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Abstract

In the current decadenancreasing numberfaeinforcedconcrete bridge structures are deemed

to be in need of repair either due to the sdargbility lifetime of thematerials of their original
design, or due to climatic extremes that cause the concrete materialg¢Nefailgas 2018). This

is especially true for structures such as bridges which are continuously exposed to variations of
the environment including temperature, moisture, and roadmfgsals (Carl 1971, L. Spellman

1971, Demich 1975, Steinkamp 2015).

In the present work, a déd research study of €anadian UHPFRC material product is
undertaken with the objective tovestigate the material performancedetermine & durability

life andidentify thelimitations and challengeate prequalification process and Code Guidelines
presentwhen usedo characterizéhe material.Further, theapplicability of the Annex A8.1 was
explored of the design procedures using a design benchmark example. The exciting finding of this
investigation concluded that by taking advantage ofrieehaical properties of thisnaterial, it

is possible to produce design alternatives for large bridge spans without presifiessied al.

2017. To quantify the global effects on the response of the structural components comprising
UHPFRCmaterials,design parameters affecting the flexural response of UHPFRC girders were

studied
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Chapter 1. Introduction

1.1Background

With the emergence of new construction materials and their introductioodeas and design
practice, new opportunities for innovative designs, and more durable structures become possible.
Of those new materials, the class of reactive concretes knoway &sdUItraHigh-Performance

Fiber Reinforced Concre(eHPFRQ hold promise to change the fundamental concepts of design
This is possiblen account of its spectacular compressive strength, tensile resilience, and superior
durability, all three properties being their identifying characterigtiassen and Thorstensen 2020,
Graybeal 2006Gao efal. 2005. Conventional concreteas an avege compressive strength of

less thar60 MPa, a post cracking tensile strength of less ghistiPa which is not considered in
design, and a design service life of around 50 y&aisninaet al. 2014Alexander 2018 When
compared to regulaoncrete UHPFRC has significantly higher compressive streagkbasti20

MPa), post cracking tensile strengtt [eastc MPa) which is sustained up to very large tensile
strain magnitudes, whereas their design service extends or exceeds 153 388a%23.1 Annex

U 2019, Azmee 2018, Dong 2018

Classification of UHPFRC differs among variausles worldwide; in Canada, the above criteria

are defined in CSA23.1 (2019)- Annex U, which specifies the procedures for quality control
and formal characteritan of all candidate UHPFRC materials that emerge in the market.
UHPFRC comprisesf Portland Cement,SupplementaryCementitiousMaterials,InertFillers,
Water,Superplasticizer-ine Aggregates, andeinforcingFibers(Azmee 2018)material fineness

is designed to be at least 6 times smaller than the fiber length{$iseldab El Din et.al 20).6

This is essential for securing deformation capacity in tension, as aggregates in the material
microstructure disrupt the homogeneity a# tontinuum, and cause stress concentrations. Fibers
thatarrest the crack propagation at the scale of the fine aggsepeageent the formation of major
cracks thaparticipatein the tensile failug. In this manner, several fine cracks may be developed
when the material is stressed in tension before the loss of tensile strength, which, after cracking is
mainly supported by the fibers that bridge the crack p&thang et al. 2018, Huang et al. 2019,

Roy et al. 2017)Thehigh compressive strength of UHPFRC is owing to the very low water to

cement ratio, and high cementitious material content, which in some cases may be more than 1000



kg/m*(Russell, H.G. and Graybeal, B.A 2013). The low amount ofnistesponsible for several

of UHPFRCO6s attractive characteristics: it
that make the material resistant to adsorption of water and other deleterious agents (e.g)chlorides
therefore leading to prolged service lifdGraybeal 200p Furthermore, the presence of ample
unthydrated or partially hydrated cement in the material microstructure enableaialy of

cracks after the ingress efater (Granger et al. 2005 Both theseaspects contribute to the

enhanced durability performee.

The current design practic®r conventional concrete ignores the insignificant amount of
concretebds resistance to tension on account o
strength at very small tensile strain levels (in the oafe®.0001). For this reason, concrete
structures are generally designed to contain properly placed reinforcement: longitudinal bars are
provided usually for strength, whereas carefully detailed transverse reinforcement is provided for
ductility. Howeverthe practice of conventional reinforced concrete, already being prolific in the
past 130 years, has shown alarming performance in terms of susceptibility of the embedded steel
reinforcement to corrosion, resulting from exposure to inevitable carbonatidnn some cases

to chloride attack that can cause premature deterioration to the structure and reduce its service life
drastically(Demich 1975, Rodrigues et al. 2020

The addition of reinforcing fibers improves the tensile strengthdaatility of fiber-reinforced
material (RC) (Yoo et al. 2015 However before the emergence of UHPFRC, localization of
cracks would occur immediately after cracking, wheréasUHPFRC the fibers that crossed the
crack openings mobilizethe fibersto restrain further crack growthwithout being able to
supplement the loss of resistance with increasing crack {Bdiftia 2012, Hannawi 20).an the

early studies of FRQarger and thicker fibers were the norm, where aggregates were of standard
size After the effect of the fiber length to diameter aspect ratio became undkestomell as the
significance of reducing the maximum aggregate size, the material was optimized into its current
technology Effectiveness of the fibers is dependent on theribatrix, bond strength, and fiber
tensile strength (Banthia, 2012). UHPFRC has a high density with limited connected capillary
pores which helps in delaying the occurrence of corrosive actions and therefore exhibit excellent
durability performancéMosalerpanah 2016 In the context of bridges, given the high strength to
volume ratio of the material, bridge structures can be designed that use less material, have lighter

selfweight, extend over longer spans, with reduced-dyfele costs of the entire atture
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(Groenveld et al. 201’ Nguyen ¢al. 2013). Considering all kinds of countermeasures that can be
used for prolonging conventional concrete structures, UHPFRC is an outstanding material that can

outperform conventional concrete owing to its supariechanical and durability properties
1.2 UHPFRC Materials

With the rise of attention and efforts being made in the current decade to develop more sustainable
means for construction, Larson et al. (2017) conducted a life cycle inventory analy$igin

normal strength concrete (NSC) was compared with a UHPFRC alternative as possible materials
of choice for constructing a single bridge with a design life of 100 years. The study illustrated that
when opting for NSC more concrete was consumed butl@egthcement amount per bridge, than

the UHPFRC alternative. The lifetime consumption, however considering the necessary repairs
and replacements, was found to be 52% greater than in the UHPFRC bridge. According to the
Impact assessment included in thelgtut was found that the impact to the environment (including

the CQ emissions and the use of energy and natural resources) was 10% less in the UHPFRC than
in the NSC bridges. The NSC bridges were estimated to produce 82 tonserh(S8€§lons whereas

the UHPFRC alternative was estimated at 68 tons. In light of durability research and current
developments in the material technology, UHPFRC materials for bridges are now available that

may secure a design service life of up to 200 years as per CSA S6 A0dQU

Thus, the emergence of UHPFRC technology developed in the last 20 years brings new
opportunities in designing better performing and more dependable infrastructure. This is why the
use of the material in bridge engineering is increasing at an exjdnmate as depicted in Figure

1 which shows the number of UHPFRC bridge constructions in the U.S and Canada from 2006 till
2016 as reported by FHWA in 2018.
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Figure 1. Timeline of UHPC bridge construction in the U.S @ahada from 2002016 (FHWA 2018)



UHPFRC may be classified as a composite material comprising the concrete mix and discrete
fibers. It was stated before that fibers play an important role once a crack width is opened under
load. CSA S€19 Annex A8.1 desdoes two types of behaviors that can be observed after cracking,
i.e., TensiorHardening (THFRC) and Tensi8oftening (TSFRC) response. Tensiblardening

is a type of behavior that can be observed beyond the first crack, where the concrete demonstrates
increasing resistance to increasing tensile strain, over @aking plateau that resembles the
behavior of elastiplastic materials with hardening; this characteristic is enabled by the fiber type
and volumetric content of the material. Fibers enahteeased tensile strength beyond the
cracking limit. In the case of Tensk8voftening materials, the pestacking resistance curve
exhibits softening, with the strength degrading significantly after the first localization of a crack.
Figures2 and 3 illustrate the resistance curve of a Tenstaftening and a Tensigdardening

material, respectively.
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Figure 2:Tension Softening Behavior (CSA S6:19)
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Figure 3: Tension Hardening Behavior (C$%:19)

The effect of fiber content and fiber orientation is very critical when considering therpoking
behavior of UHPFRC. On account of its very fine aggregate content and the reactive powders it
contains, in most cases the UHPFR@terialis a hicghly flowable ( a flow of around 200mm)
selfconsolidating material that requires no vibrati@obuz et al. 2017Habel etal. 2008.
Vibration is often used in conventional concrete to help consolidate the fresh mix so that the
hardened concrete has homogeneity and low poro3iking advantage of this marked
flowability, it is the current practice to pour UHPFRC from one end in ttmeviork as this mode

of casting is believed to help the alignment of the fibers with the direction of th€Zlamget

al. 2020, Qui et al. 2020 For example, in the formwork of a beam, the mix is poured in a manner
to allow the fibers to settle perpeadlar to the load direction (Huang et al. 2018). Through
pertinent casting, therefore, it is possible to optimize the position of the fibers for as themselves to
reduce the crack width growth under tensile load. Fidultastrates the optimal fiber omgation
distributed throughout a flexure beam where the fibers are parallel to the direction of tensile

stresses.



Figure 4: Fiber Orientation (Guet al. 2018)

The figure above is only for illustration purpos@€gnerally, when the UHPFRC is poured, not all
fibers are orientedertically. This is the effect of internal friction which happens between the fibers
and the concrete (Yoo et al. 201Bipers that are oriented parallel to the tensile strgsséisipate

in reducing the crack widths. When fibers are oriented in the intended direction, the material
exhibits a higher postracking stiffness when compared to random fiber orientafanhermore,
longitudinal fiber distribution has been shown to give higher values for cracking load, yield load,
and peak load (Huang et al. 2019, Roy et al. 2017) on account of the bridging effect which is more
effective and robust when the fiber oriefdatis in the longitudinal direction along with the flow.

The bridging behavior is illustrated in Figusevhich represents a cracked UHPFRC prism that
had been previously tested in Lassondeds Hi ¢
orientation on th alignment of the fibers is better controlled in precast construction, and in more
shallow members. In fact, the deeper and the thicker the member that is being cast, the more
difficult it is to control this paramet€iWu 2015, Yoo 2016 In this contek the behavior of the
UHPFRC flow direction in field conditions is compromised as compared to that obtained in
characterization and quality control tests; this effect is accounted for in practical engineering,
through the introduction of an effectivenesgfficient, which may range to as low values as 40%.
(CSA Annex A8.)
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Figure 5: Bridging Behavior of Steel Fiber

1.3 Objective and Scope

The UHPFRC materials are rather expensive (about 10 times the price of nonuoadte) and
require significant expertise in installation, the casting issues mentioned in the preceding being of
primary concernTheir favorable properties and durability have made them patrticularly attractive

in Accelerated Bridge Construction (ABQ} eliminate the issues related to corrosion and to
provide fast and nedisruptive bridgeeplacemen{Shafieifar 2018, Wang et al. 202However,
methodologies to design with these miadsrare still being developé&dwith the exception of the
French supplement to Eurocod2 (2Q13) all other countries that use advanced UHPFRC
technologies are still in the phase of code developments in the form of preliminary documents and
Annexes (e.g., in Canada, bridge design with UHPFRC was first described in Annex 8-86CSA

in 2019, and it was raer preliminary). A major limitation that hinders code development is the
uncertainty regarding the documentation of a dependable-strassresponse for the material in
tension(FHWA 2019. Until now the established procedures required to qualifydHEFRC
material as THFRC or TSFRC and to obtain the characteristic str@&s response in tension
(Through the prescribed inverse analysis from CSA Annex U for characterization of UHPFRC)
are indirect and fraught with several practical and theoretisplitesYang 2019. Nevertheless,

this is an important limitation for producers of UHPFRC materials, as the result of characterization

of their material controls their access to the international market.



In the present study, the performance ofgualification procedures adopted for characterization

of the tensile response of UHPFRC in Canada is assessed and its limitations and challenges are
identified. A Canadiaiproduced UHPFRC material is used asae study in order to assess the
performance of the 201&tandardgAzmee 2019 To achieve this objective the research study
includes both experimental and analytical components. The experimental program consists of
practical implementation of the durétyi, mechanical and physical testing procedures needed in
order to characterize the material properties; consistency of the approaches, dispersion, and
applicability are investigatedhe experiments are focused in a laboratory setting to firstly better
understand the materials for a fmast environment. Tests which are generally conducted in the
field for quality control are not the focus of interest, however some test and curing regimes are

explored with the experimental phase.

Along with the materiatests, the applicability of the informative version of Annex 8 to €SBA
(2019)was explored by participation in a rourabin evaluation of the design procedures using

as a design case study a tsman bridge girder under distributed and point loadsgdediwith a
UHPFRC material exhibiting THFRC respon$ae roundrobin procedure involved several other
research affiliations including universities as well as industry partners, this procedure was set in
the task force committee to discuss the incons@tn present in the Canadian Annex for
UHPFRC (Annex A8.1 2019) with regards to a design case study. The round robin evaluation
was done by comparing the different results obtained for the same design cadeostuelych
research groypghe importancefat was to evaluate the readiness of the Annex for publication in

design codes.

The evaluation was motivated by the current CSA task force developing the 2025 version of
Annex 8, where the performance of the existing procedures, inconsistencies, antadieeiges

are the focus of interest. An exciting finding of this investigation was that owing to the significant
compressive strength of the material, it could be possible to design large bridge spans without
prestressing altogether, by taking advantagbe spectacular compressive strength of UHPFRC.

An additional finding of this case study investigation was the identification of inconsistencies in

the quality control testing method used for the characterization of tensile strength of UHPFRC.

Lopez (D17) propose a simplifiedinverse analysis method by which to characterize the tensile

strength with analytical equations performed on dpoint bending prismsthis method was



adopted in Annex 8.1(SA-S6 2019) and has been required to be used in Caf@da
characterization of all UHPFRCs in the Canadian maiketm ths method prescribed ithe

annex, it was found that there exists a range of possible values wherein the prescribed code method
may lead to incorrect values for the milestone points of the tensile-strassdiagram of the
material. To quantify the global effects on the resporfseomplete structural components
comprising UHPFRC materials, with a particular interest in the precast bridge construction, the
last part of this thesis explored the design of a CPCI girder for a variety of possible compressive
and tensile strengths of BHFRC replacement of concrete. Design parameters affecting the
flexural response of UHPFRC girders were studied with an emphasis on (a) formulating the design
expressions that control ductile performance, (b) cover a range of material properties; and (c )
exploring the potential span and weight limits for which prestressing could be mitigated thereby
increasing the value of this method of construction by servicing on account of concrete material

strength alone, similar roles in bridge design as the estallliSPCI prestressed girder form.
In summary, the main objectives of this research are defined as follows:

1. To test the applicability, repeatability, and robustness of current material characterization
procedures using as a case study a Canadian UHPFR@ahptoduct.

2. To validate the proposeaiethod forobtaining UHPFRCs response to tension through
direct tension tests as well as the prescribed inverse analysis mathottain linearized
tensile stresstrain and stress crack width openings for UHPHR@Ether tocomparethe
tensile strength results obtained frahe different tension tests in the literature and
compare with the tensile strength obtained from the inverse analysis of the Code Based
methodology.

3. To investigate the applicability and lirattons of Annex 8 of CS/&6 (2019)structural
bridge design provisions through application in the case ebaam as part of the CSA

task force

1.4 Thesis Outline

This thesis report comprises eight chapters. The chapters are organized acconeifgjltmwing

summary:



Chapter 1-Introduction : This chapter introduces UHPFRC and its favorable tensile properties
for structural engineering, particularly feasible for the ABC industry by a brief explanation of the
constituent performance of the mate@al a composite, and its spectacular ductility and- post
cracking resistance. In addition, the objectives and scope of the research study were presented.

Chapter 2-Literature Review: This chapter focuses on reviewing the historical background of
concrete ad comparison with UHPFRC material. Further, this chapter explores the classification
of a UHPFRC material following CSA and FHWA, the challenges presented to practical material
validation and characterization, the limitations induced by the unknown digtntof the fibers,

and the experimental evidence regarding the tensile strength of UHPFRC, Flexural strength, and
past bridge design applications. The chapter also includes a review of the reported properties of

UHPFRC fordurability and physical perfanance.

Chapter 3-Durability Tests: This chapter outlines the procedures and findings of a series of
durability tests performed on a proprietary UHPFRC mix which is used as a case study in the
thesis. The methods used follow the CSA S6 Annex U for chaizatien of UHPFRC materials.

This enables a firdtand experience for observing the many aspects of the response of a UHPFRC

material, illustrating the relationship between different aspects of material assessment.

Chapter 4-Mechanical Tests and Physial Properties. Following are the mechanical and
physical tests conducted on the case study material, as outlined in the CSA S6 Annex U. The

challenges and observations regarding testing errors and uncertainties are detailed in the chapter.

Chapter 5-Inverse Analysis:This chapter evaluates the tensile response obtained through inverse
analysis of flexural tests as is the current quality control methodology adopted by Afiddr
bridge code and identifies and illustrates the challenges to its appliaatiokey characterization

methodology in the UHPFRC materials industry.

Chapter 6-T-Beam Investigation: The design clauses of Annex8.1 are further explored
through application to a-beam example intended to capture the extent to which uncertamties i
the material characterization as well as in the actual mechanistic response of UHPFRC structural

components propagate in the structural design of the component.
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Chapter 7-CPCI 900 Girder Designs: The flexural response of UHPFRC girders is investigated
in this chapter, aiming to define the bounds of performance of a precast UHPFRC girder without

prestressing as an ABC component in the fast assembly of bridge decks.

Chapter 8-Conclusions/Recommendation: The main findings of this research program and
practical recommendations for quality control of UHPFRC and practical design with this material

are summarized.
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Chapter 2. Literature Review

The scope of thiditerature reviewis to provide context for the salient points of the present
research Although the field of UHPFRC is relatively new compared to conventional concrete, the
ongoing research in the last few years is vast, covering a wideabigf@pplicatiors. Howeve,

many of the important questions that form the basis of the design applications of UHPFRC are
built on the assumption that material strength and ductility in tension is well understagideand

and thatthe values reported by tmeanufacturers are dependable. Howethgs assumption is

under scrutiny and debatéang et al. 2021 conductedund robin tests on the same material, in
same batch and method of castitigthave illustrated the details of the test setup may affect the
results significantly, with a spread more than 30% of the mean.\ahagt from the test setup
several other causes of uncertainty and dispersion exist, including the orientation of fibers which
is affected by the manner of casting and the bias owittgetspecimen form being prevalent. The
following sections beginvith an introductiorof those aspects d#HPFRFCbehavior that may

affect its characterizatiorfollowed by experimental results and observations regarding the
durability and mechanical propms assessed by other researchers. Additionally, this chapter
focuses on the importance and uncertainty still present in measuring the tensile strength of the

material.

2.1 FHWA and CSA Classification of UHPFRC

UHPFRC generally consists of Portland cemefine sands, reinforcing fibers, chemical
admixtures, and water. The properties and dosage of each type of ingredient, curing methodology,
and casting methodology can result in diverse characteristics of the material. According to FHWA,
UHPFRC is a clas of material that comprises cementitious based composite with discontinuous
fiber reinforcement, compressive strengths of over 150 MPa, above 5 MPa strength in tension, and
consists of enhanced durability which is the result of their discontinuous poctust. The
Canadian Standards Association (CSA) defines ER(P as a cementitious composite material

with enhanced strength, durability, and ductility when compared withgeglormance concretes
(Annex U). The CSA notes that UHPC can contain fiberpémtcracking ductility where the

material may have a specified compressive of at least 120 MPa at 28 days. The Canadian standard
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further divides the UHPFRC into two categories based on their compressive strengths at 28 days
cured with TN28 curing followig testing method CSA A23.2C, where TN28 curing is achieved

by curing the concrete for 28 days with no thermal treatment and under ambient conditions of 23
°C in 95% relative humidity or higher. Additionally, the CSA prescribes a list of testing methods
to obtain the durability properties with specific criteria required to meet the durability life of the
material as DL50, DL100, and DL200. DL is referred to the minimum design service life of a

structure in terms of years in the range of 50, 100, or 208.yea

The mechanical properties of UARC are enhanced when stes@ased curing is usedThe
steambased curing treatments tested in the literature include steam, delayed steam, and tempered
steam (FHWA 2013, Graybeal 2006)The general trend noticed from stedmsed curing
concluded that steam treatments increase ER@3 compressive strength by 53%, increase in its
modulus of elasticity by 23%, decrease the creep coefficient and show little to no length change
under long ternstrinkage(FHWA 2013) This effect is also seen in the chloride ion penetration
(Ahlborn et al. 2008 The tensile strength of UHFRC before and after cracking is observed to be
significantly higher than that of normal concrete. URRE displays durability mperties that are
significantly beyond those normally associated with concrete, regardless of curing treatment
(FHWA, 2013.

2.2 DiverseEffect on Characterization due toFibers

Huang et al. (2018) repoan L-Shapedevicewhich controk theflow of the fresh mixshowed
improvement on fiber orientation which directly showed an improvement effect to the flexural
strength of UHPFRC. Huang et al. (2021) reported that fiber alignment can enhance dynamic and
guastistatic mechanical propertied the material Yoo et al. (2016) reported that better fiber
alignment in the tensile load direction and higher fiber % per unit area when the mix was placed
at one end and allowed the flow of the mix to fill the mold. This further led to higherdlexur
strengthandnormalized deflection capacity in beams with better fiber alignment. Ye et al. (2012)
reported that UHPRC mixtures incorporating higher aspect ratio fibers had increased flexural
capacity compared to lower aspect ratios which are direoitgdi due to more fibers with smaller
diameters (higher aspect ratios) have increased number of fibers per unit area, leading to more

fibers bridging the crackgherebyresultingin higher flexure capacities. Maca et al. (2012)
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reported that during an optization program for UHPFRC mixes, it was found that fiber content
between 2% and 3% reported better workability and superior mechanical properties. Zemei et al
(2015) reported that with the presence of steel fibers the compressive and ultimate flergtiesst

of UHPFRC showed increased peak loads compared with mixes without steelfbargg et al.

(2019) reported that fiber rotation is restricted by the formwork boundaries which generate
inhomogeneous fiber orientation and flexural performance aldtingthe distance from the mold
sidewalls. Zha et. al (2017) reported that a panel that was cast by pouring the material from the
center showed a wide scatter of post cracking capacity and that it is not recommended for practical

applications.

2.3 Tensie Strength of UHPFRC

Larsen et al(2020) reviewed the effects of fibers on compressive and tensile strength BRGHP

from a variety of specimen geometries, sizes, and procedures. The rethatsesfiow thaisteel

fibers have the potential tmprove the tensile strength of UARC, where theeffects on tensile
strength depend on fiber content type, and lastly the influence on fibers compressive strength is
guestionableNguyen efal. (2014) investigate the size and geometry concerning the effelirect

tensile stress versus strain response of UHPFRC and conclude that with increasing gauge length,
section area, and volume of specimen, there was little reduction in post cracking strength, while
strain capacity and energy absorption capacityedsed. Rall(2019) reported the correlation
between results obtained from direct tension tests and bending experiments is not clear due to the
strain distribution in direct tension being nonlinear and dependent on the frictional action exerted
by the teing grips. Aouet al (2019) reported that the fiber bridging behavior plays a major role

to resist crack propagation. Graybeal (2019) investibdiféerent direct tension tests to conclude

that the uniaxial tensile response of UHRZ includes four dighct phasesi.e., the linear elastic
response, a pesracking hardening, a plateau, and then a-peak softening rangéJHPFRC

tests showed mechanical properties beyond those normally associated with structural concrete with
a modulus of elasticity regpted for the mix at 54 GPa, tensile cracking of over 7.6 MPa, and
maximum tensile strength of 8.3 MPauct al.(2020) reportdfrom an investigatiortonducted
experimentallyon nine dogbone specimenthat weretested in direct tensigon the effects of

reinforcement ratio, fiber orientation, and fiber chemical treatment on the tensile behavior. The
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investigation reports that the typical damage done on rebar reinforcedRIHRembers include
the rupture of steel rebars, the addition of iamdjnal reinforcement effectively improved the
postcracking stiffness, cracking resistance, and a peak load of UHPC members under direct

tension.

2.4 Flexural Strength and Bridge Design

Yoo et al (2015) report that the addition of steel fibers reslitean increase ithe compressive
strength, elastic modulus, and a significant improvement in the flexural performance with regards
to flexural strength and deflection capacity. The first cracking load and corresponding deflection
for reinforced UHPC bems were reduced by the inclusion of steel fib&rse to the homogeneous

fiber dispersion, the postacking stiffness, and loazhrrying capacity were significantly
improved with the addition of steel fibers because of the bridging of steel fibers tasacks.
However, dower ductility index was obtained for beams with steel fibers than those without. The
beams with steel fibers failed by rupture of steel rebars. Mohammadreza et al (2018) proposed a
numerical model calibrated by fepoint bendingests based on the assumption of linetain
distribution on rectangular sectiong\fter comparisorwith the testdatait was found thathe
modelconverged tdhe experimental datahowng an error of 12%. Yo®.Y. (2016) report an
investigation where three different fiber lengths having the same diameter were used, the results
of which show that enhancements in flexural strength and energy absorption capacity were
observed when longer fibers (higher aspect ratios) were used, whereasignificant effect of

fiber length on first cracking properties was obserwahg et al. (2010) reported that a emay

pour showed to enhance the flexural capacity for identical s@ssons and rebar ratios when
compared with mixes poured aetimidspan of the beams. Graybeal (2008) reports an AASTHO
type Il girder investigation which shows that UFRC |-girders develogd flexural capacities

larger than those of conventional concrete with similar geometries and that flexural design of
UHPFRC | girders can be completed rationally through the use of conservative approximation of
the stresstrain behavior Almansour(2008) reports that the use of UHRC in precast and
prestressed concrete girders enable a significant increase in bridge sparslabtregirder

bridge design compared with conventional concrete. A comparison between two UHPC examined
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sections showed that order to get the most favorable ratio of girder weight to moment resistance,

the optimal section can be developed in the siaege between CPCI 900 and CPCI 1200.

2.5Durability Properties

The material composition of the proprietary mix used for the experimental study conducted for
this thesis is called DURA. This was a UHPFRC mmiiginally introduced in Malaysia in 2006

the technology of the composition was later transferred to Canadddaglgproprietor, who
embarked on the production of DURA in Canada using Canadian source materials. In fact, this is
not a straightforward challenge. On account of the chemical and grain size sensitivity of the
material properties, it was found that flowalyil setting time and strength could be significantly
compromised by the chemical content of Canadian waste powders (Fly Ash and Slag)
Optimization of the mix and characterization so that a Canadian made product could be used in
Canadiarbridges ensuedDURA UHPFRC mixhasbeenused in bridge applicatigrsince2010.

The DURA premix consists of Portland cement, Fine sand, Silica Fume, Steel fibers, Super
plasticizers, and water (Azmee and Shafiq 20IBg base mix of DURA UHPFRC contains 911
kg/m® of Potland cement, 911 kg/wf fine sands, 225 kg/frof silica fume, 173 kg/rhof steel

fibers 38 kg/n¥ of superplasticizers and 200 kg/of water. (Note: the mix used in this thesis is

a proprietary mix, the base material quantities are reported here as included in Azmee and Shafiq
2018 the actual mix tested is of a different variation made from the same base mix.d2sign

is one prodcer of this type of material, in the current literature there are many UHPFRC material
compositions made by many different producers, but only a few made with locally sourced
Canadian materialg.he spectacular durability properties of UHPFRC are owinigstporosity

and absence of capillary pores which makes the material resistant to absorption of water and other
harmful chemicals such as chlorides and sulphates (Graybeal Z0@5following list contains

the list of durability parameters and the tegtstandard prescribed by CSA Annex U for the

characterization of UHPFRC used in this thesis,
Chloride lon PenetrationCSA A23.211C / ASTM C1202
Salt Scaling ResistangeCSA A23.222C / ASTM C672

Abrasion ResistandeASTM C944

16



SulfateResistanc& CSA A3004C8/ ASTM C1012

2.5.1 Chloride lon Penetration/Permeability

UHPFRC has low Chloride lon Penetration which is a direct result dile torevalence mostly

of fine discontinuous pores its microstructure Many researchers have reported low permeability
obtainedfrom the ASTM C1202 rapid chloride ion penetration test. According to ASTM C1202
permeability values of less than 100 are considered negligible. Graybeal (2012) reported a chloride
ion penetratiorof fewer than 4@oulombs at 28 days with steasured specimens. Ahlborn et al.
(2008) reported a chloride permeability of fewer than €60lombs for both aicured and heat

treated concretes. Bonneau et al. (1997) reported a valueds€6ulombs forwo specific mixes.
Thomas et al. (2012) also reported a permeability value df9Coulombs at an age of 28 days.

For comparison, Pfeifer et al. 1994 reported a chloride ion penetration of a conventional concrete
having a water to cement ratio of 0.23haiut silica fume to be around 800 coulombs pasHeel.

effects of permeability on cracked beams were also investiggt@&daybeal (2008) where beams

were subjected to 500,000 cycles of loading over 154 days. The reported penetration showed an
ingress of3mm in the side faces and 5mm on the tensile face of the beam. Moreover, the steel
fibers crossing cracks did not show any signs of section loss or failure in tension. Aarup (2004)
also tested smatleams with reinforcement which were loaded to differesding conditions over

4 years exposed to different levels of salt solutidie increased loading of the beams caused
crack formation at the bottom face of the beams where tension occurs, the salts were poured before
each loading stag&heyreported nacorrelation between the loading of beams and chloride ion

penetrationthe low amount of porosity and capillary pores being the main reason for this result.

2.5.2 Salt Scaling Resistance

The standard method to evaluate the scaling of the concrete dudaces exposed to -@eng
chemicals is ASTMC672 or the CSA A23:22C. The difference in the two standards in the de
icing agent usedvere as follows:ASTM C672 uses calcium chloride and CSA A232C uses
sodium chloride. Calcium chloride is an efigetdeicer and in comparisorsodium chloride is

more effective due to its ability to extract moisture. Graybeal (2012) reported no surface scaling
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of UHPC for 215 cygles. Bonneau et al. (1997) also report negligible amounts of scaling for three
mixes after 50 cycles. Schmidt et al0Q2) reports a scaling of 100¢7after 56 cycles of freezing

and thawing, and also observed that specimens that received no heat treatment showed higher
freezethaw resistance than specimémat had beeheattreatedprior to exposurerlhe salt scaling

reported for conventional concrete tested with AST8F2 standard was reported at 0.8 kigthy
Bonzoubaa et a{2008).

2.5.3 Abrasion Resistance

The abrasion resistance reported by the researchers in thesfisidnmed inthe following
observationsAbrasion resistance of UHPFRC is affected by the curing method, aodritigion

of thesurfacebeingabraded. Graybeal (2012) tested several specimankal been eithasteam

cured,or, untreated, tempered steathand delayed stead All specimens tested in abrasion

were either sandblasted, finished with steel cast surface, and/or wereegraamthe abraded
surface. The results show that specimens finished with a steel cast surface showed the least amount
of abrasion and the sandblassenifaces showed the most amount of abrasion. Further, the results
show that stearoured specimens when compared with untreated specimens displayed higher
abrasion resistanc®yo et al.(2019 reported an abrasion loss of 6.8 grams for a conventional

concete mix with a compressive strength of 40 MPa.

2.5.4 Sulfate Resistance

The sulfate resistaneeasreported by Pierard (2013jter teston three prisms of 40mm40mm

x 160mm which wereonditioned bymmerson in sodium sulfate with the concentratioh16g

SO per liter It was found that specimeshowed no length change over 500 dajswever,

the testing standards in North America ASTM C1012 and CSA A23.3 ABB&4use higher
concentrationspf 50g/L NaSQw and thus resultsnay showlarger expansion valueaSTM

C1012 reports a length change for a test mix for ASTM C150 Type Il concrete to be at 0.04% at

12 months of exposure in the sulphate solution.
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2.6 Mechanical Properties

The following list contains the list shechanical parameteasd the testing standard prescribed
by CSA Annex U for the characterization of UHPFRC used inthi@sis

Compression StrengthCSA A23.29C

Poi ssonds Rati o ainASTMGC4HUC18E of EIl asticity
Linear Shrinkagé CSA A23.221C

Coefficient of Themal Expansion AASTHO T336

Creep Coefficient ASTM C512

2.6.1 Compressive Strength

The minimum compressive strength requirement of UHPFRC is 130 adéading with the
AFNOR NF EN1370/CN (2013}he limit is set al50 MPa in FHWA (2013), anat 120 MRa in

Annex A8.1 of CSAS6 (2018) and Annex U of CSA23.1 (2019). Due to the high compressive
strengths of the materigdBETRA-AFGC (2002) allows UHPFRC materials to be tested under
compression with a loading rate ranging 0.24 MPa/s to 1.7 MPa/s. Kazemi agitl(RQh2) as

well as Graybeal and Hartmann (20083ammended that loading rate up to 1 MPa/s be utilized

so tha the compressive strength is not affected for UHPFRC material. Moreover, Skazlic et al.
(2008) reported a size effect on the compressive strength of UHPFRC speabteened from
cylinders having/lOmm diameter and 140mm height, when compared with 100@meter and
200mm high cylinders. The high compressive strength that is achieved by the UHPFRC material
is due to its density armbmpacimicrostructure which enables its superior response to compressive
load. The addition of fibers does nappear taaffect the compressive strength before cracking,
however, post cracking, the addition of fibeegucests lateral strairdilatationwhich indirectly
improves its compressive residual strength (Kazemi and Lubell 2012, Ye et.al 2012, Hassan et al.
2012, Orgas and Klug 2004)
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2.6.2 Modulus of Elasticity

Equations 2L and 22 present empirical relationships between compressive strength and modulus
of elasticity of UHPFRCGraybeal (2019) reported a modulus of elasticity for the material tests
in tension of ugo 54 GPa. Th&quation 21 was reported by Graybeal (201®jginally proposed

by AASHTO (2019 to calculatethe modulus of elasticity fde® values between 30200 MPa.

Ma et al. (2009 developedEquation 22 for calculating the elastic modulus &fHPFRC
containing no coarse aggregatdsany other researchers have also reported the modulus of
elasticity in agrementwith Equations 2L and 22 (Gao et al2005, Ichinomiya et al. 2005, and
Marijan et al 2005).

O T@cT®™QFHicE Qoi Equation 21

O vcgumA Q§iIiod Qoi Equation 22
263 Poissonbs Ratio

|t i's noted that UHPFRC is generally <charac-
Ozyildirim (2011) and Graybeal (2011) reported a Poisson's ratio of WHEeasSimon (2009)

reported avalueof 0.2. Joh et al. (2008) reported a Poisson's cditib16. Ahlborn et al. (2008)

reported a Poisson's ratio of 0.2hstly, Bonneaet al.(1997) reported a Poisson's ratio of 0.19.

CSA A23.22019n ot es a Poissonéd6és ratio f Oir026.onventi on

2.6.4 Coefficient of Thermal Expansion

The SETRAAFGC (2002) reported aoefficient of thermal expansiolCTE) value of 1k10

6/°C. For the same variabl§raybeal (2011) reported a coefficient of thermal expansion of 14.7
to 15.6<10%°C. Fehling et al(2004) reported a CTi#alue of 1x108/°C. Simon (2009) reported

a CTE value of 10 to 1210%°C. Ahlborn et al(2008) reported a CTE value of 13.6 to »4.8

6/°C. Lastly, Behloukt al (2002) reported a CTE value of ¥20%°C. FHWA (2016 reporteda

range for CTE values for conventional concrete of around &/%C@o 12 x10°/°C.
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2.6.5 Creep

The standard test method for creep in North America is the testing method ASTM20352

In this test, the creep specimens are subjected to axial stress where the length change is measured
using a strain measuring device over time. The creep coefficient is calculated as creep strain
divided bythe initial instantaneoustrain responseFrom several researchers in the field, the
following creep coefficients are reported. Graybeal (2011) reported a creep coefficient-of 0.29
0.78 having testedl-inch diameter cylinders loaded at age®4, and 28 days. Graybeal also
reported a creep coefficieat 0.32 to 0.85 which was measured after 30 minutes under sustained
loading to indicate the high creep coefficient values during the short loading duration time. Burkart
and Muller (2008) reported a creep coefficient 0f36810%MPa specific creep valsemeasured

from differing ages of loading, specimen size, stress level, and curing conditions on UHPC. They
measured a creep coefficient in the range ofl03%after 100 days under load. They also reported
that the creep coefficient was observed to deer@ath agaipon firstloading and increased with
specimen size. Ichinomiya et al. (2005) reported a creep coefficient of 28<tt040/Pa after

150 days under load for specimens loaded at 2 and 4 whgseas fospecimens loaded at 28
daysthe investigatoreported a specific creep of 2M10%MPa after 120 daydNakov (2017
reported a creep coefficient for a conventional concrete mix C30/37 type concrete of 1.501 at 400

days.
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Chapter 3. Durability Tests

The protocol prescribed by the Annex U to CSA A23.1 (2019) for evaluation of the durability of
UHPFRC materials is meant to classify them in one of three categories that is mapped on the
estimated duration of the service life of the resulting structuraponent, as defined in Table 1.
Therefore, this is critical for the material selection and the assumptions made by the bridge
designer given the conditions of exposure of the structure.

Tablel: Durability Rating (CSA A23.1:19 Aer U)

Durability limits (DL)
. . 0
Abrasion Sal't Absorption Chloride !on Sulphaf[e reS|stf':1nce (
loss (q) scaling (%) Penetration expansion maximum a
(kg/n?) (Coulombs passed 12 months)
Test ASTM CSA CSA A23.2
Method Co44 A23.2-22C 11C CSAA23.223C CSAA004
DL 50 <5.0 <04 <3.0 <500 <0.05
DL 100 <1.0 <0.2 <3.0 <300 <0.05
DL 200 <0.5 <0.1 <3.0 <100 <0.05

The design service life of a structure requires a holistic approach and is not only dependent on
material properties. At the time of writing this thesis, Annex U is under revision for the 2025 Code,
and states that the durability limits for the acceptahdield testing have not yet been established,
underscoring the need for more data collection before specific limits may be established.

The following section examines the practical implementation and resulting durability limits of the
reference UHPFRC aterial studied in the present thesis. This material contains Portland cement,
Fine sand, Silica Fume, Super plasticizers, water and is reinforced with 2% by volume, brass
coated 20 mm long, 0.2mm diameter steel fibers (Azmee 2019).

3.1Abrasion Testing

The abrasion test is intended to determine the rate of material depletion from a surface that is

subjected to repeated mechanical distress. Therefore, the result of the test is measured in grams,
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and represents the mass loss from a eefe surface subjected to the prescribed load routine. As
stated in Annex U, the loss due to abrasion is to be determined on specimens with no thermal
treatment cured in 95% relative humidity for 28 days and tested using the ASTM C944 method.
The standardequiresa drill press with a chuck capable of holding and rotating the abrading cutter

at a speed of 200 rotations per minute. A total force of 197 £ 2 N is exerted on a cleaned flat
UHPFRC surface. The available drill press which was used during shiotated at a speed of

260 revolutions per minute at its slowest speed. To obtain comparable data the total rotations was
calculated, as specified at 200 r/min for 2 minutes, which corresponds to a total of 400 rotations.
Thus, the total time of abrasiavas modified to 1.538 minutes at a speed of 260 r/m. A total of
three concrete cylinders were used to perform the test, as standard procedure a ttoteé of
abrasion tests on the same surface for a total of 2 minutes per abrasion. It is noteditsiat on f
running the test, the abraded surface was the finished specimen surface in contact with the mold.
The amount of material loss was higher than expected, indicating that the water film that is
accumulated on the mold surface causes a thin layer aigoomcrete on the contact surface. To
examine this hypothesis, cut surfaces were used for this test; cylinders were cut with a concrete
saw and were cleaned of all remaining dust with a damp towel. The specimen was then again wiped
with a dry towel and asted with pressurized air to free any particles of dust remaining, and the

abrasion test was conducted.

Figure 6: (from Left to right)(a) Abrasion Specimen 100ml50mm (Half Cut Specimer(p) rotating
stainless steel whedlc) Abrasion Cube Specimen 100mrh00mmx 150mm)

The test setup included a rotating cutter bearing on the tested surface. The cutter was fabricated
in the laboratory using pertinent steel parts (Fégb). The cutter omprised the following parts:

a threaded rod, plain washers, dressing wheels, nuts, and a special T rod used to connect the

23



threaded rod with the chuck of the drill press. The dressing wheel was replaced after abrasion of
each specimen or aftdreefull cycles of abrasion testing, as it was observed during the abrasion
tests that the dressing wheel sustained damage due to the high durability strength of the material
as well as the use of double loading on the frictional surfaces of the dressing whekmBye
on the dressing wheel did not occur in any particular location but rather was random. Where
damage occurred on the ends of the threaded rod, it was found that it was due to improper
placement of the rod in the drill chuck. To ensure all test#tsestiected repeatable observations,
the rod was aligned when inserted into the chuck using a right angle made from the chuck to the
rod. Then, the rod was rotated at its intended rotating speed to see if the abrasion jig showed signs
of bending or damag It is important to note ASTM C944 does not specify a specific specimen
size or abraded surface treatment. The results are shown in Table 2 and Table 3 contains the mass
loss after each abrasion of 100rdameterx 150mm height cylinders.

Table2: Specimen Weights after each abragid@0mmx 150mmcylinder)

Initial Before B'| After 15t | Before 24| After 2@ | Before 3¢| After 3¢
Specimen Mass (g) Abrasion | Abrasion| Abrasion| Abrasion| Abrasion| Abrasion
(9) (9) (9) (9) (9) (9)

1 1606.30 | 1606.30 | 1603.96 | 1603.22 | 1601.82 1600.94 | 1599.54

2 1460.62 1430.50 1429.04 1426.44 1424.08 1423.84 | 1421.94

3 1538.28 | 1538.14 | 1535.93 | 1535.22 | 1533.98 1533.01 | 1531.27
Table3: Abrasion Losg100mmx 150mmcylinder)

Specimens Mass Loss % | Mass Loss® | Mass Loss8 | Average Masg Average of all 3

P 1 abrasion (g) abrasion (g) abrasion (g) | Loss () Specimens (Q)
1 2.34 1.4 1.4 1.71

2 1.46 2.36 1.9 1.91 1.78

3 2.21 1.24 1.74 1.73

Additional results are shown in Table 4 obtained from the abrasion test performed on the
unfinished and finished surface of a cube specimen of size 100rBOMmM x 150mm as
mentioned in the preceding. (Th&dbrasion was performed on the unfinished srfaf the cube
where many irregularities in terms of smoothness of the surface existed. Followingh dinel 2

39 abrasion tests were performed on the molded surface of the specimen where the wall effect was
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observed.) In comparison to the specimenstest Tables 2 and 3, which were cut surfaces

showed less abrasion than with the specimen tested in Table 4.

Table4: Abrasion Test Results (100meml00mmx 150mm)

Abrasion Test Result
Specimens Initial Mass | 1%t Abrasion | 2" Abrasion 3 Abrasion Average Loss (g
1 8466.3 8460.8 8460.4 8459.1 7.2
2 8696.5 8692.9 8692.7 8690.8 5.7
3 8508.4 8506.5 8504.9 8504.7 3.7
Average 55
Total Time Abraded 6 minutes

3.2 SaltScaling Test

The objective of the salt scaling test was to determine the resistance against flaky delaminator of
the UHPFRC mix surface when it is exposed to frabasv cycles in the presence of-ideng

agents. Three 300 mm300 mmx 75mm slab specimens were cast¢onducting this test. Of

those, two specimens were tested following the testing method listed in Annex U, CSA A23.2
22C, while one specimen was tested following ASTM C672; the difference between the two test

protocols is thesolution usean the test pecimen.

The testing apparatus used to perform the salt scaling test includes a freezing chamber capable of
maintaining a steady temperature-@8 + 3°C, a humidity chamber capable of maintaining a
relative humidity of 451 55 %, a heat chamber whereteanperature of 110 £ 5 °C can be
maintained with an average evaporation rate of at least 25 grams per hour, a scale with a minimum
capacity of 500g and capable of reading to an accuracy of 0.1g to measure the spalled material
from the surface of the condeg a filter media 80 um sieve for the collection of any spalled
material, and a thermometer embedded in a control specimen as well as a thermometer to measure

the ambient temperature.
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Figure 7 (from leftright): (a) Salt Scaling specimen dyke placement. (b) 80um sieve used to filter the

solution. (c) Salt scaling specimens in freezing condition.

Before conducting the sadtaling test, a control slab specimen of size 156m®»0mmx 100mm

was sed with an embedded temperature probe to measure the temperature of the concrete at its
core. Upon casting the control specimen special care was given when embedding the probe so that
no water or air can travel along with the probe from the open aietodihcrete core. The molds

used were oiled with a light coating of mineral oil. Both the control specimen and salt scaling
specimens were consolidated by tapping 30 times. Theaalhg specimens are cured following

CSA A23.23C for 14 days in moist stage and 14 days in air storage. To create ponding of salt
solution on the surface of the slab speciméms, dykes were placed on the perimeter of the top
surfaceasshowninRige7. The dykes were placed during the
curing. They were made of a 35mm thick plastic board that waslosorptive and waterproof.

The dykes were installed with the use of a silicone sealant, and regularly checked for leaking.
During the testing procedure on the&ycle, the dykes were 1sealed where leaking was
observed. To ensure the freezer used is capable of maintaining the specified temperature, the
control specimen was placed into the freezer for five consecutive days, while the temperature
monitored over tis period was constant &8 °C. The humidity chamber used is also calibrated

to ensure it is capable of maintaining the required humidity. To measure the evaporation rate
present in the oven used, three griffin beakers were placed in the chamber, éyglaged in
opposite corners, and one in the middle. The evaporation rate was calculated after 4 hrs in the oven
to be an average of 34.32 g/hr.

It was stated earlier that specimens 1 and 2 were tested according with the method of CSA A23.2
22C whereaspecimen 3 was tested in accordance with ASTM C672. The salt scaling test for
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specimens 1 and 2 started at an age of 28 days while specimen 3 was started at a mature age >56
days. The test surfaces on the specimens were covered with approximately 6mmsaafild¥o

chloride by mass (reagent grade) mixed in distilled water for specimens 1 and 2. Specimen 3 was
filled with 6mm of calcium chloride and distilled water with a concentration of 100mL of distilled

water containing 4g of anhydrous calcium chloride.

Figure 8: Salt scaling after 40 cycles

The saline solution made for specimens 1 and 2 was added at the end otityedty storage

period for a total of 7 days. These specimens were covered with a plastic sheet to avoid @vaporati
of the solution. At the end of theday saturation period, all 3 specimens were filled with new
solutions and placed in a freezing chamber to begin the first fteawecycle. The specimens

were then placed in the freezer for 17 hours and then plac#dthwing in the humidity chamber

for 8 hours. At the start of each cycle or before placing it into the freezer, the solution was checked
to ensure at least 6mm of the solution was present. If the solution was below 6mm, additional
distilled water was atkd. The scaling residue was measured at 5, 15,30, and 50 cycles. For each
cycle measured, a new saline solution was used to rinse off any residue or scaling by tilting the
specimen into a funnel and washing out the solution of all the flaked off cofretehe test
surface. To ensure only the mass pertaining to the residue of the scaling was measured, the 80 um
filter sieve used was washed and dried by placing it in the oven at 110 °C for 4 hours in advance
and left to cool for an additional 1 hour; sieve was weighed after the cooling period. The saline

solution was then strained through the sieve and weighed. The cumulative scaling represented in
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terms of scaling measured in kg divided by the surface area exposed to the solution for specimens
1 and2 were calculated at 0.015 and 0.019 Kgasishown in Table 5. The visual rating is given
as per accordance with CSA A222C with 0 being no significant scaling observed listed under

Table 6.

Table5: Salt scaling resulsummary

Specimen # 1 Specimen # 2 Specimen # 3 . .
Number of Cycles (csz A23.222C) (CSpA A23.222C) (AF;TM ce7z) | VisualRating

5 0.05 0.08 0.15 0

15 0.19 0.23 0.25 0

30 0.46 0.57 0.59 0

50 0.64 0.79 0.96 0

Total (g) 134 167 1.95 i
Total (kg/n?) 0.015 0.019 0.022 i

Table6: Visual rating Scale for concrete surface (CSA A2122C)

Characteristics of Scaling surface (CSA A23.7
Category 14220)
0 No significant scaling observed
1 Slight scaling (3 mm deptimaximum, no coarse
aggregate visible)
2A Slight to moderate scaling of the surface mort
(possibly a few popouts)
’B Slight to moderate scaling of the surface mort
(several popouts)
3 Moderate scaling of the surface mortar (som
exposed coarse agmgjate)
4 Moderate to severe scaling (significant surfag
mortar loss with exposed coarse aggregate
5 Severe scaling (coarse aggregate visible ove
entire surface)

3.3 Absorption

The absorption test is used as a rapid measure of the capillary porosity of concrete and therefore it
may serve as a measure of the compactness of the material microstructure. The test method
essentially measures the amount of water absorbed when thieahnasehes stable weight in fully

saturated conditions using as a reference the weight in the fully dried condition. Four cylinders
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with a diameter of 75mm and height of 100mm were used to conduct the absorption test following
Annex U which specifies euring condition of 95% relative humidity for 28 days. According to
CSA A23.211C with regards to the details of the testing procedure in order to obtain indications
of water content (%), density (kgfinabsorption (%) and void (%). The testing apparaicisded

a scale sensitive to 0.01 g, an oven capable of maintaining a uniform temperature of 110 £ 5 °C, a
humidity chamber capable of maintaining 50% + 5 % relative humidity at 23 + 2 °C and a scale
which uses a hook to measure the weight from a wiaelatd to a mesh bowl. The cylinders were
cast with a Zminute flow diameter reading of over 200mm and were consolidated with 30 taps
with a mallet. No release agent was used in these cylinder molds as it would affect the flow of air
and water through theudace of the cylinder. The molds were filled using a-oag or single

layer of concrete; this was done by taking large amounts of UHPFRC in a large trowel and poured
until the molds were full. The cylinders were-mielded one day after casting and weidh

immediately after demolding.

Figure 9: Absorption specimens weighed after demolding on a scale with an accuracy of 0.01g

The mass measured immediately after demolding is denoted from hereon as Mass |. To measure
theair-dry density, the specimens were conditioned in a controlled humidity chamber conforming

to ASTM E104, maintained at a relative humidity of 50 % at 23 °C. The specimens were weighted
at the age of 35 days and again at 42 and 49 days. On'frday9tle mass of the specimens
showed a difference of 0.192 %, 0.222%, 0.210%, and 0.260% respedaleetying thehange
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at 7 days apart of Il ess than 0.5% and therefo
This mass was measured and was averagesPatgs kg/m as shown irTable 8.The specimens

were then placed in an oven at 100 °C for 72 hours. After this time period the specimens were
placed in a humidity chamber with 50% relative humidity at a temperature of 23 °C for 24 hours

to allow the spemens to cool down to ambient temperature. After the specimens were cooled, the
mass of the specimens was weighted, and the specimens were then returned to the oven for another
two cycles. After completion of two cycles, the weight difference was foubd tess than 0.5%

compared with the weight values measured after completion of the first cycle; this new mass

reading was labeled as mass A. To obtain the water content % the following expression was used:
Water content =— Equation 31

Furthermore, to determine the mass of the swisal cylinder in the air after immersion the
cylinders were placed in the water tank at an ambient temperature °6f ¢ one day. The
cylinders were taken out after one day of conditioning, wiped witty dowel, and placed on a

dry towel for 30 minutes. After 30 minutes the specimens were weighed and placed again in the
water tank for another day and weighed after surface drying at a time of 30 minutes out of the
water. This cycle is repeated two timsswhich point the mass from the first cycle was found to
show a difference of less than 0.5%. This mass is noted as B. To obtain the absorption after

immersion %, the following expression was used,
Absorption after immersion =— Equation 2

To determine the absorption after immersion and boiling, the specimens were immersed in a
container filled with tap water and placed in an oven at 110 °C for five hours. After completion of
the five-hour interval, the specimens reeplaced in the humidity chamber to cool for one day. The
specimens were weighed after completion of the cooling period and returned to the oven with
additional tap water added to the container for another 2 cycles. After two additional cycles, the
mass dference between the first and last cycle was less than 0.5% and the absorption after
immersion and boiling was calculated with the mass denoted as C. Using these readings, the

absorption after immersion and boiling % is calculated from the followingessgion:

Absorption after immersion and boiling—=— Equation 33
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Lastly, the cylinders were suspended in water by using a scale with ashaokire and mesh

bucket .

reading was denoted as masdBble 7 lists the different masses obtained for each cylinder under

varying procedures performed as discussed@bbable 8 summarizes the results obtained from

The

speci menso

wei ght s

wer e

the absorption test as required by CSA AZBIZ. The formulas used to determine the-Ary

density, Overdried density, Density after immersion, Density after immersion and boiling and

Void % are given irEquations3.4 to 3.8:

measur ed

Air-dry density =——zp mtmtm Equation 34
Ovendried density =—2z p T T TT Equation 3
Density after immersion=—2z p T T Tt Equation 36
Density after immersion and boiling=—z p Tt It 1t Equation 37
Void% =—2Zp T T TT Equation 3
Table7: Mass obtained at eadtage of the absorption test
Cylinder 1(9) G(9) A(9) B (9) C () D (9)
Specimen 1 1692.6 1689.48 1650.92 1678.27 1673.22 1024.67
Specimen 2 1704.65 1701.5 1662.75 1690.1 1689.98 1036.83
Specimen 3 1696.55 1692.92 1655.15 1683.71 1683.81 1029.61
Specimen 4 1691.1 1688.06 1649.56 1677.96 1682.56 1030.69
Table8: Results for the absorption test.
. Water Content | Absorption After Absorptlp n after Air-dry Density
Cylinder # (%) Immersion (%) Immersion and (kg/m?)
° ° Boiling (%) g
C1 2.52 1.66 1.35 2605.01
C2 2.52 1.64 1.64 2605.07
C3 2.50 1.73 1.73 2587.77
C4 2.52 1.72 2.00 2589.57
Average 2.52 1.69 1.68 2596.85
' Ovendried [?ensﬂy gfter ' Densﬂy after '
Cylinder # Density (kg/n) immersion immersion and Void (%)
yiag (kg/m?) Boiling (kg/n?)
C1i 2545.56 2587.73 2579.94 3.44
Cc2 2545.74 2587.61 2587.43 4.17
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C3 2530.04 2573.69 2573.85 4.38
C4 2530.50 2574.07 2581.13 5.06
Average 2537.96 2580.78 2580.59 4.26

3.4 Chloride lon Penetration

A total of three specimens were tested for chloride ion penetration. The specimens were cast in a
oneway manner in which one large scoop was taken with a trowel to fill the 100200mm

mold. Annex U (2019) requires the chloride ion penetration test felformed on either molded

or cut specimens tested following the testing method of CSA AZ32 The annex also states

that the test specimen may be fabricated from the matrix with or without fibers and that the test
results could be adversely affectaglto the steel fibers spanning across the specimen which can
cause a short circuit in the testing apparatus. For the results shown below, no fibers are included.
It is important to note that an industrial mixer is used to cast and mix the concrete hnsamie

stray fibers were present. The molds were oiled with a small layer of mineral oil. The test
performed consisted of monitoring the amount of electrical current passed through the specimen
for 6 hours. A potential difference of 60V DC was maintainess the ends of the specimens

with one side immersed in a solution of sodium chloride 3% by mass, and the opposite side in a
solution of 0.3 N sodium hydroxide. The total charge passed through measured in coulombs
represents the resistance of the spegitoehloride ion penetration. The specimens used to obtain
the results were of a nominal size of 100 mm diameter cylinders cut to a length of 50 mm. The
apparatus used to perform this test includes the Pemeaaymade testing apparat&iatec
Scientific).The Perma2 device used to perform the test included two testing cells, which are shown
in Figurel0 (b) Lastly, a vacuum desiccator capable of holding a vacuum with three specimens,
a vacuum pump, and reagent grade sodium chloride and sbgdnoxide were used.
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Figure 10: (left to right): (a) User interface of Perma2, (b) Perma2 test cell

The specimens tested were cured in a household cooler capab&ntdining stable humidity

level while allowing for a pool of water to form at the bottom. A small humidifier was used to
maintain the humidity at 95%. The cooler was modified with the use of a rubber gasket to extract
the electrical wire through the deoand into a wall outlet. The rubber gasket was used to maintain
the humidity whilst allowing the humidifier to continuously provide humidity at 95% or higher. A
further modification was done to the humidifier used, whereby a hole was made in the water
container of the humidifier and the specimens were placed at a raised height in the cooler. The
cooler was then filled with water up until the water could enter the humidifier's water container;
the intent of this modification was to allow for continuousnidification in the cooler at large

intervals of timeFigure 11lillustrates the curing cooler used before conditioning of the specimens.

L e

Figure11: 'Specimens in household cooler

Following CSA A23.23C, the specimens were cured for an extended period of 56 days. It is
important to note that the specimens were transported in their molds to maintain the moisture from
the time water was mixed into the dry mix. Before the specimere pvepared for conditioning,
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a watercooled concrete saw was used to slice a 50mm core extracted from the center of the
specimen. To condition the core, the test method of CSA AZ82Clause 8.3 was followed in
accordancedoy allowing the specimens to $ace dry in air, and then cutting the cores with a
concrete sawAfter cutting the cores, the specimens were surface dried for 3 hours. While drying
the specimens were marked with either a T and B to indicate the top and bottom surface and a
concrete seatevas used to coat the lateral surface of each cylinder. It is important to not seal the
top and bottom of the surfaces which are to be tested, as they would affect the results of the test.
The coating was allowed to dry as specified on the containereoédhcrete sealer. Next, the
specimens were placed in a vacuum desiccator with both end faces of specimens exposed. The
desiccator was then sealed with all three specimens and the vacuum was maintained for 3 hours.
The desiccator was then filled with diktd water and the vacuum maintained for an additional
hour. After one hour, the air was allowed to enter the desiccator. The specimen was then placed in

a beaker under distilled water for 19 hours.

The testing procedure was as follows: before the complef 19 hours, two 1L beakers were

used to make the sodium chloride and sodium hydroxide solutions. The beaker was filled with 1L
of distilled water and was weighed as an average of 990 grams; to make a solution with 3% sodium
chloride, 29.94 grams of agent was used to ensure 3% concentration by mass. Similarly, the
sodium hydroxide solution was made with 1L of distilled water with a 0.3N concentration. Twelve
grams of sodium hydroxide pellets were used to dilute the 1L distilled water into 0.3N sodium
hydroxide solutionFigurel12 is shown for illustration of the chemicals weighed before making of

the solution.

27.87 g“,’
Figure 12: (a) Sodium Hydroxide used for RCPT (b) Sodium Chloride used for RCPT

To prepare the test cells, astailess e el wi re mesh was placed i nsi
tightened to ensure a firm electrical connection. After 19 hours, one specimen was taken out,
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removed of excess water, and placed back into the coodgaped with a plastic bag with 95%

humidity still present in the cooler. The other two specimens were fitted with a plastic spacer and
rubber gaskets on the ends to ensure a tight sealed fit into the test specimen as is illustrated in
Figure 13. The test tel iI's then filled with the NaOH and |
top surface was placed alongside the NaOH and bottom surface with the NaCl solutions. Lastly, a
temperature probe was inserted in mpé. NBEF or e
the test can be run the test cells were checked for any leaks. If leaks were present the specimens
were taken out and adjusted until no leaking was present irnari@e time interval. The test

cells were then attached to their correspondanminals into the Perma2 measuring device. The

testing device was then set to the testing standard of ASTM C1202 in its user interface and the test
was conducted for 6 hours at which point the program was terminated automatically. No
temperature spike wadbserved and were stable around 20 °C to 25 °C. The results obtained from

the 3 cylinders are listed in Table 9. All specimens passed less than 100 coulombs which are

considered negligible chloride ion penetration.

Figure 13: Specimens fitted in Perma2 test cells

Table9: Results for RCPT

Chloride lon Penetration| Age (Days)| Length (mm)| Diameter (mm) Charge Passed (Coulomk
Specimen 1 56 50.1 100.12 32
Specimen 2 56 51.4 101.5 37
Specimen 3 56 50.5 99.87 33
Average 56 50.66 100.50 34
Result Charge < 100 Negligible as per Table 1
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3.5 Sulfate Resistance

Six bars with the size of 25mm25mmx 285mm were cast to conduct the sulfate resistance test
following CSA Annex U and testing method CSA A3008A. The prisms were cast as enay

prisms and were consolidated by tapping 30 times due to the flow reading of over 200mm. The
testing method inclded in CSA A3004C8A is used to determine the sulfate resistance of mortar
bars by measuring length change from exposure to a sulfate solution. Twenty cubes were also cast
along with the six bars. Immediately after the bars were molded, the molds wene &eggtaled
container at a temperature of 35 = 2&Cshown in Figure 14fter 24 hours the molds are removed

from the curing tank and were transported to the laboratory.

Figure 15: Cubes tested for Sulfate test and their failure mode

Upon the arrival of the specimens, the cubes were tested in compression and showed a strength
greater than 20 MPa at an age > 24 hdatsaround 98 MR). At this point, the initial bar
measurement was taken, herein noted as |. Before every reading of the test pristalken, the
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reference invar bar was inserted, and the gauge was zeroed on the reference bar. The invar bar was
then taken out and theigms to be measured were wiped surface dry. Special care was given to

the ends of the bars on the gauge studs and their seating caps on the length comparator as dust can
accumulate and give poor readings. Before noting the length of the bar, each lmdatedsvhile

inserted in the length comparator to ensure no prisms showed signs of b8adstnat showed

a change in length whilst rotating in the length comparator were taken out and the seating cups
were inspected for dust or particles which mageifthe results. These bars were themserted

into the length comparatdn the case the bars showed a difference in reading whilst rotating, the
smaller reading was whilst the bar was rotating was n&etifference of less than 0.006mm was

noted as an average length change whilst rotating the bar in the length compayater16 is

shows the 6 bars being measure in the length comparator.

Figure 16 Sulfate bars inength comparator.

After all bars were measured, the invar reference bar was measured, and its reading was recorded
again.This was done to note any changes in the-pefierence used by the gauge whilst measuring

the individual lengths of each barhe lengths of the bars were recorded at 1, 3, 4, 14, and 15
weeks, and at 4, 6, 9, 12, and 13 months. The sulfate solution was made using sodium sulfate at a

concentration of 50g/L of solution. The total solution made was four volumes of solution to one
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volumeof mortar bar. Each bar consisted of a volume of 0.178L, to make enough solution for one
bar 4 x 0.178L = 0.7125 L. For a total of 6 bars the total volume of sulfate solution needed was
4.275L. The total volume of the solution made after every readingakes, was 4.3L of sulfate
solution. To ensure the solution was conforming with ASTM C1012, the pH reading of the distilled
water before the addition of sulfate solution, and the pH reading of the solution after the addition
of the sodium sulfate were @cled. The distilled water used varied within a range o7& 7%H,

and a range of 7-2.6 pH respectively, as shown in Figure 18. The bars were placed in a container
and the lid was closed so that the solution would not evaporate. The container ssecdhé® is

shown in Figure 17. The results are summarized in Table 10.

Figure 18: (a) PH reading of distilled water, (b) PHreadingofu | f at e sol uti on with s

Table10: Sulfate bar test results for up to 12 months

Sample ID 1 2 | 3 | a4 5 6 Average
Age Length Change %
Initial - - - - - - -
3 weeks -0.004 0.001 0.001 0.004 0.004 -0.001 0.00
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4 weeks 0.058 0.060 0.062 0.063 0.064 0.059 0.06
13 weeks 0.091 0.067 0.073 0.067 0.068 0.061 0.07
15 weeks 0.081 0.083 0.086 0.084 0.087 0.082 0.08
4 months 0.106 0.106 0.112 0.109 0.110 0.104 0.11
6 months 0.109 0.112 0.116 0.116 0.114 0.109 0.11
9 months 0.108 0.106 0.109 0.112 0.110 0.112 0.11
12 months 0.108 0.109 0.112 0.111 0.111 0.139 0.11

The expansion due to exposure of sulfate solution done by Pierard (2012) showed no length change
over 500 days, whereas the length change reported in the test conducted at York University show
a length change in % of 0.11, as shown in Table 10. This shbyslue to the higher amount of
sulfate concentration specified in the North American testing standards. Another possibility is the
corrosion of the mortar as observed in Figure 19. It is not clear at the current time of reporting this
thesis as to whyhe length change observed in the tests conducted was high when compared with
the length change reported from the literature, therefore more investigation is recommended for
sulfate attack of the UHPC mortaldote: no steel fibers were used in the mortsged for sulfate

resistance.

Figure 19: Sulfate bars exposed to the solution after 3 months.

3.6 Summary of results

Table 11 sumnmésesthe durability property tested, the test method, mean and the durability
category which it falls under following Table Though Annex U provides the durability limits,
these limits for the acceptance of field testing have not yet been establishethdu#iteent data
collection, therefore these durability limits provided as service design life should include a holistic
approach not dependent on material prope(G&A Annex U 2019)
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Table11: Durability tests and limits dbura UHPFRC.

Test Results Applicable Category/
Property Test Method Mean Durability Limit (DL)
Abrasion ASTM C944 /C1856 1.78¢ DL 100
Salt Scaling CSA A23.222C 0.017 kg/m DL 200
Salt Scaling ASTM C672 0.022 kg/m DL 200
Absorption CSAA23.211C 1.68% DL 200
Chioride lon CSA A23.223C 34 coulombs DL 200
Penetration
Sulfate Resistancg CSA A3004C8A 0.11 % Inconclusive
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Chapter 4. Mechanical Tess

4.1 Introduction

This chapter presents results of an extensive experimental campaign conducted in order to develop

a full material identity characterization of the UHPFRC material under study. The effects of the
material characteristics and casting methodology on the mieahand physical response of the
materi al are explored. The full characterizat
on the following suite of tests:

1) Compression Test in order to evaluate the stress strain response and peak strength,

2) FourPoint Bending Test in order to obtain data needed for extracting the tensile properties of

the UHPFRC material through inverse analysis,

3) Modulus of Elasticity and Poissonds Rati o,
4) Creep Coefficient,

5) Linear Shrinkage, and

6) Coefficientof Thermal Expansion.

Along with these tests, further experimentation was done on larger size beams under FPBT so as
to assess the effect of size on the results of inverse analysis for the tensile response of the material.

The inverse analysis methodoloaiyd results are included in chapter 5.

4.2 Materials and Casting Methodology

Six mix batches of ultrhigh-performance fibereinforced concret@UHPFRQ, were prepared.

The batch identification is formally referred to as B1, the numeral corresponding to the sequence
of the batch. All mixes were cast at Facca Inc. located in Ruscom station, Windsor, Ontario. The
specific mix tested for the experimental pbaf the thesis contains 0.2mm diameter, 20mm long,
brasscoated steel fibers mixed at 2% by unit volume. Annex U from CSA A23.1:19 was referred
to for the consistency properties listed under clause U.4.1.4. The flow of UHPC was determined
following ASTM C1437, which states a brass flow table and brass flow mold conforming to

specification C230 be used. The flow was determined by carefully wiping the flow table clean and
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with a damp cloth, and then the flow mold was placed at the center of the flow meldHPFRC

mix was then transported into a trowel from which the flow mold was filled in avayeaction

filling the mold. Before lifting the flow mold, the flow table was wiped of any UHPFRC residue
with a damp cloth. Following Annex U, the UHPFRC mix wastampered, nor the table dropped

to encourage flow; instead, the flow mold was lifted within 1 minute after being discharged from
the mixer, and the flow was allowed to elapse over the flow table at a time of 2 minutes + 5 seconds.
The diameter of th&JHPFRC flow was measured along the lines of maximum and minimum
diameter with each recording done to the nearest millimeter from which the average was calculated
as the flow achieved for that specific miigure 20 shows the pictures of molds, flow aiedi

molds during cast of batane

Figure 20: (a) Pictures of molds, (b) Flow, and (c) filled sulfate molds.

For mixes with a flow greater than 200mm, specimens were consolidated by tapping the sides of
the mold 30 times witla mallet. For the UHPFRC mixes with a flow of less than 200mm the
specimens were consolidated by dropping the filled molds at least 30 times, followed by tapping
the sides of the mold 30 times with a mallet. The temperatures recorded in degrees Celsius and
flow in mm are listed in TableZifor all mixes. Immediately after all specimens were cast into
their molds, the top surfaces of the molds were protected from dehydration from moisture loss to
the atmosphere by covering the specimens in a polyethyleaeashshown in Figurelbelow.

Tablel1l2 Flow andTemperature of batchesél

Properties Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6
Temperature °C 25 255 24.5 25.8 22.9 25
Flowability (mm) 213 196 198 220.6 213 205
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It is worth noting that during batch 4 mixing, due to the clogging of fibers in the mixer, additional
admixtures were added to extend the curing tiftiee history of each batch cast and received is
summarized in Tabl&3. All specimens were dmolded upon taking delivery within 24 hours of
casting. Specimens were inspected to ensure the results to be obtained are not affected. In the case

of specimens failing inspection, those specimens were cast again to ensure thenoynarxd

repeatability of the test were also not affected.

Table13: Casting history of all batches

Figure 21: Filled mold covered with plastic to prevent moisture from evaporation.

Cfastlng Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6

History

Casting January | June 23rd{ August September November February
Date 27th, 2020 2020 18th, 2020 10th, 2020 11th, 2020 2nd, 2021

Delivery January | June 24th| August September November February
Date 28th, 2020 2020 19th, 2020 11th, 2020 12th, 2020 3rd, 2021
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4.3 Mechanical Tests
4.3.1 Compressivestrength

Forty-eight cylinders with a size of 75mrl50mm were cast over a total of 6 batches, as follows:
tencylinders were cast in batches313 cylinders in batches@, and an additionaline cast in

batch 5 which were cured differently from all the others. All cylinders were cast inasyngour

by using a large trowel. The cylinders in batches #2 andet® consolidated by dropping the

filled molds onto a hard leveled surface and then tapped 30 times on the sides with a mallet,
whereas batches 1, 4, 5, and 6 were consolidated by tapping the sides of the molds 30 times with
a mallet. All cylinder molds @pared for the compression test were lightly coated with mineral

oil. CSA Annex U and testing method CSA A23€ were used to conduct the compression test.
Annex U was used to determine the testing rate which was used in the controls pilot testing
machineto carry out the tests at a rate of 1 MPa per second. Before compression testing, the
cylinders were ground using a concrete grinder as shown in R2@urentil the surface of the
crosssection was perfectly level. Note: some cylinders when ground sHavgedvoids after the
grinding was done, where the voids were large enough to cause a disruption in the results. In that
case, back up cylinders were used; if the backup cylinders also showed the same large voids, then
the best from among the cylinderene used and filled with small amounts of plaster to ensure
improved distribution of the loading stress being applied. Before testing in the Pilot Testing Frame,
the diameters of the top and bottom end surfaces were measured using a digital caliper. The
average diameters were calculated based on the minimum and maximum diameters measured from
the digital caliper. The average diameter and height were then input in the testing equipment when
the test was conducted. The failure modes observed included a atiotbof Type 1 and Type 2
failures where, these are defined as follows:

Type 1 failure: Concrete Cylinder with reasonably vietined cones on both ends.

Type 2 failure: Concrete Cylinder with wdbbrmed cone on one end, vertical cracks running

throughcaps, no weidefined cone on other end.

From each test, the failure mode and crack patterns were recorded. The majority of the specimens
developed large cracks running horizontally rather than diagonal, whereas vertical cracks extended

from the horizontiacracks. lllustration examples are depicted in FigBeThe average values
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obtained for the compressive strength for the six batches are included inZ &mell batches.

The detailed teseportsare given in Appendix 1.

Figure 23: Picture of the commonly observed failure mode.

Table14: Compressive testesultsof 6 batches

Results: Compression Test
Batch # Mean(MPa) Standard Deviation Characteristic Value@iPa)
1 146.7 7.7 135.9
2 1375 4.1 131.8
3 138.3 4.1 132.6
4 135.5 2.6 131.8
5 137.2 4.7 130.6
6 144.2 6.2 135.5
Average 139.9 4.9 133.0
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4.32 Compressive Strength: The Effect of Freeze Curing

Additional testing was done to determine the effect on compressive strength resulting from four
different curing conditions. This mix of material was tested in batch 5 where the flow was recorded

over 200mm and was consolidated with 30 taps with a mallet on the sides of the molds. These

cylindersd mol ds

were oi

|l ed with

a

i ght

coat

same as the one used for all compression tests as discussedrakdakeels for the specimens in

Table 15 FC1, FC2 and FC3 are used to distinguish the three different curing regimes, and the

following last digit separated with a dash is for the specimen ID, for a total of 3 specimens tested

per curing regimeThe specimensdbeled FC1 refer to the specimens cured in the freezer at a

temperature of18 °C after a set time of six hours, specimens labeled FC2 refer to the curing by

placing the specimens outside the casting facility where the temperature varied depending on the

weather, (during the fall season of 2020, November 2@28cember 2020), whereas , specimens

labeled FC3 refer to the specimens cured in a chamber for 24 hours and then placed in the freezing

chamber at 18°C. All specimens were tested at an age of 28.dBye results of this study are

summarized in Tabl&5. The failure mode for these cylinders was Type 1 and Type 2 failure

modes. Failure mode pictures are included in Appendix 2.

Table15: Freeze Curing effect on Compressive Sgte

Batch 5: Compression TeBteeze Curing
. Average Diameter | Average Length Compressive Average
Specimens
(mm) (mm) Strength (MPa) | Strength (MPa)
FCIL-1 76.62 147.31 42.26
FC1-2 76.39 147.49 41.37 41
FC1-3 76.62 147.85 38.68
FC21 76.36 147.47 103.45
FC22 76.62 145.41 108.21 107
FC2-3 76.10 145.45 109.15
FC31 76.58 147.56 88.13
FC32 76.53 145.92 94.32 92
FC33 76.71 147.19 93.08
433Poi ssond6s Ratio and Static Modul us

Thirty cylinders with a size of 75mm1 50 mm wer e wused

t o

test

of
t he

modulus of Elasticity. The cylinder molds were lightly coated with mineral oil. The filled molds
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from batch 2 and 3 were consolidated by tapping the sides of the molds 30 times as well as dropped
on a hard level surface 30 times, the filled molds from batch 1 were consolidated by tapping the
side 30 times with a mallet. The specimens wermdkled 24 howg after casting and placed in a
curing tank for 27 days until they were ready to be instrumented. On thgag7the cylinders

were instrumented with foil strain gauges. Before applying the strain gauges, the cylinders were
ground until both ends of trepecimen were leveled. A bubble level was used to ensure the ends
were perfectly leveled and normal to the longitudinal axis of the cylinder. Some cylinders showed
large voids present at the top after grinding; these voids were filled with plaster failst@rom

stress concentration where the large void was present. The plaster was only used to fill the voids.
The foil strain gauges were of a gauge length of 10mm. The area on which the strain gauge was to
be placed was first sanded lightly with firenslpaper, wiped with a damp towel to clear off any
loose particles, and then wiped with a dry towel.

The strain gauges were then applied onto the specimens-aeight, withfour gauges placed at
diametrically opposing sides. Each side of the cylindas imstrumented wittwo strain gauges

one placed horizontally and one vertically to measure the horizontal and vertical strains for each
opposing side of the cylinder. A small drop of super glue was used to adhere to the strain gauge;
then, the strain gae was firmly pressed down with the use of the specialadiering clear

plastic sheet provided with each gauge. Once the gauge was applied, a protective white rubber tape
was applied on the top of the gauge to protect it from damage during the traimpaftahe
specimens around the laboratory. Once the strain gauges were applied, their respective electrical
terminals were glued on the specimen and a lead wire was soldered onto them. Wires were then
connected into the Data Acquisition System (DAQ) whi@s used to record the strain readings
during the loading stage on the Universal Testing Frame (MTS). The testing method prescribed
by ASTM C469 was used to conduct the experiment. FigdiBustrates the test setup as it was

used in the study.
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Figure 24: Poisson's ratio specimen in the MTS being tested

After placing the specimen on the lower bearing block of the MTS, the lower block was levelled.
The MTS loading arm was then lowered just above the top of the specimere Befdest was

run, an average of at ledste cylinders was taken for compressive strength obtained from the
Pilot Testing Frame, where 40% of this load was used to load the specimens. The summary of the

results is shown in Tablks.

Tablel6: Poi ssond6s ratio test and Modul us

Results Summary: E, 3

Batch # E (GPa) 3
1 45.89 0.21
2 45.87 0.20
3 48.04 0.21
Average 46.60 0.21

4.34 Flexural Strength Tests

This type of test was conducted so as to provide evidence and data for the flexural response of the
UHPFRC material, from which then the uniaxial stress strain response of the material in tension
could be extracted using an inverse analysis approachty Thmismatic beams with a size of
100mmx 100mmx 350mm were cast in 3 batches. These prisms were cast in batch numbers 1, 2,
and 3. All molds were lightly coated with mineral oil. All prisms were filled with fresh material

with a oneway pour, due to th&arge volume of the prisms, multiple scoops and buckets were
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used to fill the molds. The mold was fillecholding the scoop or bucket at one designated end of
the molds, and the flow of the mix was used to fill the entire mold. Figbns shown for

illu stration.

Figure 25: One-way pour of mix

The molds filled in batch 1 were consolidatethpping the sides of the molds 30 times, whereas
batches 2 and 3 were consolidated additionally by dropping the molds 30 times onto a level ground
surface. After each prism mold was filled, a wood strikebofird was used to level the top surface.
Each pism for all three batches was covered with a plastic sheet to maintain the moisture present
until they were transported for delivery to the laboratory. Batches 2 and 3 were additionally
covered with plexiglass to better form the top surfaces of the nfelglsie 26 shows the molds

being covered in the mixing facility.

Figure 26: Flexure prism molds covered with plexiglass and empty molds to help level the finish surface.
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The prisms were cured in a water storage tank at a constant temperature of 22 °Q.7isgoves
the beams from batch 1 stored in the water storage tank. All specimens stored in the tank were

placed on top of a plastic mesh to allow free water all artuendpecimens.

\ peiiid
W “““‘

suLtitiyyen
3ie y
LR ‘

Figure 27: Water tank used to cure specimens

Testing of the prisms was done at 27, 28, aiftid2§'s from the time of mixing, due to the loading
rate used and a minimum t&n prims tested per batch. Note that epdsm required an average

time of testing of 1.2.5 hours from the time of instrumentation till the completion of the test.

Annex U prescribes the fogoint bending test following ASTM C1609/C1609M, from which a
testing machine capable of sermontrolled operation where the net deflection of the center of the
beam was measured and used to control the rate of increase of deflection. This standard also
prescribes a deflection measuring device such as a linear variable displacement transducer (LVDT)
to beplaced in such a manner as to capture the prisms' true defleEigure 28 (b)shows the

testing setup used to conduct the flexure tests.

50



Figure 28 (Left to right): (a) Placement of instrumentation frame on prism specimens. (b) Third point

loading illustration.

Inillustration28, 6aé refers to the height of the prism
6ad from each otohérerasndvetrtee spapgear tat a cl ear
and discussed the distanceuré28 ) ifwassg isth®gpanwf. Wi t |
the beam, axis z is the height of the beam and axis x is thaf-plane width of the bem, the

loading rollers were allowed to rotate about axis x and y. This rotation was allowed to ensure no
eccentricity or torque effects are being considered and only flexural loading was applied. The

support rollers were allowed to move along the spaheobeam and rotate about the x axis.

The true deflection of the prism tested is the-mid i g ht di stance of the
elastica from the chord which is defined between the end points over the supports, in order to
exclude the effects of seating twisting of the specimen on its supports. The instrumentation jig
used to obtain the true deflection for all tests was arranged as a rectangular cage surrounding the
prism and clamped at miakeight directly over the supposs shown in Figure 29he LVDT was

held in place on the threaded rods at-ma&ight over the support rollers with nuts. The aluminum
beam as shown in FiguB®, had a pin connection on the left and a roller connection on the right

side.
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Figure 29: Instrumentation frame side and top view

The total travel of the LVDTs used was 10.550mm. For instrumentation purposes and to observe
any torsional effects that may be observed during testing, the LVDTs were compressed to a travel
of 83mm9mm and tightened. Net a thick rubber tape was placed around the LDVT, so the clamp

used to tighten would not cause damage.

Figure 30: Placement of LVDTs and instrumentation frame

The threaded rods at the top of the beams were then lowered down and tightened so that the frame
does not move or bend during testing. Next, the plate angles used to bear on the LVDTs were glued
with hot glue directly at the midpan of the beam. The plateere stiff and were bent at-@@gree
angle.Lastly, of all the specimens tested only prisms with failure modes that represented flexure
or flexure/shear were used. All specimens showing the behavior of torsion or pure shear failures
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were not included ithe results shown in the thesis. Due to the nature of the test and its sensitivity
to shear and torsional failures approximately 20% of prisms tested were excluded. The majority

of the specimens consisted of pure flexure failure or a combination ofdlaxd shear failure.

To align the beam onto the Universal Testing Frame, whilst allowing rotations and displacement
along multiple axes of the loading jig, the following methodology was used. Once the
instrumentation was fixed onto the prism, the bears Wi@d and placed onto the support rollers
with the LVDT6s attached. The support rollers
were marked along their centerlines, to align the prism with a constant 300mm span. Note: it was
critical to align bah sides of the prism; if one side was not aligned, the beams would be prone to
shear failure. Lastly, additional marks were drawn on the top of the prisms where the loading
rollers were located at a relative distance of 100mm, to ensure their alignngeme (&). The
four-point bending test was conducted using the MTS where a stepwise loading rate was used. A
loading rate of 0.15mm/min was applied to the prisms before reaching 70% of tipeglsbad.

A loading rate of 0.05mm/min was applied to thetgmesak softening branch. All prisms were
tested until the pogieak residual strength had reached 20% of the peak load. The summary of the
results obtained from the three batche@cluded in Tabld7. The maximum bending stregs

was calculated from the following Equatioril4vhere P peak load, L is the total span, b is the
width, and h is the height.

G = PL/bh? Equation 41
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Figure 31: Marks used to align the prism perfectly perpendicular.
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Table17: Summary of Bending stress for batcte®

Results Summary:Rx, ¢ U
Batch # Prax (KN) ds (MPa)
1 84.79 24.89
2 103.27 30.01
3 99.73 29.08
Average 95.9 28.0

To determine if the failure modes are purely flexural, or contain shear or torsional contributions,

the crack path was taken into account as well as the location where the crack occurred. For cracks
that propagated within mnghollerschndsupport olers,theafailurb et we
mode was classified as torsional or shear, whereas for cracks that were observed in the region of
constant moment (the length between the intermediate loading rollers) the failure mode was
classified as flexurd?hotos included ifrigures 32 (a) and (b) shaxamples of shear and flexural

failures. Additional photos and failure modes are showkppendix A2.

Figure 32: Failure Modes (from left to right) (a) Shear failure @@exure Failure
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4.35 Tensile Strength

There are currently a few different ways to test the tensile strength of UHPFRC either indirectly
or directly; these include the standard Splitting Test, flexural beams wpd@nt4oads combined

with Inverse Andysis, and direct tension tests on Dog Bone shaped specimens. The Splitting Tests
are done in a manner where a concrete cylinder is placed on its side and load is applied through a
diametric plane on the cylinder. The figure below shows a splitting tes$section view. The

tensile strength from this test is taken directly from the load at which the failure occurs divided by

thecross ecti onal area of the diametric plane of

Load

Failure plane

Supplementary
steel bar

150 x 300 mm
concrete cylinder

Plywood —
strip

Figure 33 A splitting test of Cylinders

The problems with the splitting test depicted inf&33 when conducted on UHPFRC are that

(1) fibers can be oriented randomly during pouring on account of the gravity effects and the pour
happening in a tight space (i.e., thinder diameter), therefore leading to great variability in the
splitting test results; and (2) after splitting the mode of load transfer reverts to that of compression
in a direction parallel to the vertical crack, so that the result obtained igpnegeatative of tensile
response in tension, but rather of compressive response in the direction of the applied load. For
this reason, the splitting test has been abandoned in the case of these strain resilient materials.
Searching for palatable alternegs, the flexural modulus test which has been used in normal
weight concrete was adopted for evaluating the tensile response of UHPFRC. However, after
cracking, uncertainties in the interpretation of the results obtained from this test also arise. These
are owing to the inherent material nonlinearity which prevent the confident evaluation of the
milestone points of the tensile stredtgin response. To this end much debate has existed in the
research community focussing on the tensile response chaatobe of UHPFRC and much of

it is reflected by the discord among different co@ésng 2@.9). In Canada, Annex 8 (2019) uses

an approach originally developed in Spain by Lopez.gR8ll7), whereas different procedures
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developed in France and Switzattl are recommended in Annex U (2019). Here, the former
approach has been used for consistency with Annex 8 (2019) teS6Mce the intended
application of the materials is mostly bridge construction.

The inverse analysis is performed on the resultaiogd from a 4oint bending test conducted

on a plain UHPFRC concrete beam; the method is intended for THFRC materials. This method is
an indirect way of getting the tensile strength and corresponding strain values particularly in the
range beyond craakg. To apply it, 4 characteristic points are selected from the-Dedléction

graph from which a set of parameters are obtained, and the ®tti@asor stress vs crack width

plots are develope®ased on previous testing of the approach (Yar&pR@oncerns have been

raised regarding the bounds of its applicability on account of the many empirical coefficients that
have been calibrated by the developer on a limited database; for this reason, more experimental
validation is needed

As an alternativeatinverse analysis of flexural prism tests, direct tension tests have been proposed.
This type of test is done on specimens having either prismatic form or with widened ends
resembling a dog bone to facilitate gripping. In this type of test, instrunoentatusually
installed in the migpoint of the specimen. In this setup uniform tension is applied without other
stress combinations, and it is considered ideal for characterization of the tensile material properties
of strain ductile materials. In thédsence of eccentricities and other unaccountable effects, the
concrete specimen develops cracks normal to its longitudinal axis. The figure below shows the
apparatus for this test as well as thecatbed dog bone specimen.

Figure 34: Dog Bone Direct Tension Test

(Graybeal, Benjamin & Baby, Florent (2019). Tension Testing of High-Performance Concrete.)
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In the present study, the tensile strength of the UHPFRC material was obtained from direct and
indirect tensile tests, including the fepoint bending test, and direct tensile test with various
specimen geometries. The nominal dimensions of the specimens tested under direct tension are
illustrated in Figured5. All specimen molds were lightlgoated with mineral oil. The specimen
molds were filled with a oneray pour. Upon the arrival of the specimens aftemiéding, the
specimens were left for curing in a water curing tank for 28 days. At the age of 28 days, the
specimens were stored in drigerator until testing to stop further hydration beyond the reference
age. All specimens were tested with a loading rate of 0.00254mm/s. Longitudinal Carbon Fiber
Reinforced Polymer (CFRP) strips were epoxied atethds and outside the gauge lengthss Th

was done to promote failure within the gauge length. AASHT@ 3 and SIA (2014) type
specimens were tested by gripping thienthe ends with bearing action which transfers the load
through friction between the MTS grips and the CFRP strips. A doetibtegbone specimen

form was also considered (Georgiou and Pantazopoulou, 2016) were loaded with bearing action
applied at the armpits of the specimen through a specially designed steel frame as shown in Figure
36. The steel frame was pulled in opposingediions, causing direct tensile stresses in the central
part of the specimen. A summary of the results is shown in T&ble

Figure 35. Nominal dimensions of direct tension specimens: from left to right: AASHTO (FHWA 2013),
Geagiou and Pantazopoulou 2016, SIA2052 2014.
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Figure 36. Georgiou and Pantazopoulou (2016) type specimen loading frame.

Table18: Tensile strength from varying specimen geometries

Specimen TensileStrength(MPa) Average Tensile StrengtMPa)
B4-SIA-2 8.15 0.8
B4-SIA-3 11.54 '
B5-SIA-1 14.78
B5-SIA-2 13.30 13.1
B5-SIA-3 11.37
G-P-1 574
G-P-2 5.15 >4
GB-1 12.74
GB-2 13.47 13.3
GB-3 13.67

The tensile strength as reported inthlele above is calculated from tBquation4.2.
= F/ A Equation 42

where F is the peak force, and A is the area of the -segon within the gauge length. The
specimens which relied on the bearing action of the MTS grips showed signs of slip until the crack
had fully opened the crosction. This was observed with Dé@alysis done on select specimens

from each testThe variance of the tension test results reported above indicate a fuebédione
investigation for direct tension tests conducted as for setups with shear and bearing action to create

a tension failure in the specimenhis variance could be as a result of inconsistent specimen
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geometry which is evident when using wood mol8glitting tests were conducted on six
cylindrical specimens having 100mm diameter and 200mm length. These cylinders were cut in
half with a watercooled concrete saw and tested as two separate specimens. Of the six, three were
tested with a wood strip placetithe top and bottom contact surface of the testing setup and three

without, in direct contact with the loading plates. The tests conducted without the wood inserts
gave more conservative results as depicted inrEsg7 and38.

Spiltting Test: With Wood
400
350 —SP1
300 —SP3
< 250 ——SP5
\g 200
9 150
100
50
0
0 2 4 6 8 10 12 14 16
Actuator Displacement (mm)

Figure 37: Plitting tests with wood strip placed between the cylinder and the loading plate

Splitting Test: Without Wood
350
300 —SP2
= 250 —SP4
Z
< 200 —SP6
3
S 150
100
50
0
0 1 2 3 4 5 6 7
Actuator Displacement (mm)

Figure 38: Splitting tests with direct bearing of the loading plates on the cylinder.

The average tensile strength calculated from the splitting test with wood strips was calculated as

16.6 MPa, whereas the average tensile strength calculated from splitting tests without the strips
was 15.9 MPa.
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4.4 Physical properties of the UHPFRC

These are properties that concern the length change of UHPFRC with time or in response to
external exposure to natural phenomena. These include the linear shrinkage, creep and
coefficient of thermal expansion. The following sections describe the presddlowed to

measure these properties.

4.4.1 Linear Shrinkage

Five prism specimens with the size of 75mn¥5mm x 295mm were cast to test the linear
shrinkage following Annex U (2019) and testing method CSA A23@Q. This test procedure was

used tadetermine the length change under controlled conditions of temperature and moisture. The
apparatis used for this test are as follows; a refrigerator that was unplugged and was used as a
humidity chamber capable of maintaining a relative humidity of 5@P+with the door propped

open enough to allow an evaporation rate of 15mL/24 hours = 3mL. The evaporation rate was
measured by placing a 1L griffin beaker filled to 500mL. After 7 days the beaker had dropped to
410mL which indicated an evaporation rated f85 mL/day. Additionally, the length comparator

was also used to determine the length change. The specimens were consolidated by tapping the
sides of the molds 30 times. A light coating of mineral oil was used on the molds. The specimens
were demoldedat an age of 24 hours and placed in saturated lime water solution for 30 minutes.

The specimens were measured for their initial length. The specimens were additionally cured in
lime water until the 7d age. The specimens were measured at the age of 7daghicited as its

Oday drying age. After the specimens6é | engths
chamber at 50% relative humidity. The speci mel
and 90 days.
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Figure 39: Linear shrinkage specimens in length comparator

The length change was calculated as shown in EquaBamh&re L« is the comparator reading of
the specimen at the age of interestisLthe initial or base comparator reading, Bpds the gauge

length of 295. The results of the linear shrinkage test are shown inZlalhlength change (%):

L= ZPp T Equation 43

Table19: Length change due to shrinkage.

Age of Drying Linear shrinkage (%)
Specimen (D)] Time (D) Prism 1 Prism 2 Prism 3 Prism 4 Average

7 1 0 0 0 0 0

11 4 0 0 0 0 0

14 7 0.006 0.004 0.006 0.004 0.005
21 14 0.007 0.005 0.009 0.004 0.006
28 21 0.009 0.008 0.008 0.005 0.006
35 28 0.011 0.012 0.011 0.009 0.011
63 56 0.012 0.014 0.011 0.009 0.012
97 90 0.011 0.015 0.012 0.009 0.012

4.4.2 Coefficient of Thermal Expansion

A total of four cylinders with a size of 75mm 150mm are used to test the coefficient of thermal
expansion following Annex U (2019) and the testing method of AASHT(36-15. The testing
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method used determines the coefficient of thermal expansion (CTE) of cylinsjpeaimens
maintained in a saturated condition. The testing method determines the CTE of the UHPFRC by
measuring the length change of the specimen due to a specified temperature change. The CTE was
calculated by dividing the length change by the temperatuaege and then by the specimen
length. The testing apparatus is shown in Figlfeit includes two sousides, a water tank, 1

control specimen, a digital demec gauge, and demec gauge studs. For the tests discussed in this
thesis, pieces of wood wereeasto cover the top to allow the water to maintain its temperature
throughout the height of the water.

: N\
Figure 40: Test setup for C.T.E

The specimens were cast in a-amay pour. The flow measured for this batch of materials had a

flow of greater than 200mm and was consolidated by tapping the sides of the molds 30 times. The
specimens were conditioned by submersion in limewater in a st@@gainer maintaining a
temperature of 23 °C. The specimens are weighted at an age of 38 days and were 1709.15 g, 1679.9
0, 1686.25 g, 1703.6g respectively. The specimens were weighed again at 39 days in 1711.45q,
1682.6g, 1689.1g, and 1705.6g, and ttieiénce in weight was calculated at 0.134%, 0.160%,
0.169%,0.117% respectively. Before the specimens were weighed, they were surface dried with a
dry towel. Since the difference of weights was less than 0.5% the CTE test was ready to commence.

The specimens were then instrumented using a digital demec gauge. A tdtalrafemec gauge
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lines were used in the test. Each set of demec gauge lines were placed at diametrically opposing

sides.

To ensure the gauge studs were perfectly diametrically opposgte, hy | i nder sd di ame
top and bottom surfaces were measured. Two lines were then drawn at right angles to each other.
Since the cylinder was of a small diameter of 75mm, it was deemed important to consider the
offset that the writing utensil may & Aftertwo lines were drawn at the top and bottom of the
crosssection area, a bobber was hung with a string and a straight vertical line was drawn. The
surface on which the bobber was placed was checked for its level with a bubble leveler, and the
bottom surfaces of the cylinders were also ground to a perfect horizontal level. This end of the
cylinder was then placed on a leveled surface and the bobber was then used to draw perfectly
vertical lines. The gauge studs were glued first with a very highgitlreadhesive capable of
maintaining its strength under high temperatures. The gauge studs were then secured with hot glue

to minimize any displacements that might take place when placed in the hot water.

The gauge studs were spaced using the refereméedhaded in the digital demec gauge testing
apparatus, this bar was used to space the gauge at 100mm. The specimens were left to rest for 3
hours to allow the glue to adhere to the UHPFRC surface. (The areas where the studs were to be
placed were lighthsanded and wiped clean to allow the glue to adhere effectivagujesl is

shown to illustrate the gauge lines drawn and measured using a digital gauge length reader.

Figure 41: Demec gauge and gauge readings on C.T.E spasime

The testing procedure as prescribed by AASTHO uses a temperature range of 10°C to 50°C, which

was difficult to conduct because it requires immersion of the specimen in a water bath and
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measuring the expansion as the temperature of the water grows tvéghprescribed range. The

test done in this thesis was conducted in a temperature regime of 15°C to 55°C. This temperature
range was used because the tap water available for use enters the testing facility at a steady
temperature of 13 + 2 °C at the tiraktesting. Before the water in the tank was filled,failr
specimens were placed in the center of the tank along with the control specimen which contained
a temperature probe embedded in its core. This specimen was used to measure the equilibrium of
the temperature from the water present to the core of the concrete specimens. It was recommended
by the testing method to start the test at warmer temperatures; the test was therefore conducted
with the first cycle starting at 55°C. The serides were setota temperature of 55 °C, and the

water was filled as high as the top surface of the temperature control specimen. After the
temperature in the tank and the temperature reading taken of the control specimen indicated
equilibrium, the gauge readings wereorled at intervals of Xthins over a ¥z hour period, until

two successive measurements showed a difference of less than or equal to 0.00025 mm. In the case
of two consecutive readings not showing a difference of less than or equal to 0.00025mm,
additionalreadings at 10nin are taken until 4 consecutive readings showed a difference of less
than 0.00025mm. When one successful reading was taken, the temperature was also recorded to
0.1 °C precision. Next, the water from the tank was emptied and the tankfilad with water

entering at a temperature of 13 + 2 °C. The water in the tank was emptied and refilled until the
control specimen read a core temperature of 15 degrees at a time interval of 15 mins or more. Once
equilibrium was reached, the measuremere taken similarly as described above. The test was
concluded when the results of two CTE values were obtained from two test segments that varied
not more than 0.7 micro strains. Note: a segment was the measured length change for a given
heating (15°C d 55°C) or cooling (55°C to 15°C), and a cycle comprised two consecutive
segments. The CTE for the cooling intengaleported in micro strains calculated from Equations

4.410 4.7. The CTE for thédneatingnterval was reported in micro strains calculated from Equations
4.810 4.11.Note: the subscripts used for Equations4t.Aindicate cooling and the subscript used

in Equations 4.81.11 indicate heatinglhe gauge line AA was diametrically opposite tgauge

lines GC, similarly, gauge linesB were diametrically opposite to gauge linedDDThe variable

A0 refers t-A undex cogling, thei sanee svasAlone for gauge lings BY B 6 C
CY C 6 -D YD d astly variables X, Y and Z are temperaturesGn
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CTEL= — 2 p Tt Equation 4

CTEZ= — Zpm Equation 45
CTER= — 2 p Tt Equation 46
CTE4= — = p Tt Equation 47
CTElL= — zpm Equation 48
CTE2Z= — = p Tt Equation 49
CTE3Z= — zpm Equation 410
CTE4= — zpm Equation 411

The summary of the results is shown in TalleAn additional study was done to obtain the CTE

values under less harsh temperatures included in P&blEhe temperatures used here were, on

one end the ambient laboratory temperature of 22ZC and then on the other end, placed in a
refrigerator tocool to 3°C. This test was performed using the same methodology as used in the
CTE values obtained from temperature rangdbd€Ci 55°C. The CTE values measured under

21°C- 3°C were similar to the harsher temperatures 6€155°C. Note: The redings provided

in Tables 21 and 22 in the rows with gauge line readings B-B et c .-A0BriBI6 Adef er t «
the length change from its referenadue,with positive values showing expansion and negative

val ues indicating shr i-onkii md)e gaafenbaes destnayed dweétd h c o
the harsh temperatures uséthe average C.T.E values are reported also in the table as these were

the vdues which determined if each consecutive segment of cooling or heating displayed a

difference of less than 0.5%.
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Table20: C.T.E values (Temperature of 55°T5°C)

Cylinder C1 Cc2 C3 C4
Test # 1 2 3 1 2 3 1 2 3 1 2 3
X°C 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2
A-A (mm) | 0.048 0.05 0.048 | 0.043 - - 0.035 | 0.037 | 0.036 0.038 0.049 0.04
B-B(mm) | 0.043 | 0.046 | 0.042 | 0.037 | 0.041 | 0.039 | 0.036 - - 0.042 0.046 0.043
C-C(mm) | 0.036 | 0.043 | 0.044 | 0.035 0.04 0.037 | 0.038 - - 0.048 0.057 0.051
D-D(mm) | 0.036 | 0.038 | 0.035 | 0.035 | 0.039 | 0.036 | 0.046 | 0.045 | 0.045 0.031 0.034 0.034
Y °C 154 154 15.5 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4
A'-A' (mm)| -0.015 | -0.012 | -0.013 | -0.016 - - -0.035 | -0.028 | -0.027 | -0.018 -0.015 -0.016
B'-B'(mm) | -0.02 | -0.018 | -0.019 | -0.028 | -0.028 | -0.028 | -0.026 - - -0.024 -0.018 -0.02
C-C'(mm)| -0.024 | -0.02 | -0.024 | -0.029 | -0.025 | -0.028 | -0.03 - - -0.018 -0.014 -0.015
D-D'(mm)| -0.026 | -0.023 | -0.026 | -0.031 | -0.026 | -0.026 | -0.025 | -0.018 | -0.022 | -0.032 -0.031 -0.031
CTE1l 16.237 | 15.979 | 15.722 | 15.206 - - 18.041 | 16.753 | 16.237 | 14.433 | 16.495 | 14.433
CTE2 16.237 | 16.495 | 15.722 | 16.753 | 17.784 | 17.268 | 15.979 - - 17.010 | 16.495 | 16.237
CTE3 15.464 | 16.237 | 17.526 | 16.495| 16.753 | 16.753 | 17.526 - - 17.010 | 18.299 | 17.010
CTE4 15979 | 15.722 | 15.722 | 17.010 | 16.753 | 15.979 | 18.299 | 16.237 | 17.268 | 16.237 | 16.753 | 16.753
Average | 15.979 | 16.108 | 16.173 | 16.366 | 17.096 | 16.667 | 17.461 | 16.495| 16.753 | 16.173 | 17.010 | 16.108
Z°C 54.2 54.2 54.1 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2 54.2
A-A (mm) 0.05 0.04 0.05 - - - 0.037 | 0.037 | 0.0377| 0.049 0.048 0.048
B-B(mm) | 0.046 | 0.042 | 0.047 | 0.041 | 0.042 | 0.041 - - - 0.046 0.045 0.046
C-C(mm) | 0.043 | 0.044 | 0.042 0.04 0.044 | 0.042 - - - 0.057 0.055 0.056
D-D(mm) | 0.038 | 0.035 | 0.037 | 0.039 | 0.035 | 0.035 | 0.045 | 0.046 | 0.045 0.034 0.033 0.033
CTEl 16.753 | 13.402 | 16.321 - - - 18.557 | 16.753 | 16.675| 17.268 | 16.237 | 16.495
CTE2 17.010 | 15.464 | 17.098 | 17.784 | 18.041 | 17.784 - - - 18.041 | 16.237 | 17.010
CTE3 17.268 | 16.495 | 17.098 | 17.784 | 17.784 | 18.041 - - - 19.330 | 17.784 | 18.299
CTE4 16.495 | 14.948 | 16.321 | 18.041 | 15.722 | 15.722 | 18.041 | 16.495| 17.268| 17.010 | 16.495 | 16.495
Average | 16.881 | 15.077 | 16.710 | 17.869 | 17.182 | 17.182 | 18.299 | 16.624 | 16.972 | 17.912 | 16.688 | 17.075
Not e: Gauge | i-rinerse mah&k eglawge  thhat had been destroyed due to

66

t

he



Table21: C.T.E values (Temperature of 20°€C)

Cylinder C1 C2 C3 C4
Test # 1 2 3 1 2 3 1 2 3 1 2 3
X°C 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2
A-A (mm) | -0.002 | -0.001 | -0.003 | -0.013 | -0.012 | -0.012 | -0.01 | -0.011 | -0.012 | -0.005 -0.006 -0.007
B-B (mm) | -0.006 | -0.006 | -0.005 | -0.013 | -0.013 | -0.013 | -0.013 | -0.014 | -0.013 | -0.005 -0.007 -0.006
C-C (mm) -0.01 | -0.011 | -0.01 | -0.011 | -0.011 | -0.012 | -0.014 | -0.013 | -0.014 | -0.004 -0.005 -0.008
D-D(mm) | -0.013 | -0.012 | -0.013 | -0.015 | -0.015 | -0.016 | -0.023 | -0.021 | -0.022 | -0.022 -0.021 -0.019
Y °C 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
A 6A mm)| -0.031 | -0.033 | -0.032 | -0.041 | -0.042 | -0.041 | -0.043 | -0.044 | -0.044 | -0.034 -0.035 -0.036
B & @mm) | -0.037 | -0.036 | -0.036 | -0.043 | -0.044 | -0.044 | -0.046 | -0.044 | -0.045 | -0.038 -0.041 -0.039
Cé& mm) | -0.041 | -0.04 | -0.041 | -0.045 | -0.045 | -0.046 | -0.044 | -0.045 | -0.044 | -0.036 -0.038 -0.039
D é& gnm) | -0.047 | -0.044 | -0.045 | -0.049 | -0.05 | -0.049 | -0.053 | -0.051 | -0.052 -0.05 -0.052 -0.049
CTE1l 16.111 | 17.778 | 16.111 | 15.556 | 16.667 | 16.111 | 18.333 | 18.333 | 17.778 | 16.111 | 16.111 | 16.111
CTE2 17.222 | 16.667 | 17.222 | 16.667 | 17.222 | 17.222 | 18.333 | 16.667 | 17.778 | 18.333 | 18.889 | 18.333
CTE3 17.222 | 16.111 | 17.222 | 18.889 | 18.889 | 18.889 | 16.667 | 17.778 | 16.667 | 17.778 | 18.333 | 17.222
CTE4 18.889 | 17.778 | 17.778 | 18.889 | 19.444 | 18.333 | 16.667 | 16.667 | 16.667 | 15.556 | 17.222 | 16.667
Average | 17.361 | 17.083 | 17.083 | 17.500 | 18.056 | 17.639 | 17.500 | 17.361 | 17.222 | 16.944 | 17.639 | 17.083
Z°C 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2 21.2
A-A (mm) | -0.001 | -0.003 | -0.002 | -0.012 | -0.011 | -0.012 | -0.011 | -0.012 | -0.012 | -0.006 -0.005 -0.006
B-B (mm) | -0.005 | -0.004 | -0.006 | -0.011 | -0.011 | -0.013 | -0.014 | -0.013 | -0.014 | -0.005 -0.005 -0.007
Cc-C(mm) | -0.011 | -0.009 | -0.009 | -0.009 | -0.012 | -0.012 | -0.014 | -0.013 | -0.014 | -0.005 -0.006 -0.008
D-D (mm) | -0.015 | -0.014 | -0.011 | -0.014 | -0.015 | -0.016 | -0.02 | -0.021 | -0.02 -0.02 -0.021 -0.02
CTE1l 16.667 | 16.667 | 16.667 | 16.111 | 17.222 | 16.111 | 17.778 | 17.778 | 17.778 | 15.556 | 16.667 | 16.667
CTEZ2 17.778 | 17.778 | 16.667 | 17.778 | 18.333 | 17.222 | 17.778 | 17.222 | 17.222 | 18.333 | 20.000 | 17.778
CTE3 16.667 | 17.222 | 17.778 | 20.000 | 18.333 | 18.889 | 16.667 | 17.778 | 16.667 | 17.222 | 17.778 | 17.222
CTE4 17.778 | 16.667 | 18.889 | 19.444 | 19.444 | 18.333 | 18.333 | 16.667 | 17.778 | 16.667 | 17.222 | 16.111
Average | 17.222 | 17.083| 17.500 | 18.333 | 18.333 | 17.639 | 17.639 | 17.361 | 17.361 | 16.944 | 17.917 | 16.944
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4.4.3Creep

Six-cylinder specimens with a size of 75m1l50mm were cast in order to test tbagterm

length change of the specimens under sustained load. The molds were filled usivepst poar,

this was done by taking a large scoop of the fresh mixriomeel where the mold was filled to the

top. The molds were consolidated with 30 taps due to the flow of the mix being over 200mm. As
per CSAA23.1 Annex U (2019), the creep was tested following the testing method of ASTM
C512, with testing conducted asastained load of 40% of the specified strength of UHPFRC (i.e.,

a constant pressure of 35 MPa). Upon the arrival of the specimens at the age of 24 hours, the
specimens were in a moist condition at a relative humidity of 95% until the age of 33kdays.
specimens designated to test the creep were examined to ensure large amounts of voids were not
present on the exterior surfaces of the specimens. Once selected, these specimens were coated with

a concrete sealer fiwevent evaporatioantil completion of tle test.

To read creep strains, a digital demec gauge was used. It was standard practibedayasge

lines diametrically opposite to measure one cylinder, however, due to the sensitivity of the strains
for UHPFRC four-gaugelines were used placed at equal quarter lines of the cylinder. A total of
4-gauge lines were used so that if one gauge stud fallhe other two diametrically opposite

gauge lines can be used. To ensuréoait lines are placed at equal lengths and are diametrically
opposite, the specimens are ground until the top and bottom ends of the cylinders were perfectly
horizontal. To teisthis, the surface on which the gauge studs are placed was measured using a
bubble level to ensure the surface on which the specimen was placed for instrumentation was
perfectly level as well. To ensure the gauge lines were vertical, a bobber and steéngsed to

align the studs onto the cylinder. The demec gauge reference bar was then used to space and glue
the gauge studs onto the specimens. Two cylinders were tested in compression at the age of 34
days and showed a compressive strength of 149 MPa4thiMPa. The 40% load at which the

creep specimens are to be loaded was calculated at 262 kN or 26.7 Tons. The testing frame used
an analog gauge that reads the force applied from the hydraulic system which was loaded with a
|l ever . The f tomwasgissérted irdosadustongsprmg assembly which uses a total of

7 springs placed in paralléfThese springs are designed to take a stress of 26 MPa at its ultimate
capacity The charts pertaining to the manufacturer spring force and gmsegnbly are included

in Appendix 2.
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Disc Springs in Parallel.

==

Figure 42: Spring assembly in parallel

The creep frame was selacting with the loaded cylinders. Therefore, as the cylinders experience
shortening due to creefhe springs and the creep frame worked together to ensure the force
applied stays consistent between intervals of
once a week fothreemonths and monthly after that. Tabl@ $hows the summary of creep for

201 days. Figurd3 is the creep strain per unit stress plotted against time in days. The creep
coefficient reported was measured by calculating the difference of the creep strain from the instant

of loading to timet, divided by thanstantaneous strain of 651 micro strain (Fe43). Figures

44 and 49reserg the creep frame and the spring assembly used for performing the creep test.

Creep Strain per Unit Stress

1000.0
900.0 —
= 800.0 /
< 7000
£ 600.0
" 500.0
§ 400.0
= 300.0
© 2000
100.0
0.0
0.0 50.0 100.0 150.0 200.0 250.0
Days
Figure 43: Creep strain per unit stress over 200 days.
Table22: Creep Coefficient
Time (Days) Creep Strain per unit streg# Creep Coefficient
0.1 574.0 -
0.3 651.0 -
1.0 598.1 -
3.0 653.8 -
7.0 669.2 0.03
21.0 753.8 0.16
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35.0 794.2 0.22
64.0 836.5 0.29
80.0 879.8 0.35
107.0 891.3 0.37
135.0 877.0 0.35
167.0 885.3 0.36
201.0 932.7 0.43

N

X A %
Figure 45: Creep Frame
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4.5 Summary of results

The mechanicaland physical propertietudiedin this chapter are summarizedTable25. The

testing method used, and its mean and standard deviation are also provided. Where applicable, the
characteristic value is also calculated. In the present state of the @mexx 8.1, 2019jhe
characteristic values for compression tests are calculated as the mean minus 1.4 * standard
deviation, which corresponds to a 7T%% probabilityof overestimation of the lowest bourikhe
characteristic value is another area whereatireex needs to be further eésped.

Table23: Summary of Mechanical test and ApplicableCategory

Test Results Applicable
o Cat /
Property Test Method Standard | Characteristig aegp .ry
Mean Deviation Value Durability
Limit (DL)
ComTpng'on CSA A23.29C 141 MPa| 5.09 MPa| 134 MPa
Poi sson 0.21 0.006 -
Static quylus ASTM C469/C1856 46.6 GPa 1.016 )
of Elasticity
Flexural Strength 2.227
28 MP
(Peak Strength) 8 a

Tensile Strength

(via Flexure) § 8.79 MPa| 0.6 MPa 7.95 MPa

Tensile
Hardenin ASTM C1609/C1856 Category 120
v _ -~ 1.25 MPa| 0.14 MPa| 1.05MPa
Strength (via with analysis in
Flexure) fu/fc accordance to AFNOR
TensilePost NFP18470,
Cracking Appendix D 2.41 MPa 0.91 MPa| 1.13 MPa
Strength (via
Flexure) f
Tensile | w 3.31 MPa| 0.88Mpa | 2.07 MPa
Strain (via | G 1.93E4 | 2.846E5 | 1.592E4
Flexure) | G, 0.0123 0.003 0.008

Linear Shrinkage CSA A23.221C 0.012% | 0.002 % - -
Coefficient of
Thermal AASHTO T336

17.117p| 0.651

. U o u
Expansion
Creep
Coefficient(at ASTM C512 0.43 - - -
200 days)
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Note: Category 120 in the table above refers to the material obtaining a minimum compressive
strength in MPa of at least 1280 efers to Not Applicable.
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Chapter 5. Inverse Analysis

5.1 Introduction

The following section entails work done in collaboration with the G&skForce for revision of
AnnexA8.1. The objective of this growpas to revise the provisions and commentary for the next
version of the CHBDC with the intent that Annex A8.1 will become mandatory in the 2025 S6
code cycle. Material Characterization was identified as an essential need that requires the review
of tests intension and updating/improving the existing methods of testing and performing analysis.
Specifically, reducing the uncertainty in the characterization of the testing and inverse analysis
methods to extract the tensile response not only in material chraraitte of UHPFRC but also

in quality controlwas identified as the most pressing priority for the introduction of design
provisions with this material in the design code. Therefore, the need for development of
standardized direct tension testedquality control tests to ensure the material delivered in field

in construction projects matches the characteristics of the approved material andolonnd
testing for proofing and verification are key to further progress in the field. To better define the
need, and to proefest the applicability and voids of the existing approaches of AABek, two

design examples were subjected to round robin evaluation by different research groups so as to
compare the results and any possible differences in the outphg ahalysisThe round robin
evaluation for the material characterization in the CSA Task Force was done with three research
groups specifically dedicated for material characterizatitwo of which were from York
University and one from Ecole Polytechne Montreal. The purpose of it was to compare data

and discuss the variance if any.

The first example is explored in the present chapter, and it concerns a systematic examination of
the inverse analysis procedure of Annex 8, which is used to extractribiéetstress strain
response of sampie THFRC materials from the prism flexural tests depicted iruFeg6. Upon
completion of this investigation the method was applied to the collection dfithebeam tests
conducted in the present thesis, as presented in Chapter 4, with the objective to extract the tensile
stress strain response of the UHPFRC matesiaidied. The second example is the subject of

the followrup chapter; it concerns the performance of the design provisions when applied to a
complete bridge girdeiThe loadi deflection response in the figure below was provided in the

design example irhe round robin evaluation from the CSA task force group being discussed.
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90 THFRC Load vs Deflection
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Figure 46: Load vs Deflection curve under investigat{@FRQ

The inverse analysis methodology summarized in the next section was applied on a suite of data
from beams tested in the laboratory, having various sizes. To illustrate thdepsedent
variability in the results obtained from the inverse analysis asfiggelby CSAS6 Annex A8.1,

the data from the specimens tested in the present work, having size of ¥QdAMmMx 300mm

are discussed in the methodology section below. To further investigate the effect of size on the
derived tensile properties obtainedrfr the inverse analysis, additional larger beams of nominal
sizes of 150mnx 150mmx 450mm and smaller beams of sizes of 100mB0mm x 400mm

made according to theFNOR NF EN 13670 2013)Code were also analyzedote: the fibers

lengths used in the lardgeams oBize 150mnx 150mmx 450mm were 13mmateel fibers.

The fibers in the mix usddr the 200mmx 100mmx 300mwere 20mm long with 0.2mm diameter
at a 2% mixture ratio (per volume). Additional parameters needed to conduct the analysis included
the canpressive strength and the horizontal distance from the center of the span to the tip of the

crack width. An example case illustrating this distance is shown in Hgurelow.
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Figure 47: Distance d (measured from center span to tip of the cjack

5.2Inverse Analysis Methodology- CSA Annex A8.1

In order to perform the inverse analysis, the UHPFRC material must first $atidfynits. These

limits are shown in EquationS.1 and 5.2. The limits were set by Annex A8.1 in order to
characterize the material as a THFRC. Along with these limitsntlerde analysis proposed by

the Annexrequires the compressive strength of the material to be tested in accordance with Annex
U, which proposed testing methG@HA A23.29C be used to test cylinders in axial compression.
Lastly the fiber lengths are alsajrered in order to perform the inverse analysis.

fuO fm 1 Equation5.1
WO 0.001 Equations.2

Further,AnnexA8.1 classifies the crackirgirength &m from Equatiorb.3, or the value obtained
from the inverse analysgerformed on prismatic beams of specified dimensions as shown in Table
26 to be used.

fem=0.6 @O 7. 35 MPa Equation5.3

The simplified direct tensile model for THFRC is definedfly, < Bhd the specified post
cracking propertief, and . Figure48 is a visual representation of the simplified direct tensile
model for THFRC The goal of the analysis is to obtain this tension model for the material for

characterization.

75



OVSE
O

fFu
fcrm ’-///

& >
1 €
& "

cr

Figure 48: Simplified direct tensile model for THFRESA Annex A8)1
To perform the inverse analysis after the preliminary data is obtained as discussea kzakve
deflection resistance curve generated froma flexural test conducted using symmetric loads at
the third points of the beam span under displacement control. To this end, at the coordinates of
four characteristic points are selected from the resistance asriteistratedn Figure49. Using
P for the total app]lanatdiniddpansthe slop8sd sechnt linesfd@awn t h e
from zero the four selected points are defined as folldwsrefore,S is the ascending linear
elastic slope of the resistance curve before the occurrence of the first ceaakg So represent
lines with slopes equal to 75% and 40% efeSpectively; when drawn from the origin the
straight lines with these slopesargect the envelope at two points with coordinates ¢ and
(P2, 2).u Lastly, two additional points,sRnd R were obtained: in the casé Pz by finding the
corresponding #ax from which, the coordinates of the point with strength equal to 97%Qf P
before the peak wadefined agPs, 3).UPoint R corresponded to 80% og,Pin the postpeak is

defined as the characteristic coordinates (B.u
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Figure 49: Characteristic points for Inverse analy$iSSA Annex A8.1)

Once the coordinates of the 4 characteristic points were obtainedréiaput tothe equations

of Table26, leading toa linearizedtensile stress vs strain diagram. In fact, the material law is
defined as comprising two parts; one representing the ascending part including the hardening
component, where the coordinate in the horizontal axis is tensile strain; and one representing the
response beyond the onset of crack localization, comprisimgpsigealdescending relationship
between stress and increasing crack widltie average plots obtained as a resuitducted from

this analysis arshown in Figires50and51. This procedug is both calculation intensive, requires

high accuracy instrumentation, and experienced personnel to conduct the tests apart from the need
of a displacementontrolled testing facilityln the table below L refers to the shear span length,

and h refers tthe height of the specimen.

Table24: Tensile Properties of THFRC using inverse analysis

Property L=3h Normalized Parameters
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Figure 50; Stress vsStrain for Maximum So and Minimum So

Stress vs. Crack Width
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Figure51: Stress vs Crack width for maximum
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5.3 Results/Discussion

This section consists of the results of the prisms testddeebatches, with ten beams cast per

batch as presented in Chapter 4. Along with beams, ten 75mm diameter cylinders were also cast
in every batch, in order to obtain the compressive strengthach mix. The summary of the
resistance curves and cylinder tests are given in TaBlead Figures2 below. Using the same
methodology as in the preceding section, inverse analysis results were obtathéatyfoeams

in total. For each beam two inverse analyses were perfommigdthe maximum and minimum
estimates o&. When selecting an appropraslope from the raw data of the beam tests, it was
observed thatuting the loading stage of the beam, prior to cracking, the slope of the resistance
curve starts to decrease as microcracks form allowing the beam to bend. This bending compensates
for the load being applied and therefore the resistance curve slope decreases as the specimen
becomes more compliant. The upper limit range of allowable slopes was therefore associated to

the point just before any apparent deviation from linearity occurs.

These gbpes were selected from a range of loads with the lower limit set to 10 kN for all beams,
while the upper limit of the range was kept dependent on the linearity of thdddadtion curve.

Il n the rare circumstance ofichalalmesopetobmote¢hhnavi or
1000 kN/mm was calculated, although the inverse analysis could still be performed, it was often

the case of user error in its testing setup. In fact, these beams have been shown to fail under torsion.
These beams are not refeal in the present analysis as they are outliers in the overall assessment

of the material over thinreebatches.

Table25: Summary of compressive strength for batch8s 1

Batch # Mean (MPa) Standard Deviation Characz’lc\;zlrjlzt)lc Value
1 146.68 7.68 135.93
137.54 411 131.79
3 138.25 4.06 132.57
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