended mixing time

B5 In-house casting XV = 115L, 25/05/2018)

Material | kg/m? (kg) Flow test

Cc2 724.13 83.27+ 3.6

Slg2 362.06 41.64+ 1.8

S3 668.6 76.89+ 3.3

SF2 120.69 13.88+ 0.6

SP3 17.01 1.96 % z 5

W 241.13 27.73 D > 230 mm Datter addition of dry materia™ 230 mm
SSF 195.75 22.51

Based on the flowability test, three manintswere highlighted in ste@ and step 3 during the
mixing. Arstly, both steps requireah extendedoeriod of mixing to ensure that all materials were
merged properly together than was followed for the trials. Secondly, as shdwguie 3-22, the
liquid materials were added all at onoestead of a gradual insertion. Thirdly, no flow test was done
prior to the addition of steel fibers to control the flowability of the mixture first two steps are
very critical given that the margin of error for larger concrete volumésgiser than when mixing
small batches. During the mixing, an atterpteducethe flowability of the mixture wamacke by
adding 5L of dry materials as se@arbluefontin the design proportions dlable3-11. However, the

mixture still surpassed the flow table.

Figure 3-22 Addition of the liquid material in one phase during step 2

Trial Phase 2

Additionaltrials were conductet deeplyunderstand the main points discussed previously and how
to controlthe freshproperties of the mixture for future casting. Therefore, the same design mixture

wasrepeated for a 2L of concrete with the prolongatioalbthe differentmixing steps in order to
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observethe change in the desigexture.The trial B6 is presented ifable B18 with 15 minutes
resting time anén 11.5 minutesdurationfor step 3 Theflowability wasmore significanthan 230

mm and did not meet théHP-SFRCrequirements. However, the matrix was considered dense with
no apparent segregation. This is due togiteelual addion of superplasticizethat had an effect on

t he ¢ oncr ericeddmparéthetwaenbatahB5 and B6.Moreover, itis evidentthat the
extension inthemixing duration can actually reduce the amount of superplasticizer ndéketine
increase permits the materitdsreact betweeone another to reaehpointwhereit becomsflowable
before all the amount of superplasticizer is consurdrefore, theaddition of all the amount of

superplasticizeread to a very flowable mix than required.

This problem can be solved by reducing the mixing time or the amount of SP &lded.thatthe

casting of large volumes requires additional mixing time, the only variable parametds case,

would be the amount of superplasticizer to be adBedthis reason, batch B7 wesalizedfor a

volume of 2L where the original amount of superptéatr was reduced as seerTiable B19. Even

though B7 resulted in a good flow test after the addition of steel fibers, the same mixture was repeated
as seen ifable B20with ahighervolume to verifythe size effect othe amount of superplasticizer

to be addedOnly 80% of thdirst SP3 wasusedto obtaina flow test of abou250 mm before the
addition of steel fibersAfter the addition ofsteel fibersthe flow test was around 210 mmhich

falls in the margin oUHP-SFRC Therefore, itvasevidentthat with the increase of the volume, the
mixer is used to its full energy whe the materials amgpropriately blendednd requirdess wet
additives to reach the proposed flowability. The same mixture was repeated for the same volume to
verify that the amount cfuperplasticizer used leadto the same results. The niixe wasconsistent

where only B of SP3wastaken outto decrease the flowability.he final design mix presented in

Table B21 will be the one used for casting.

3.2.2 Commercial
The research participated with the casting of two Canadian concrete mixing companies, where each

one followed their own design mix proportions, mixing procedurefaasth properties criteria. For

confidentialpurposes, they will be named Commercial K @wimercial F.
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3.3 Material characterization tests

3.3.1 Compression strength

The compressive strength was determined based on the standards byl &stmg longeylinders

with a 75 mm diameter atloading ratef 1.0+ 0.05 MPa/go reduce the time requador the testing
(C1856/C1856M) The compressiortest setuds presented irFigure 3-23 and conducted on the
ControlsPilot testingmachineidentified in Table G1. Due to the limited avaable equipment to
obtain the stresstrain behavior of the material, the DIC methodology was used to obtain the pre
peak ehavia and the Ybung modulus of the irhouse concretdhus, one side of the cylinders was
speckled as can be seenFigure 3-23. Prior to testing, the ends of each cylinder wgniededto
produceparallel and smooth surfaces. Moreover, thigkerent values of the lengtand diameter

were meaured to determine the average dimensfongach specimen.

Figure 3-23 Test setufior compressioffior the ControlsPilot testingmachine

3.3.2 Flexural strength

In general, the tensile strength of concrete can be determined direetkgtiyting airect Tension

Test (DTT). However, the latter presents difficulties with the grips generating additional stresses that
can affect the results. Moreover, the valuesiobthdepend on the initial gauge length considered.
Therefore, indirect methods to calculate the tensile strength were proposed such as flexural prisms or
splitting cylinder test.
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3.3.2.1Shear span effect

The flexural strengtid, ) or modulus of rupture (MORJas obtained based on thaifgoint
bending test conductexh two dfferent prismpresented ifrigure3-24 (ASTM C1856, 201Y. Since
the length of the fibes is less than 15 mrthe nomnal crosssection of bothprismsis 75 mm x 75
mm. The testing was realized in the MTfiversal testingnachinewith a loading rate of 0.005
mm/mininstead of 0.05 mm/mito observea detailed behavior of the beams

All prisms were tested on the side surfapposite tathe casting surface for a smooth platform to
apply theloadandplacethe supportsTwo sets dprisms werecastto interpret the effect of th&hear
spanto-depth raticon the flexural strength where a/d = 1 faspr P1 and a/d = 2 for prism Pthus,

the results of series S1 and S4 froable3-12 are compared.

P/2 Pr2 P2 P/2
75 75 75— 150 100 150
Shear span Shear span Shear span Shear span
| | { | | |
| T-) | \ 7|5
—27.5 225 27.5— —50 400 50—
280 500
(P1) (P2)

Figure 3-24 Prisms dimensions for third point loaditgst (mm)

3.3.2.2Method of casting

Table 3-12 presents a detailing of the prisms dividatb setsfor comparison The effect of the
pouring methodologyn the flexural strengttvas studied fom layeredcasting metho@nda flow
method applied from one side of the moulthe results of series S1 and S2 #ren compared
Moreover the comparison dboth prisms G and Hrom series S3 showsthe effect ofadding steé

fibers on the flexural strength
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Table3-12 Set of prisms fotheflexuraltest to calculate the tensile strength

Set Prism Dimensions Casting Steel fiber Casting Testing
(mm) method  presence date date
PrismA
S1 Prism B Layered v 06/05/2018 06/09/2018
PrismC
PrismD
2 prisme XX oneside v 06/06/2018 07/09/2018
Prism F
Prism G v 22/06/2018 07/09/2018
S3  PrismH Layered X (Batch 3)
Prism | 11/06/2018 20/09/2018
S4 Prism J 75 x 75x 500 Layered v
Prism K 12/07/2018 20/09/2018

The loaddeflection relationship was plotted depictthe prepe& and posipeak behavior of all the
specimensThe midspan deflectiomvas measured usirggsmaller version of the frame previously
described irSection3.1.7.1 The frame pinnedto the prism supports an exided bar holding the
linearpotentiometeas can be seen iigure3-25. The latter izonnected to a data acquisition system
recording directly thenid-deflectionof the prismsvithout taking into consideration the displacement
and rotatiorof the supports

Figure 3-25 Third-point loading tessetup from the front

The middeflection was obtained from thel® as discussed previously Bection3.1.7.3 The
specimens were speckled from one side as se€igume 3-26 (a). The actual test setup along with

the camerathe lighting and the clockisedfor the image correlation system is presenteBigure
3-26 (b).
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(@)

Figure 3-26. (a) Test setup witfb) the camera and the lighting

Assuminga linear distribution of stress and strdime flexural strength is calculated froBguation

(3.16:

7,, - (3.19

In this equation

” = Hexural strength or MORMPa)
0 = Moment at peak loagN.mm)

o= Width of the prism(mm)

"= Overall depth of the prisrtmm)

3.3.3 Splitting strength

The procedure for thesplitting test is based o0 ASTM C496/ C4 9 6fh cancrete 7 2
cylinders (100 mm x 200 mm) using the sa@mntrols Mot testingmachine as the compression
cylinders.Theformerwerelaid on their side to apply a linear lodtheloading ratavasmodified to

be 1 MPamin to shorten the time required for ttest(Dean and Graybeal, 2008)he test setup is
conducted in a way to developtdn® stresses that once sirengthr each
longitudinal cracks will develop as shownRigure3-27.
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2

(@) (b) (c)

Figure 3-27 (a) Test procedure (b) simplified force system (c) stresses on el@hight and MacGregor, 2012)

The maximum splitting tensile stress in the center of the spectwaiculated from Equatid.17):

(3.17

“Y= Slitting tensile stres(MPa)
0 = Maximum applied load recorded on tBentrolsPilot testingmachine(N)
Q= Average measuratiameterof the cylinderfmm)

o= Average measurdeéngthof the cylindefmm)

A plywood piecewas cut into3 mm thickstrips, 25 mm width an845 mm long. After the lateral
surface of the cylindawasmarked with two parallel lineghe specimemwasplacedbetween the two
bearing strips as shown gure3-28. Moreover, an additional 50 mwide steel bearing plateas
placed on top aheupper plywoodsince the upper bearing block of thentrolsPilot testingmachine

was smaller than the lengtii the cylinder.

Figure 3-28 Splitting tensile test in th€ontrolsPilot testingmachine
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3.3.4 Fiber Distribution

Some ofthe prisms tested under fleke were cut at a section near the failure area. Thus, the
smoothened crossection was photographed to analyze the steel fibers distribution based on the
Ai mage an alodylbe psrposeasdordetarngine the number of fibers per unit-sexdmonal

area. he diameter of the steel fibers used were 0.2ffme.crosssections were subject to a bright
light to separate the steel fibersrh the concrete matrix itself. Ggach image, the crosection is
divided intoidentical squareswvhere thenumber offiber present in each section were calculated for
each section. Based on that, the total number of fibers present in the concernsdatios<an be

calculated.

The equation to estimate the number of fibers perawad was given in Equation (3)J8oposedy

(Georgiou and Pantazopoulou, 2016)

. " T" | T OC® bPo T
(n) “ ,Q “ T[& (Sla

In this equation:

¢ = Number of fibers per unit area

= Volumetric ratio of fibers = 2.5% for the-house design mixture chosen
| = Fiber orientation factor = 0.5 for a random orientation of fibers

'Q = Fiber diameter = 0.2 mm

Based on the informatiogiven, the number of fiberper area of (10mm xQmm) should be:

€ 39.78

Moreover, for a crossection of 75 mm x 75 mm considered as 64 sections of the unit area, the total

of steelfibers0 present Bould be:

0 =£& @@ 1= 2545 fibers in 5625 mMm
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3.3.5 Reinforcement properties

Direct tensiompullout tess wereconductecdaccording to the ASTM E8 Tension Testing of Metallic
Materialsto determine the properties the tested reinforcing bar$OM and 15M Firstly, the 10M
reinforcing bar preseatia yielding strength of 440 MPa aadyield strain of 0.31 %. The onset of
strain hardening was arouritb me with an ultimatetensile strength of 624 MPaSecondly, the
yielding strength oftte 15M reinforcingwas about425 MPaand ultimate tensilestrength of 584

MPa. For this reinforcingar, the onset of strain hardenwwgsaround 12me.
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Chapter 4. Execution of the experimental program

This chapter will discuss the execution of the entire experimental program starting with the
construction of the wood formworknd the preparation of the speams. Afterwards it will
thoroughly describ#éhe batching,mixing, casting and curing of the commercial anthause design
mixes.Moreover, a detailed explanation will geven regarding therocedure followed to prepare

the beams for testing. Lastlywill present the experimentaktupto be conducted.

4.1 Preparation of the wood formwork for the beams

For more accurate resultg is advised to have three samples for each test experiment conducted.
Thus, three additional wooden beams were designed to match the available steel beams. The beams
were formed in a way to be easitpnnected osemrated Each beam is mainly composeti5

different piecesasshownin Figure4-1: one base panel, two longitudinal side panels and 2 square

side panels.

Square side

Longitudinal
side panel

Longitudinal
side panel

Square
side panel

Figure 4-1 3-D drawing of the beam formwork

All the materials required to design three beams were purchased from HomegIB@pet Depot,
2018)andare presenteth Table G2 in Appendix C The tools used to assemble them are presented

in Table G5. The plywood pangbresented imable G2 (a) wasused to form the basend the four
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sides ofthe threebeams The former was cut intdifferent partsasshown inFigure4-2 with their

appropriate dimensions as presentedahle4-1.

g
4
£
L4
£
g
m
2
i
!
!
N
\\

77

B3 B2

SNNNNNN

Figure 4-2 Partitioning of the plywood for the three beams (hatch part is waste)

Table4-1 Cut-parts of the plywood and dimensiqrer beam

Cut-parts Dimensions(width x length) (inches) Number/beam
B-1 (Base 1) 11.5 x 41.5 1
B-2 (Base 2) 6 x 36 1
L-1 (Longitudinal 1) 6.75x 41.5 2
S-1 (Side 1) 6x6 2

In addition, timber wood was cut according to the quantity and dimension preseiiidaad-2.
The timber blocks areonsideredgsupportspreventing the opening of theteral sides during casting

duetothdiqudc oncr et @réssurel at er al

Table4-2 Typeof timbers cut and lengtber beam

Timbers Length (incheg Number/beam
Th 41.5 4
Tva 6.75 4

To form the base of the beams, the wood piece iBcentered andgcrewedon thebase Bl as

depicted inFigure4-3. Since the thickness of the plywood is chosen 0.75 inches, both panels were
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attached togetharsing the drilling tool presented rable G5 and £/#in. long screws fronTable

C-2 (d). The wood piece B constituteghe lower base of the beam.

B-1(41.5in x 11.5 in)

B-2 (36 in x 6 in)

Figure 4-3 Base panel of the beam by screwing base B1 on top of base B2

Afterwards thetwo identical longitudinal side paneigre formed using part-L as theibase along

with four, 2x2in. timber piecess can be seen kigure4-4. The wo horizontalTh pieceswere bolted

to the lower and upper part of the external face of the wood bsarg the8x1*in. bolts (ref Table

C-2 (d)) to strengthe the sideboardagainst thepressure of the liquid concretess mentioned
previously The other two verticgbiecesTy.1 areattached tdahe internal side of the wood parasl
support fortheside square paneBs1 forming the crossection of the beafmom openingMoreover
consideing the length of the bea(8 6)padd the thickness of the square side panels to be 0.75 inches
each, the 2x2n. piecesare screwed to the board to inéernally distant by 37.5 irln addition,for

both sidepanels a 375 in. deephole isdrilled through theupper and lowehorizontaltimber Th

pieces, the longitudinal wood panél-1) and the verticgpieceTy.1 as depicted ifrigure4-4.

Tv-1 - 2x2 timber
(I = 6.75 in)

Th - 2x2 timber
(I=41.5in)

L-1 side board

(Ix b) = (41.5 in x 6.75in)

Th - 2x2 timber

(I = 41.5 in) Location of the upper

hole going through Tv-1
(0.8 in from the top)

Location of the lower
hole going through Tv-1
(0.8 in from the bottom)

Figure 4-4 One side panel of the beam formed by the baek@lBng with the two types of 2k2 timber Tr and T
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As can be seen irigure4-5, a steel rod is then inserted in the oppdsities of each panel then tied
with the washers and winguts exertig confining pressuren the formworkand mainly the side

square panel-3.

S-1 square
side panel

1/4 - 20 Stainless
steel thread rod,
12 inches long

Tv-1 - 2x2 timber

" Steel wingnut
L-1 Side panel

Th - 2x2 timber Base Panel

Figure 4-5 Detailing of the stainlessteel thread rod to hold all the parts together

In preparationdr the casting, both the wood and the steel formwork were thl@dughly for easy
demolding of the specimers shown irFigure4-6.

Figure 4-6 Oiling of the wood and steel formwk
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