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Abstract

With the advent of Ultrddigh-Performance FibeReinforced Concrete (UHPFRC)nost
shortcomings of conventional concrete are mitigated, since UHPER&ceptional mechanical

and durabilityproperties The behaviorof the materiain tensionis the mostmportant property

that need be characterized with confidence for practical implementation of UHPFRC in
construction. Thigs often extracted through reverse inverse anabyfstiexural tests existing

inverse analysis methods are fraught with great tamicgdy and scattern this thesisseveral
alternative characterization methods are explored and corroborated with test results, including an
inverse analysis procedure that is consistent with first principles, as well as a practichlasedrt
procedue for quality control by practitioners. Apart from the direct tension response, the tension
stiffening property of UHPFRC when it interacts with embedded reinforcement was also studied
both experimentally and through detailed finite element simulaf@mameters of th study
included the volumetric ratio of fibers, casting methodojdggding protocobnd the condition

of the embedded reinforcement (corroded or uncorroded). Results quantify the amount of tension
stiffening that UHPFC cover can provide reinforcement. The emphasis on tensile stress and
strain capacity of UHPFRC is of interest in seismic retrofitting of existing columns through
jacketing. In this work a design framework was developed to design UHPFRC jackets by setting
performance objectes for the retrofitted column, strain limits for the UHPFRC material in tension
and compression, and by development of a constitutive relationship for the encased concrete under
the influence of confinement imparted by the jacket. The study includesstraive example of

a bridge pier confined with two alternative UHPFRC materials of different strength, indicating the
effectiveness of the proposed methodology in estimating the performance limit states of the

retrofitted component.
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Chapter 1: Introduction

1.1 Background

A huge proportion of the existing Reinforced Concrete (RC) infrastructure across the world is at
the end of their service life or facing premature structural deficiencies that require significant
repairs. Reinforced concrete was once believed to be adaffe and lowmaintenance material

for the built infrastructure, but it now requires tremendous investment to keep them functioning
safely and serve future needs of humanity. The global cost of corrosion, which is the predominant
deteriorating mechanism RC members, was estimated to be USD$2.5 trillion in an international
report published biNACE (2016) Hence, the incredible cosf these repairs led to a shift in focus

from traditional practices to explore advanced and sustainable materials that could be used in repair
and rehabilitation works with greater serviceability and reliability. With the advent in cementitious
material technologies, UHPFRC gained prominence as a potential material that could solve many
problems associated with the modern infrastructure. igh performance fibereinforced
concrete (UHPFRC) is a type of fiber reinforced concrete with superior meahproperties and

much higher durability. Its innate characteristics and supbgbaviorin terms of compressive

and tensile strength, pestacking ductility and durability makes it a wsllited material in the
construction industry. Besides its adiages and applications in retrofitting and rehabilitation of
existing RC structures such as jacketing of bridge piers, deck joints, bridge overlay etc., it is also
being considered in construction of new structural members. Owingsignificantstrengh and
mechanical properties, UHPFR@ay be used to obtaieducedsizesof design crossections
compared to other conventional concretes. This would provide increased amitanmt arffeaand

reduce selweightin case of buildingsThe undamental desigmethodology of strong column

weak beam connection in a building structure is easily achievable with the use of UHPFRC in
columns, thus, giving rise to a possibility of hybrid strucememprising of both RC and UHPFRC
elements. Because of its increasesistance against penetration of harmful ingressive agents that
cause corrosion in RC members, UHPFRC also serves as an effective and durable retrofit material
in corrosive environments. Retrofits performed with UHPFRC would significantly increase the
life span of a structure, besides reducing the number of iapaiventions Hence, it justifies the
amount of initial cost over its life span and was also proven @dosteffective alternative in

some cases reported Bpiron (2016)



1.2 Brief Introduction to UHPFRC

Ultra-high performance fibereinforced concrete, often abbreviated 4$PFRC or UHPC, is a
composite material characterized by very high compressive and tensile strength, durability, and
postcracking ductility which is imparted by the discrete fiber reinforcementghatides an

effective crack bridging mechanismFigure 1- 1). Annex 8.1 of CSA S6 (2019) describes

UHP F RC a aesnentitious material with enhanced compressive strength and durability
compared to hig performance concretes and having a minimum compressive strength of 120
MPab. Tensile categories of UHPFRC are cl assif
accordance with Annex U of CSA A23.1 (2019).

Figure 1- 1: (b) lllustration of multicracking and fiber bridging in UHPFRC

UHPFRC is a mixture of Portland cement, fine sand, silica fume, ground quartz, fibers (commonly
steel fibers), higlrange water reducing admixture (superplasticizer) and wadeally, aminimal

water to binder raties used in the range of 0.2 or [esSince its adverds reactive powder concrete

in early 1980s, remarkable advancements have been made in developing the UHPFRC technology
thatis used in the present day. The term Uldigh Peformance Concrete (UHPC) was first
coined byde Larrard & Sedran (1994p refer to a material witln optimized particlepackng.
UHPFRC has gained worldwide attention owing to its innate mechanical properties and resilient
nature and has proven to be a potential construction material everAipoecast, prestressed
pedestrian bridge in Sherbrooke, Quebec was the first bridg@nada that was constructed using
UHPC back in 1997Blais & Couture, 1999)Apart from its most commonly used application in

the field-cast connections of bridges which require less volume of concrete and eliminate the need
for posttensioning, many more novel applications have been explored in order to fully utilize the

potental of this class of material. UHPFRC can be used in seismic repair of bridge pisisyraft



structures, windmill towers, hydraulic structures, oil and gas industry utility towers, architectural
components, bridge deck overlays and tunnel linjdgsnee & Shafiq, 2018)Besides superior
mechanical properties, the discontinuous pore stru@ndepractical absence of capillaries in
UHPFRC makes it more durable against the ingress of camading agents thereby increasing

the lifespan of repair and the structure on the whiigure * 2 shows several largscale
applications of UHPFRC across the worlttluding pedestrian and road bridges, roofs and
facades, and curved panels in a building. Due to the potential benefits and wide range of
applications possible with UHPFRC, several commercial or proprietary mix packages have been
developed by manufactureasound the world that are available in the current markets. Global
market size of UHPFRC is expected to grow by 8.6% to USD $1867.3 million by 2025 which was
USD$892 million in 201§Grand View Research, 2017)

e KSR T < g 5
) Sherbrooke Pedestrian Bri ge‘,\\‘- S _ (b) Peace Bridge, South Korea (c) Kampung Linsum Bridge, Malaysia

(d) Jean Bouin Stadium, Paris

(f) The Atrium, Canada

Figure 1- 2: Examples of UHPFRC applications: (a,b,c) Bridges; (d,e) Roof and facade; (f) Building
(Azmee &Shafiq, 201&hou et al., 2018Y00 & Yoon, 2016

1.3 Objectives and Scope of the Thesis

Wide scale application of UHFRC has been limited mainly due to the lack of design codes, initial
cost, skilled workforce, and specialxing equipmentin the past decade, a lot of resdawas
conducted for characterization and classification of UHPFRC often based on itsliehs\gor

which is one ofits primary attributes. Several indirect methodologies have been proposed to
estimate tensilbehavior some of which have been recommed in international standards (CSA

S6, 2019; SIA 2052, 2016; AFNOR NF P18 470, 2016). However, some of the indirect methods
developed were complex while others did not gather consensus of the research community due to
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over simplifying assumptions or limétions. For example, the inverse analysis method
recommended by Annex 8.1 of CSA S6 (2019) is applicable to specimens having clear span equal
to three times the depth and was also found to possess great variability in predicting the tensile
behaviorof UHPFRC (Husain, 2021). Hence, the researchers are once again turning towards
developing traditional direct tension tests that are feasible to implement in most laboratories
around the world so as to avoid the use of complex inverse analysis mbtnoalse of which is
hampered byincertaintiesNonethelessthe direct tension test is limited by its oveomplexity.

The work done in this study wasotivated ancimed at reducing this research gap by addressing
some of theritical open issues of Annexd@ CSA S6 (2019)egarding material characterization

so as tdoster the implementation of UHPFRC

More specifically the research presented in this thesis was aimeumoaiding newindirect
analysis methods foestimating thetensile properties of UHPRR to provide stresstrain
analytical model in compression calibrated withvast experimental dataset, and to provide
experimentaévidenceand analyticainodels for theéension stiffening property of this material. In
addition, seismic retrofit applidan of UHPFRC was explored andoarformancebaseddesign
framework was proposed in cagkseismic retrofitting opiers throughjacketing which could
significantly advance the life of critical bridge structures that require intensive andakiimgy

repairs.
The main objectives of this research program are summarized as follows:

1. To develop and validate a spreadsHeseted inverse analysis methodology that is easy to
use and applicable ta wide range of flexural specimens irrespective of size or fibe
percentage of UHPFRC.

2. To develop and validate Forward Analysis methodology lieu of inverse analysitp
extract theessential tensile properties of UHPFR&@h as that areseful for quality control
and in design.

3. To correlate the tensile stresgain properties obtained from direct tension tests and
through various indiredestingmethods including the ones proposed in this study.

4. To provide experimental data dne tension stiffening property of UHPFRC in case of

uncorroded and corroded reinfement steel.



5. To develop, correlate and validate a Hioear finite element modeh orderto estimate
thetension stiffeningpehaviorof UHPFRC.

6. To propose and validate an analytical uniaxial ststssn modelfor the behaviorof
UHPFRC materialsn compression and put forward design strain capacities based on the
database established from UHPFRC experiments.

7. To propose a seismic retroperformancebaseddesign for pier jacketing application of

UHPFRCin accordance witiiSA S6 frameworland asses itserformance.

1.4 Thesis Structure

The thesis document is arranged in eight chapters. A brief introduction pertaining to each chapter

is summarized as follows:

Chapter t Introduction: This chapter provides a brief background and introduction of UHPFRC,
its structuralpplications, practicability and challenges hindering widespread use of this material.
Scope of the research study, objectives purgudus researchand organization of the thesis are

also described in this chapter.

Chapter 2 Literature ReviewThis dhapter provides a review on the classification of UHPFRC,
mechanical properties and factors influencingrtaterialbehavior Subsequently, experimental
studies pertaining to the tension stiffening property of fiber reinforced concretes are explored.
Corrosion mechanism of reinforcement steel and its effects are discussed. Furthermore, retrofit
applications of UHPFRC material with an emphasis on seismic retrofit aftpreugh jacketing

are presented. A detailed review study focused on various exist@ge analysis methods is also

presented and uniaxial compression stetsan models available for UHPFRC are reviewed.

Chapter 3 Determination of TensileBehavior of UHPFRC: This chapter presents the
experimental results carried out for UHPFRC matenised in this studto obtaincompressive
stressstrain, modulus oEl ast i ci t y an th additon,testoto Measurspditting o
tensile strength, direct tension and f@aint bendingresponse are presentethe aim of this
chapter was to ppmse an inverse analysis methodolagylvalidate it using direct tension tests
results and compaiiés performancewith other existing inverse analysis methods. In addition,

Digital Image Correlation for direct tension tegtaspresented.



Chapter 4 Forward AnalysisMethod This chapter proposes a forward methodology to predict
critical tensile stresstrainbehaviorof UHPFRC by using design charts developed for specific
prism sizes. Results obtained from this method are comparethasieof other irverse methods

and direct tension tests for validation. This method is capable of removing the need of performing

complex inverse analysis methods to obtain the tebshavior

Chapter 5 Tension Stiffening of UHPFROhe experimental program carried eoitexplorethe
tension stiffening property of UHPFRC is presented in this chapter. Parameters of the study
included fiber percentage of the mix, casting methodology and reinforcement bar congiitinam
corroded or uncorroded. Additionally, companiost$ancluding flexural, compression and direct

tension tests of UHPFR®@ere also presented.

Chapter 6 Finite Element Modeling of Tension StiffeniBghavior This chapter includes the
nortlinear finite element modeling used to predict the tension stiffdp@mgviorobtained from

the experiments in the previous chapter. Two kinds of models were developed based on the
geometry of reinforcement stedD rebar mdel and 1D rebar model. Correlation between the

two models and experimental reswitsredrawn.

Chapter 7 Design of Bridge Pier Seismic Retrafith UHPFRC This chapter presents a pertinent
framework of seismic design guidelines essential for perfocmbased design of UHPFRC
retrofits along with a practical example of bridge pier seismic retrofit using UHPFRC jacketing.
A database of compressitests, and values stressstrainbehaviorof unconfined UHPFRC is
established fronthe experimental evidece available in the literature. Furthermore, an analytical
compression stresstrain model suitable for UHPFR®&asproposed based on an existing model
from thehigh strength concretderature along with the design strain capacities of critical points

in compression.

Chapter 8 Conclusion: This chapter starts with a brief summary of the thesis followed by
conclusions related to major topics of the research work presented. Lastly, challenges faced during
the course of work with respect to experimental analytical research aspects are presented and

relevant recommendations for further work for the near futurprafosed

A graphical overview ofFigurent8. t hesi s6 content
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Chapter 2: Literature Review

Literature review presented in this chapter begins with the classification of UHPFRC based on
different international standards, followed by its mechanical properties and the factors affecting
characteristibehaviorof UHPFRC.Subsequently, experimentalidies pertaining to the tension
stiffening property of fiber reinforced concretes are explor&dreview on the corrosion
mechanism and its effects on reinforcement steel is presented. Furthermowd; thiatat retrofit
methodologies of UHPFRC are disssed with an emphasis on pier jacketing retrofit applications.

A detailed review on existing inverse analysis methpasposed by several researchers or
standards$o obtain the tensilbehaviorof UHPFRC is included. Lastly, existing analytical stress
strain models for uniaxial compression of UHPFRC are presented which are essential for the non

linear analysis of structural and retrofit members constructed from this material.

2.1 Classification of UHPFRC

Constituents of modern UHPFRC often include a mix of Portland cement, silica fume, fine sand,
super plasticizer or higrange water reducing admixture, reinforcing fibers (generally steel),
chemical admixtures and water. The difference in dosage and fespef these constituents,
casting environment, fiber orientation and curing methods can result in diverse material
characteristics of UHPFRC. The most common type of UHPFRC contains steel fibers and exhibits
strairhardeningbehavior in tension.Figure 2 1 shows the general classification of fiber
reinforced concrete (FRC) based on lakdlection response from a bending test and ss&am
response in uniaxial ision(Naaman & Reinhardt, 2006¥RC is usually identified by two types

of responses in tension, namely straardening and straisofteningbehavior FRC is classified

as strairhardening if it exhibits a postracking tensile strength higher than the tensile cracking
strength. A strim-hardeningoehaviorin tension generally follows deflection hardening response

in bending. On the other hand, a straoftening material would either have deflection hardening

or deflection softeningehaviorin bending.

To this date, several standardn UHPFRC have been documented and published around the
world. These standards help classify this type of material into variotsasedpories which can be
used for quality control of UHPFRC producedsite and for design of members as adopted by

theirrespective national standards or beyond.
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Figure 2 1. Classification of FRC materials (adapted from Naaman & Reinhardt, 2006)

2.1.1 Classification Proposed by the Canadian Standard

AnnexU (CSA A23.1:19, 2019)provides proisions on UHPFRC material and construction
aspects. The minimum compressive strength of a TN28 cylindrical specimen is required to be 120
MPa at 28 days. TN28 refers to ambient curing conditions with no thermal treatment2f3+
and at least 95% relag humidity for 28 days. With regard to compression testing, the standard
recommends a cylinder size of 75 mm x150 mm and loading rate of . DMPa/s to be used
due to high compressive strength of the UHPFRC. Annex U also classifies UHPFRC into strain
hardening and straisoftening categories based on results of direct tension tests:-I&trdaning
UHPFRC should possess a minimum tensile cracking strength of 5 MPa, with a hardening ratio
"Q ]} greater than 1.10 and a minimum ultimate tenstitain { ; ) of 0.1%. Notably, tensile
cracking strength of strain softening UHPFRC should be greater than 4 MPa. The standard also
prescribes durability limits (DL) of DL50, DL100 and DL200 based on the results from durability
tests such as abrasidoss, sakscaling, absorption, chloride ion penetration and sulphate
resistance. Annex A8.1 of the Canadian Highway Bridge Design Q08& S6:19, 2019)

provides information on design of structural members using FRC.



2.1.2 Classification Proposed by the FrefdcStandard

AFNOR NF P18470 (2016)is a French standard on UHPFR@ecifications, performance,
production and conformity. The standard requires the minimum compressive strength of a
cylindrical specimen to be 130 MPa and various classes of UHPFRC are proposed based on
compressive strengths varying from 130 MPa to 250 MPa. This standard recommends testing of
110 mmx 220 mm cylinders. Type M UHPFRC (containing metallic fibers) with cleaistat
compressive strength greater than 150 MPa is graded as UHBFRpe M UHPFRC with
characteristic compressive strength in between 130 MPa to 150 MPa is graded as WHPFRC
Moreover, a loading rate ranging between 0.4 MPa/s and 0.8 MPa/s is readetunfor

compressive strength tests.

The characteristic value of the elasticity limit in tension (tensile cracking strength) should be at
least 6MPa at 28 days. In terms of tenk#bavior UHPFRC is categorized into three groups: T1,

T2 and T3, dependg on ratio of the ultimate tensile strength to the cracking stref@th™Q,

Class T1, termed as strasoftening, has the ratio lesser than 1.25 for both mean and characteristic
curve. Class T2 has the ratio greater than 1.25 for the meam lourlesser than 1.25 for the
characteristic curve, termed as limited stia@mdeningbehavior Class T3 corresponds to
significant strairhardeningoehaviorfor which the corresponding ratio should be >1.25 for both

the mean and characteristic curvagreh standard also defines limiting values for durability tests
based on various exposure classes which can be referred in detail in the standard document.
Moreover, design requirements pertaining to structural members constructed with UHPFRC are
recommeded inAFNOR NF P18710 (2016)which is an addendum to Eurocede

2.1.3 Classification Proposed by the Swiss Standard

SIA 2052 (2016)s the Swiss standard recommended for design and construction of structures
with UHPFRC. This standard requires the material to possess a minimum compressive strength of
120 MPa in order to be diggnated as UHPFRC. It also has additional compressive strength classes
as U120, U160 and U200, where the number next to U corresponds to the characteristic value of
cube compressive strength of UHPFRC. It further classifies UHPFRC into three categ@ries (U
UA and UB) based on its direct tensilehavior U0, UA and UB materials should have elastic

tensile strength’Q, exceeding 7.0, 7.0 and 10.0 MPa, respectively. The ratio of ultimate tensile
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strength to elastic tensile strengtly}, j ", for these classes are 0.7, 1.1 and 1.2 in the same
order. Moreover, it requires the ultimate tensile strain)(to be 15% and 2.0% for UA and UB

classes, respectively.

2.2 Mechanical Properties of UHPFRC

2.2.1 Compression

UHPFRC achieves high compressive strength on account of its dense matrix and integrity provided
by proper particle packing whereas the presencéefs makes it more ductile in lateral strain
capacity (Naeimi & Moustafa, 2021)Although addition of fibers increased the compressive
strength of the material compared to the one containing no fibers, there was no significant strength
enhancement for increasing fibers from 2% to @Helou, 2016; Wang et al., 202@raybeal

(2005 observed thaup to 70 MPa of compressive strength was developed in as early as 2 days.
French recommendations on UHPFRXEGC-SETRA, 2002)proposed compression testing with

a loadng rate of 0.24 MPa/s to 1.7 MPa/s on account of very high compressive strength- Annex
U (CSA A23.1:19, 2019)ecommended a compression test loading rate of 1 MPa/s and the same
was also proposed hyraybeal & Hannann (2003and FHWA(Russdl & Graybeal, 2013)As

already noted in the previous section, the minimum compressive strength requirement for
UHPFRC is 120 MPa in Annex A8.1 of CSA S6:19 (2019) and SIA 2052 (2016), whereas it is
130 MPa in AFNOR NF P1870 (2016), and 150 MPa in FHA(Russell & Graybeal, 2013)

2.2.2 Modulus of Elasticity

Modulus of Elasticity (MOE) is an imptant parameter in the design of UHPFRC structures.
Annex U of the standard CSA A23.1 (2019) recommended the 4sTdfl C469/C469M (2014)

for determining the static modulus of elastic
test data, the modulus of elasticity can be estimated from a suitable empirical relationship based
on the comprssive strength of the material. Several relationships have been proposed for
estimation of the Modulus of Elasticity of UHPFRTable 2 1 summarizesa few relevant

empirical relationships for MOERussell & Graybeal (2013gported that the average value of

MOE for commercially available UHPFRC premix in the present markets varied from 55 GPa to

59 GPa. HoweveBonneau et al. (1996gported a MOE value of about 46 GPa for fibered

UHPC mk, which was increased to about 49 GPa with the addition of 2% fibers. A detailed review
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of the existing empirical relationships for predicting the modulus of elasticity of concrete was done
by Alsalman et al. (201Avho also developed an expression that reasonably predicted MOE of
UHPFRC(refer to Figure 22) with an errorof £10%.

Table 2 1: Empirical relationships for MOE of UHPC (adapted from Alsalman et al., 2017)

Source Equation Note
Graybeal (2012) 0 1 T @WwQ wX Q pYX®OOO
Graybeal (2007) 0 o yY1omrQ PCOPQ PpWBD®

_ UHPC without coarse aggregat
Ma et al. (2004) 0O pwmnd®pn” i o
PLULTQ pPpYmL W

Ma and Schneider (2002) 0 p@o®® o1 P¢'Q pTHO®

D n ” w5 v
AFGC (2012) O wvTofRQ 7 Heatcured UHPC'Q p T L d
7.0x10°
; » Graybeal [5]
F A Ahlbome et al. [19]
6.5x10" F *a " Ichinomiya et al. [20]
F * oy = Marijan et al. [21]
3 0 c = Bonneau et al. [22]
‘14 + Magureanu et al. [23]
6.0x10° . A Habel et al. [24]
F . o oo, Ahmed et al. [25]
+F P Go = Magureanu et al. [26]
_ 55x10°F R L g ! > Hajar et al. [27)
o F " 4 Hegger et al. [28]
% E 4 ﬁ.,'z"““n N Holschemacher et al. [29]
< 50x10°F e 3 g 4 Stiel etal [30]
%) [ . e ] + Empelmann et al. [31]
= [ y; - »  Scheydtetal. [32]
3 45¢10° E L o Tueetal [33]
ol = F J/ @ = Schmidt et al. [34]
= b 04 + Matsbara et al. [35]
o 4 F £ « = «  Almansour & Lounis [36]
% 4.0x10° 7A = Bruhwiler & Denarie' [37]
] o ':‘n ' * Kollmorgen [15]
w 3 “fu : el Coello [38]
3.5x10"F 5 e « Sobuz etal [39]
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L 1 +10%
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Figure 2 2: Relation between modulus of elasticity and compressive strength (Alsalman et al., 2017)
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2.2.3 Tension

The tensile strength of conventional concrete is very small and was usually neglected in the design
of flexural members in the interest of simplified and conservative design. However, the tensile
strength and ductility of concrete gained attention with the invention of cementitious composite
materials such as ECC, HPFRC and UHPFRC. Besideshidfinaccompressive stngth, UHPFRC

is known for its significant postracking tensile strength sustained up to a high tensile strain which

is supported by the fiber reinforcement. Since the advent of UHPFRC, a lot of research has been
conducted focused on characterizationt®tensilebehavior Tensile properties of UHPFRC can

be either obtained directly through direct tension tests or indirectly from flexural tests with the use
of a suitable inverse analysis metl{Gadaybeal & Baby, 2019 Several test methods and specimen
geometries have been reported for conducting a direct tension test such as prismatic, dogbone, |
shaped and dumbbell specimd@aybeal & Baby, 2013; Yang et al., 202Due to the high
compressive strength, th®nd between fibers and matrix is much improved leading to reduced
length of anchorage which allows the efficient use of short fibers and enables a longer
microcracking phas@_opez, 2017)Moreover, the use of high strength steel fibers having a high
elastic modulus lead to wial tensile response of UHPFRC with high cracking strength, large
microcracking phase and large fracture energy. The direct tension test is the best approach to
determine uniaxial tensilbehaviorof UHPFRC (Naaman & Reinhardt, 2006however, it is

difficult to perform direct tensiotests due to several practical reasons. Imperfections in specimen,
stiffness of the loading machine, boundary conditions, stress concentrationsunifoom fiber
dispersion in the specimens, shrinkage, eccentricities caused due to testing machinmateribl

itself are some of the challenges that occur during a direct tensiorfKeesakubo, 2006;
Ostergaard et al., 2005; Qian & Li, 2007)

Naaman & Reinhardt (200§)roposed a classification for strawmardening fiber reinforced
composites ba&sl on modulus of elasticity (E), ultimate tensile stren@§¥)(@nd its corresponding

strain € ). Cracking strength was not included as the authors felt it does not hold significant
influence on design aspects. Five different groups of strantening FRC were proposed based

on ultimate tensile strength, which includ&b, T-5, T-10, T-15 and F20. T represents tension

and the number represents the lower bound for characteristic ultimate tensile strength. Moreover,

Naaman & Reinhait (2006)proposed two more conditions for strdiardening material: (a) the
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modulus of elasticity (E) must be greater than 10,500 MPa; (b) the strain at ultimate stress should
be greater than 0.005. The requirement of ultimate strain is not widedptadcas 0.5% is not

easy to achieve even in most common UHPFRCOS

Wille et al. (2014)proposed classification of UHPFRC into four levels based on its volumetric
erergy absorption capacity prior to softening in uniaxial tension similbdlaoman & Reinhardt

(2006) Level 1 refers to deflectiesoftening, level 2 corresponds to stramftening, level 3 and

4 correspond to strainardening with differece in energy absorption capacity that classified level

4 to be highenergy absorbing material. In other words, level 4 was characterized by very high
strainhardeningoehavior Moreover Wille et al. (2014)dealized the uniaxial tensile response of
UHPFRC into three parts as showrFigure 2 3. The elastic and straimardening responseas
represented by bilinear response of tensile stress vs tensile strain and the response beyond crack

localization was represented by the tensile stress vs the crack opening relationship.
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Figure 2 3: Idealized uniaxial tensilbehaviorof UHPFRC proposed by Wille et al. (2014)

Minimum tensile cracking strength and ultimate strength requirements for UHPFRC, and its
classification by CSAA23.1:19, 2019)Swiss(SIA 2052, 2016 and French standar8FNOR

NF P18470, 2016; AFNOR NF P1310, 2016have been mentioned earlier in Section 2.1. The
Swiss standard proposed a standard dogbone specimen for conducting the uniaxial tension test of
UHPRRC (Figure 2 4). The tensile loading is applied to the specimen, bonded with 1.5 mm thick

aluminum plates, through clamping action between the machine and the specime
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Figure 2 4: Direct tensile test dogbone specimen proposed by SIA 2052 (2016)

Graybeal & Baby (2019onducted uniaxial tensile test on prismatic specimens of 50.8 mm x 50.8
mm crosssection (2inch x 2inch) and two different lengths (17 inch and 12 inch). Aluminum
grip plates were bonded to the specimen using-bigingth structural epoxy. A parallel ring
extensometer equipped with 4 LVDTs was used at a gauge length of 101.6inui)(@nd 76.2

mm (3inch) for long and short specimens, respectively, as depictéidjime 2 5. Loading rate

of 0.00254 mm/sec was used. An elaborate review ingjudetails on material, geometry and

grip configuration corresponding to various direct tensile test setups for FRC materials can be
found inWille et al. (2014)

(b)

Figure 2 5: Direct tensile test setup (a) Long specimen (b) Short specimen (Graybeal & Baby, 2019)
2.2.4 Flexure

Flexural testing of UHPFRC has been used as an alternative to the direct tension test due to ease

of specimen preparatiomd test execution. However, experimental results obtained by bending
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tests need to be complimented with an inverse analysis procedure for appropriate interpretation of
the direct tensildehaviorof UHPFRC. Thregoint bending on notched specimen and Hpoint

bending on umotched specimen are the most common type of bending tests performed to obtain
tensile characteristics of fiber reinforced concr@@anvllard, 2000) Notched thregoint

bending tests enable the measurement of the contribution of fiber as reinforcement of a cracked
section and pogteak cracking response of UHPFRC by measuring load vs crack mouth opening
response. On the other hand, rf@oint bending tests on tmotched specimen are used to derive
elastic properties and the strdiardening response of UHPFRC by measuring the load vs midspan
deflection respons€SIA 2052, 2016) The mostcommon type of foupoint bending test
recommended by many standaftd- P18470, 2016; ASTM C1609/C160949, 2019; CSA
A23.1:19, 2019; SIA 2052, 201&r tension hardening UHPFRC material is the one with third
point loading, where both the distance between loading rollers and the shear span are equal to one

third of the prism span as shownHigure 2 6.

AnnexD of SIA 2052 (2016) also provides an iterative inverse analysis procedure for determining
the tensile stressrack openindpehaviorof notched prisms. In the case of fqaoint bending tds

the distance between the loading rollers offer a constant moment region, however, a disruption in
the stress field is created close to the loading points whose effect is reduced with increasing
slenderness ratio (L/h) of the specim&adpez, 2017) Moreover, prismatic flexurapecimens

with square crossection and shear span to depth ratio (aspect ratio) equal to 1 has stronger shear
component than the specimens with depth equal to half of shear span (i.e., aspect(Raiti=2)

et al., 2021) Thus, the specimen recommended by AFNOR stan@dFdEN 13670, 201 3hat

has a shallow crossection and prodies a shear span aspect ratio of 2, has been used effectively
by French researchers who promoted the use olstapep inverse analysis method for UHPFRC
(Rigaud et al., 2012{F P18470, 2016; SIA 2052, 201&tc.). Similarly,Pantazopoulou et al.
(2019)recommended the use of longer prisms with shear span to depth ratio of 2 rather than 1;
owing to the momershear interaction thafives norconservative results in case of specimens

with aspect ratio equal to 1.
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Figure 2 6: Typicalfour-point bending test specimen with midthéd loading
2.3 Factors Influencing UHPFRCBehavior

The study carriedut in this project consists of commonly used bxassted straight steel fibers

only. Fibers being an important constituent of the UHPFRC mix have a significant influence on
the mechanicdbehaviorof t he test speci mens amdterialtyge, st r uc
dimensions, geometry, aspect ratio, orientation, and percentage volume in the mix are the factors
that could influence strength and deformability of UHPFRC. Fibers enhances the ductility and
energy absorption capacity of UHPFRC members wbitierwise would be relatively brittle in
nature(Yang, 2019) Steel and polyvinyl alcohol (PVA) fibers are generally used in UHPFRC.
Steel fibers are commercially available in different shapes (straight, hooked, twisted) and sizes
(e.g., 13 mm ah20 mm long with a diameter of 0.2 mm). Mixing of fibers with different properties
would lead to a hybrid form of UHPFRC and could also lead to enhancement chstraéming
behavior (Prisco et al., 2009; Sohail et al., 201&)jibers can be considered as smeared
reinforcement and they limit crack widths besides providawprablecrack distribution. It can

also be used as a partial substitute to conventional reinfertemredundant structural members
(Prisco et al., 2009 Chan & Li (1997)found improved adhesion between fiber and matrix with

use of brasgoated steel fibers compared to regskel fibers.

Huang et al. (202lipvestigated the effect of fiber alignment and volumetric ratios on the flexural
behaviorof UHPFRC. Flow induced casting that provides better alignment of fibers resulted in
30%-60% increase in flexat strength of the prismatic specimens. Moreover, increase in the length
of fibers from 6 mm to 20 mm improved the flexural strength by 40% to 80% and the increase was
about 60% due to an increase in fiber volume from 1% to 3%. Flexural strength andegsughn
UHPC beams were substantially improved with the increase in fiber length as foMnd byal.

(2016) Moreover, use of longer fiber promoted higher number of racaioks and average lower
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average crack spacing. Length of fibers did not have significant influence-orapkéng response
of the sgcimen(Yoo & Yoon, 2015)

In another studypy Wille et al. (2011)it was found that a mere a volume fraction of 1% straight
steel fibers was enough to trigger multiple crackargl strairhardeningbehaviorin tensile

testing. Wille tried to increase the ductility of UHPFRC by keeping the fibers volume within 2.5%.
Ductility and ultimate tensile strength of the specimens were improved by using deformed or
twisted fibers, whereabe workability was reduceiVille et al. (2011yeported that the ultimate
tensile strength of UHPFRC specimens with twisted stdmrdi was 60% higher than that
containing smooth fibers, and similarly the tensile strain at peak stress increased by about 3 times.
Maca et al. (2012yecommended that a fiber volume of 2% to 3% is optimal for desirable
mechanicabehaviorof UHPFRC.

Aspect ratio (ratio ofength to diameter) of the fibers have also been reported to have influence on
characteristics of UHPFR&Gohail et al. (2018)eviewed that the dimensions of steel fibers used

in UHPFRC varies from 6 mm to 60 mm in length and 0.15 mm to 0.75 mm in diameter. However,
the most commonly used steel fibers are 13 mm longavittameter of 0.2 mr{Schmidt et al.,

2003) Ye et al. (2012)eported that higher aspect ratio of fibers provided an increase in flexural
capacity as UHPC mix containing fibers of small diameter (higher aspect ratio) would ha&ve mo
fibers per unit area and hence bridged the cracks more effectively when compared to specimens
with fibers of lower aspect rati&.oo et al. (2016plso reported improved flexural strength and
higher ductility in flexural specimens due to better alignment and higher fiber percentage per unit
area achiewtby placing the mix at one end and allowing it to fill the mold by flowing till the other
end.Yang et al. (2010jound that prismatic specimens cast at the mid span exhibited 16% lower

strength when compared s$pecimens cast from one end of the mold.

Previous studies have shown that the increase in the fiber volume of UHPFRC mix did not have
considerable influence on the compressive strength residisan et al., 2012nd specimens

with higher volume fraction of fibers are prone to fiber clotting which causes adverse effects on
the compressive streng(Bchmidt et al., 2003)The addition of fibers to a mix would not only
increase the compressive strength but also the ductility and impacts the failure mode, compared to

the mix with no fibers. Fibers enable theespnens to hold integrity upon attainment of peak
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strength in compression and foster a ductile mode of fqittirdelou, 2016; Graybeal, 2006; Wu
et al., 2016)

2.4 Tension Stiffening Effect of UHPFRC

Tension stiffening is an important characteristic of this material essential fdopiegerobust
analytical models required for wide implementation of UHPFRC/UHPC across various structural
members. Owing to its higher tensile strength and bond strength, UHPC offers a significant tension
stiffening effect in reinforceddHPC (RUHPC) membes (Jungwirth & Muttoni, 2004)Hence,
understanding the interaction and compatibility between tension hardening UHPC and steel
reinforcement is critial. Tensile loading capacity-BHPC members consists of the contributions

of UHPC and steel responses in tension. Tension stiffening effect of UHPC can be obtained by
deducting the response of bare steel rebar from the overall tensile response 0HRE Riember

(Kang et al., 2017; Moreno et al., 201Moreover Makita & Brihwiler (2014 have also reported

that tensildbehaviorof R-UHPC follows the linear superposition of the tensile respsrof steel

rebar and UHPC.

Bian & Wang (2019)studied thebehaviorof R-UHPC dogbone specimens in direct tension
loading for tensiorhardening and tensiespftening UHPC mixes with two different
reinforcement ratios. In case of tensiwardening material, the elastic tensile strength of UHPC in
reinforced specimens was falito be lower than that of unreinforced specimens to about 69% and
60%, while the ultimate tensile strength was reduced to about 68% and 43% for 2.3% and 4.6%
reinforcement ratios, respectively. This was attributed to the interaction of UHPC and steel reba
that led to the localized stress concentration in UHPC matrix around the rebar ribs. Moreover, the
response of RIHPC was divided into three segments as showvaigare 2 7. Stage | corresponds

to the elastidehaviorof both rebar and UHPC, followed by elagpiastic stage (II) where the
UHPC experiences hardening, and the rebar is still in elastic stage. Stage Ill marks the start of the
plastic response where bdiftHPC and rebar display the pladbiehavior
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Figure 2 7. Schematic representation for tensile response of strairdening RUHPC (Bian & Wang,
2019)

Jungwirth & Muttoni (2004)conducted tests on tension stiffening and bond stress of rebars
embedded in UHPC mix. The average bond strength of UHPC was reported to taE0aiioes

higher than that of conventional concrete leading to a shorter development length. Tensile tests of
R-UHPC members were carried out on prismatic specimens with different reinforcement ratios
varying from 1% to 4.8%. The specimens exhibited nou#tcking due to fiber reinforcement. The
tensile stiffening effect of UHPC on rebar was found to be significantly higher than that of ordinary

concrete.

Several other studies have reported the tension stiffemahgviorof various types of high
performance fiber reinforced cementitious composites (HPFRCC) such as hybriddibfarced
concrete (HyFRC), selfonsolidating fibetreinforced concrete (SCFRC) and engineered
cementitious composite (ECC) reinforced with steel(Bansson et al., 2012; Kang et al., 2017,
Larusson et al., 2012; Moreno et al., 2012, 20MBreno et al. (2012yonducted large scale
tension stiffening tests on reinforced dogbone specimens with ECC and HyFRC. It was
hypothesized that thesbar exhibited distributed yielding and str@i@rdening on account of
multiple cracking which was evident in all specimens. Early fracture of the reinforcement was not

observed.

Moreno et al. (2014¥urther investigated tension stiffening response up to the fracture of
reinforcement in HPFRCC using three different materials (ECC, HyFRC atyyBRC) and also
compared resultsith those of normal concrete (NC). Prismatic test specimens comprised a 16mm
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diameter rod connected to 25 mm diameter grip rods with a high strength steel welded coupler.
Few specimens were also tested with uniformly located strain gauges on the @&bapdeimen
demonstrated the most extensive mattackingbehaviorfollowed by HyFRC, SeHyFRC and

NC. NC exhibited early longitudinal splitting cracks and did not carry tensile load after cracking
whereas the subsequent response was similar to thatlodite rebar. In HPFRCCs, the transverse
cracks were bridged by the fibers which prevented the sudden load transfer from the matrix to the
reinforcing bar. This resulted in less or no slippage, and no splitting cracks, at least in the early
stages. HPFRCQfmonstrated to carry loads beyond the yielding of rebar as opposed to NC. Post
multi-cracking stage, HPFRCCs failed by developing a dominant localized crack. ECC specimens
experienced reinforcement fracture at lower strains compared to HyFRC specinoeesvéy,

early strairhardening and rebar fracture was observed in all HPFRCC specimens compared to NC
specimens which was also confirmed through the measurements from strain gauges. Early strain
hardening of the reinforcement was noted to have providedstitengthening mechanism in
HPFRCC specimens at the expense of overall deformation capacity (ductility). Similar
observations on reduced deformation capacity of reinforced ECC members were repkeed by

et al. (2017)Moreover, they also reported that ECC segped the longitudinal splitting cracks

and sustained tensile stresses beyond the yielding of reinforcement.

Makita & Bruhwiler (2014)determined the fatigugehaviorof R-UHPC in tension. It was found
that fatigue capacity ofdth UHPC and steel rebar was enhanced by the stress distribution and

transfer between both materials depending on the maximum force fatigue level.

2.5 Corrosion Mechanism in Reinforcing Steel

Corrosion of steel rebar in concrete is an electrochemical process similar to a galvanic cell that
requires a cathode and an anode. For corrosion to take place, a metallic conductor (reinforcing bar)
is necessary to connect the anode and the cathodeadiidate the movement of electrons. The
presence of electrolyte conductor (concrete pore solution) is also necessary to facilitate the ions
movement as depicted Rigure 2 8 (Mart2n-P®&ez, 1999) In the reinforced concrete, steel
reinforcement itself acts as the cathode and anode at different locations leading to corrosion of the
bar due to difference in potential. The difference ateptial is caused by any namiformity

within the corroding system, significant variations along rebar surface, or due to difference in

concentration of ions present in the pore solution.
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Figure 2 8: Corrosion cell in reifiorced concrete (adapted fron®@z, 1999)

Due to the potential difference along rebar, iron is oxidized at the anode as per Equafidre?2
electrons released at the anode travel towards the cathode whilenBere dissolved in the pore
solution. Reduction of dissolved oxygen is the main cathodic rea@@®az, 1999)given by
Equation 22. Under the influence of an electric field, the fopdde ions from the cathode migrate
towards the anode to combine with dissolvetf feform ferrous hydroxide@Q) 'O as shown

in Equation 23. The reduction reaction at cathode depends on the presence of sufficient moisture
and oxygen. Other probkbanodic reactions are shown in Equatieé @nd Equation -5 (ACI

222R 19, 2019)

0P "0Q  ¢Q (2-1)

ol 6 TQO TGO (2-2)
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Given enough oxygen at the anodic sites, iron hydroxide can further oxidize to other corrosion
products. The conversion of #éons into higher oxidation states is accompanied by an increase

in volume. Depending on the degree of oxidation, iron can expand up to six times its original
volume.Figure 2 9 shows the proportion volume increase for different oxides of iron compared

to the parent steel volume. This increase in volume exerts radial pressure on the surrounding
concrete which upon exceedance of its tensile strength of concrete wdl@agking and cover

spalling in concrete. Corrosion {pyoducts could also cause the degradation of reinforcement
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bond as the ribs on reinforcement are smoothened leading to reduction of friction between bar and
the concrete. Moreover, reinforcing steglalso susceptible to lose its stable lattice structure

causing brittleness in its response to deformafantazopoulou et al., 2019)

b Fe
— [ cO
R—Fe,0,
fi—Fec,0

x 4Fe(OH),
——— [c(OH )3 )
. 2, Fe(OH),3H,0
0 2 Bl 6 8

Figure 2 9: Relative volume ratio of iron oxides compared with parent metal (Pantazopoulou et al.,
2019)

2.5.1 Pitting and Uniform Corrosion

When the halcell reactions are separated by small distances along the reinforcement, they are
called microcells and cause uniform corrosion. This occurs with a unifoqpassivation of the
protective film surrounding the rebar, which is the case withareation of the concrete cover.
However, uniform corrosion can also be caused due to high concentration of chlorides along the
rebar eventually causing a large number of closely spaced pits to coalesce. The reinforcement
suffers small reduction in the @®sectional area along the length of the bar leading to loss in

bond strength, which in some cases can change the failure mode from bending to anchorage failure.

On the other hand, if the hatkll reactions are established further apart, they are catedocell

and are known to cause pitting corrosion. This phenomenon occurs when a potential difference is
established between a large cathodic area and a relatively small anodic site in the presence of a
high concentration of chloride ior(&l-Joukhadar, 2022)Pitting or local corrosion causes an
extreme | ocal r e dsecional area leading tb sigmificAndyrredlsced densidesos

flexural capacity of the corroded memlagxd could cause a brittle reinforcement failure.

2.5.2 Effects of Corrosion on Reinforcement Steel

Corrosion is reported to be accelerated after cracking of the concrete cover, because of the faster
and deeper ingress of reactive corrosive agents suchl@asde ions, carbonation, oxygen or

moisture. Once the cover is fully cracked, the bond between concrete and reinforcement begins to
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be depleted and it deteriorates completely upon cover delamiriBéomtazopoulou & Papoulia,

2001) The effect of corrosion on mechanical properties of reinforcement was assessed by many
researchersAlmusallam (2001)performed corrosion on rebars using timepressed current
technique with a current density of 200 ¢eA/c
subjected to tensile testing after cleaning w
was found to be negligible (using minimum areabaf), whereas the nominal tensile strength

(using nominal area of bar) was dramatically reduced to 16% of the original strength at 80%
corrosion. In a separate studyPglsson & Mirza (2002)nechanicabehaviorof corroded rebars

collected fran an abandoned bridge in Montreal, Canada was studied. They found a substantial
reduction in structural toughness due to the intense pitting corrosion. Reduced fracture energy and
lower tensile strength was observed. The strain at failure was also fdumdsduced by 50% due

to a relative difference in area between the largest and smallest sections of 20%.

Du et al. (2005%tudied the effect of corrosion on bare and embedded bars in concrete having plain
and ribbed surface type Nominal yield strength and ultimate strength were found to be
significantly reduced and the strength reduction was faster in pitting corrosion than in uniform
corrosion. For the same corrosion level, the effect of plain or ribbed surface on the regtiade

was negligible. Moreover, in another investigation Ayyostolopoulos, (2007)he mechanical
properties of S500 were subjected to direct tension and low cycle fatigue tesisn&s were
corroded by salt spraying for various periods ranging from 10 to 90 days. With increasing
corrosion, results showed a significant drop in tensile strength and ductility of the rebar. Service
life of RC structures in seismic regions is highffeeted by corrosion and the degradation in
materialbehavioris to be accounted in seismic evaluation guidelines. Normally, the effect of
corrosion was found to be much higher on ductility than the strength of corroded rebar.

2.6 UHPFRC as aRetrofit Material

Since its advent in the T@entury, the use of reinforced concrete as a construction material quickly
spread throughout the world. Ever since it has become the most commonly used construction
material which found its application in abist every infrastructure project. Although RC structures

are durable and are generally built for a defined service life, regular maintenance and repairs are
required to be carried out even during its designed life to keep these structures serviceable. RC

structures are damaged when exposed to extreme environment conditions or in the event of natural
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disasters such as earthquakes. One of the common and crucial modes of deterioration is the
corrosion of reinforcement. Hence, the deficient infrastructure efgmtday requires extensive

repairs costing huge sums of money to restore their safe use. It is estimated that 50,000 bridges are
structurally deficient in the United States with an estimated repair cost of $150 BHion
Joukhadar & Pantazopoulou, 202Extensive research has been conductedderdo develop
retrofitting methodologies that can recover structural integrity of RC structures, such as partial or

major repair through jacketing with reinforced concrete, TRMs, steel shells, FRP jacketing etc.

A good retrofit technique not only resés the structural performance but also mitigates the
deterioration mechanism that caused the need of repair in first place. On account of properties like
superior mechanical strength, high density, low permeability, and high durability, UHPFRC is a
promisng material not only for new construction but also for repair and rehabilitation of deficient
structuregEl-Joukhadar & Pantazopoulou, 202[t)is one of the most recent repair materials to

be introduced in the construction and retrofitting industry. Currently, extensive research is
conducted in wler to determine its reliability and performance aspects for a wide range of
retrofitting solutions. In Switzerland, the application of UHPFRC to improve structural
performance of existing RC structures was first performed in 2004, and more than G0edruct
have been strengthened using UHPKB@ihwiler, 2020) Brihwiler classified the configuration

of structural elements combining RC and UHPFRC nadtierto three types based on the objective

of intervention, as shown iRigure 2 10. Figure 2 10a shows a UHPFRC layer applied for
protection of underlying RC against ingress of aggressive agémise 2 10b shows RUHPFRC

layer added on existing RC to enhance the structural resistance which serves a protection function
as well. In case of corroded reinforcement or contamination due to higideldoncentration, R
UHPFRC is applied by removing the existing RC to the required depth as depi€igdna 2

10c. Furthermore, Brihwiler (2020) presented theceptual design details for strengthening

intervention of two large highway viaducts and a road bridge.
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Figure 2 10: Classification of UHPFRC interventions on existing Reinforced Concrete (adapted from
Bruhwiler, 2019)

Corvez & Masson (2013xplored the potential use of UHPFRC in the containment walls of
nuclear reactors. Experimental investigation was conducted to study the mecheah#babr
shrinkage, permeabil ity p r olp testst were gerfamed onfi u n d e
UHPFRC. It was concluded that UHPFRC can be a promising solution for retrofit of nuclear
reactor containment walls mainly due to the attributes like resistance to air permeability and
superior bonding properties. In another sthgyu et al. (2021)the feasibility and effectiveness

of UHPFRC as connectin element for precast columns and footings in bridges was examined on

a largescale specimen. The failure response of this new type of connection was similar to that of
a reference casm-place (CIP) pier specimen and it was found to eliminate localgitemfailures

in the connection region which indicated sufficient structural robustness. This new UHPFRC
connection was proposed to be suitable for accelerated bridge construction (ABC) techniques even

in regions of high seismicity.

Murthy et al. (2018gxamined the fatigueehaviorof damaged RC beams mditted with 10 mm
precast UHPFRC strip on the tension face of the beam bonded using a commercial epoxy. RC
beams were priaded to three levels of damage before retrofitting with UHPFRC and performing
fatigue tests. The maximum number of cycles to failuas significantly higher in case of
UHPFRC retrofitted flexural members when compared to that of control beams. It was concluded
that UHPFRC is a much better alternative for repair of RC flexural elements as it overcomes many
drawbacks corresponding tther retrofitting techniques such as steel plates and FRP laminates.
A similar study byHuang et al. (2022fompared the response of RC beams retrofitted with
UHPFRC and CFRP. The yield strength and ultimate strength capacity of the RC beam was
increased bybout 52% and 35%, respectively, with 3 cm thick UHPFRC as compared to 28%
and 34%, respectively, with 1 layer ofdbaped CFRP on the tension face of the beam. The failure
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mode of the RC beams retrofitted with UHPFRC was flexural as opposed to shearftaind in
case of CFRP retrofit. Moreover, it was found that the cost of two layers of CFRP retrofit was four
times higher than that of UHPFRC retrofit.

Doiron, (2016Yyeported recent case studies of four repair and rehabilitation projects commissioned
by Lafarge North America Inc. by using Du&&HPFRC across North America. The mcis

include CN Rail in Montreal, QC, where an existing railway bridge pier was repaired through
UHPFRC jacketing to protect against chloride ingress and freeze/thaw. The repair cover was
required to be as thin as possible to allow for the necessaryndedm road traffic which was

only possible with UHPFRC. A haped concrete pier of the Mission Bridge across the Fraser
River in British Columbia was retrofitted with UHPFRC to improve seismic deformation capacity
of the columns and also saved $1.5 il (CAD) compared to other traditional methods. The
superstructure replacement project eff&n bridge in Hooper Road, New York was performed in
2014 where the contractor used UHPFRC for the connections of precast pier caps to existing
columns. The origial specification was to use UHPFRC only in closure pours and link slabs, but
the contractor leveraged the properties of UHPFRC which provided huge time savings. The fourth
project was the encasement of steel bent legs of the Hagwilget suspension biglgdHazelton,

BC which experienced local corrosion at their base. Design of the retrofit demandsttéigjth

and flowable concrete with no shrinkage, no permeability and good tensile capacity. Hence,
UHPFRC was the best fit option and a total of 32 legnbases were rehabilitated.

El-Joukhadar & Pantazopoulou (2021) studied the effectiveness of UHFRC (steel fibers) and ECC
(PVA fibers) in mitigating corrosion of reinforcement by using cover thickness arekfsteng

crack widths as parameters of thteidy. Accelerated corrosion was carried out by using fixed
potential, and alternate wet and dry cycles were implemented to allow complete oxidization of
corrosion byproducts. The authors found that UHPFRC specimens showed higher mitigation
capability tan ECC, especially in the presence of cracks for specimens wjto¥ér (B is the
diameter of embedded rebar). A cover thickness equal tow2l3 recommended to mitigate

corrosion and thereby prolong the service life of structural components.

2.6.1 Peformance of UHPFRC in Pier Jacketing

UHPFRC may also be used for retrofitting of structures damaged in an earthquake dttaity.
be a gamehanger in seismic retrofitting of old construction because they are compatible with
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conventional concrete, durable, able to mitigate the occurrence of wide localized cracks, and are
resilient to tensile deformation. Retrofitting of bridge piers with tenbmmlening materials has

been explored in numerous experimental studies already 201.0(Dagenais et al., 2018; Deng

et al., 2018; Farzad et al., 2019; Reggia et al., 2020; Tong et al., 2019etrah, 2022)The

strain ductility imparted by the dense network of fibers presents an opportunity in seismic design
and retrofit, whereas the significant durability enabled by the low porosity of the cementitious
matrix makes this class of materiadgal for bridge retrofits since they can mitigate many of the
limitations of the existing approaches.

One mechanism by which UHPFRC strengthens a reinforced concretesectiss is through
confinement, which is affected by the sustained tensile strexighe material when functioning

as a jacket, thereby restraining the lateral dilation of the encased core. The confining function of
UHPFRC jackets is passive, i.e., it arises in response to the expansive tendency of the encased
core, as has been denstrated by a number of tests conducted on cylindrical and rectangular
concrete cores, which showed significant strain capacity enhancement, but low or moderate
increase in compressive resistance of the core con@Reibehi et a] 2014; Tsiotsias &
Pantazopoulou, 2022%ome studies have compared the performance of encased concrete to CFRP
and UHPFRC jacket&Zoppo et al., 2018; Rabehi et al., 201Mpte that owing to the elastic
response of the former, the passive confining pressure is continuously increasing with axial strain
till either rupture or debonding; bu&teral strength and energy dissipation of the UHPFRC
jacketed concrete seems to be improved over that of FRP jacketed cfitctdetin 40, 2007;

S. J. Pantazopoulou et al., 201A8khough both approaches were successful in eliminating failure
modes associated with brittle desaith older columns, such as bar buckling and shear interaction

in the plastic hinge region, the UHPFRC approach has the advantage that it also contributes to the
fire resilience and better durability of the encased core. When combined further with textile
reinforcement, shear failure phenomena in the plastic hinge region of retrofitted specimens were
eliminated(Hong et al., 2021although in the presence of adequate deformation capacity of the
jacket material shear failure appears to be mitigated even without additional reinforcement. A field
application to a highwabridge for seismic strengthening of inadequately detailed piers has
already been testgtHabel et al., 20170 order to enhance the energy dissipation capacity and

ductility of the piers as compared to an earlier application with FRP jacketing.
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Jacket thickness hdeen studied as a retrofit parameter in several stiidies al., 2017; Yuan

et al., 2022EI-Joukhadar, 202Z siotsias, 2023fjor circular piers and columns with rectangular
crosssection: within the realm of what is considetd jackets the effectiveness of UHPC
jackets thicker than 2 inch (50 mm) have been moderated by relocation of the phasizdne

outside the jacket region, either above the end of the jacketed length, or by increased bond demand
in the footing if the later had not been also retrofitted; in fact, development of extensive damage
in the footing (e.g., along the primary reifement anchorages) beyond a certain level of drift
eliminates any benefit from the jacket (FRP or UHPFRC). Another mechanism by which jackets
contribute is by means of developing normal stresses in the cross section of the structural member
and thereforenhance the flexural and the shear strength of the component. Although the thickness
is small, the total active area of UHPFRC in the tension and compression zones of the member
produce significant stress resultants, thereby contributing to the sectjoilddreim. Thus, even

such small jacket thicknesses cause a notable increase in column flexural strength and stiffness
rendering this type of retrofit somewhere between what would be classified as either a global
intervention (affecting the structural pe) or a local intervention (not affecting stiffness at all
(Thermou & Elnashai, 2006)It was also found that the presence of axial load improved the jacket
effectiveness because it affected favorably the tension reinforcement in columns, reducing the

tendency for strain localization and rupture in thaaaitregion.

2.7 Inverse Analysis for TensileBehavior of UHPFRC

Inverse analysis is an indirect approach used to obtain the tensile characteristic properties of the
fiber reinforced cementitious composites like UHPFRC by using the results obtainedvirem a
established flexural test, such as the {point bending test (FPBT). This indirect approach is
opted for due to welknown difficulties that occur while performing the direct tensile test. Inverse
analysis methods may be broadly classified into ¢ategories: (a) Simplified methods based on

key points taken from the flexural resistance curve; (b) Methods based on complete experimental
law ((Lopez, 2017). Simplified methods use the selected points from the bending test to predict
the critical points corresponding to tlemsilebehaviorof UHPFRC. However, methods based on

the experimental law can predict the comprehensive sitesia law in tension. These methods
could be further classified into an iterative method and a {bgHpioint approachThe iterative

approach ses the assumed constitutive str&isain laws in compression and tensiormatch the
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analytical and experimental response through iterations whereas théypint approach uses
stepwise loading to develop the constitutive law progressifeipez, 2017) The latter is
cumbersome and complex to implement due to instability in convergence that may arise from ups
and downs recorded in the experimental cuRigure 2 11 shows the classdation of inverse

analysis methodologies by Lopez (2017).

Inverse Analysis Based on key points
(Simplified methods)
Methods i
| rt 2
~ 3
1
/ Based on the complete
- experimental curve
*  lterative process
*  Point-by-point

| |
v
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imen! -
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*  FEM *  Require the measurement of R
= Analytical solutions strain at most tensioned face * *
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—— - ]
Derived from deflection
— =) =
NG -/

Figure 2 11: Classification of Inverse Analysis methods (adapted from Lopez, 2017)

Several researchefBaby et al., 2013; Lopez et al., 2016; Mobasher et al., 2014; Ostergaard et al.,
2005; Rigaud et al., 2012; Soranakom & Mobasher, 2007, 2008; Tailhar2€04|.Georgiou &
Pantazopoulou, 2016)ave proposed inverse analysis methods that can be classified based on
Figure 2 11

2.7.1 Inverse Analysis Method by the CanadiaStandard

Lopez et al. (2016proposed a fivpoint inverse analysis method based on five critical points
selected from the loadeflection curve and linked those with the tensile ststisgnbehavior(see

Figure 2 12). This method derives the strestsainbehaviorin tension up to the maximum tensile
strength followed by stresgack opening relationship. It utilizes a Alomear hingemodel which

varies based on the slenderness ratio of the specimen. Empirical relations were developed based
on statistical analysis for two different sizes of FPBT specimen whose span length was equal to 3
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and 4.5 times the depth of the specimen (Le3h andL= 4.5h). The inverse analysis method for
UHPFRCmaterial recommended by Annex 8.1 of CSA S6:19 (2019) adapted the formulations

developed by Lopez et. al (2016) for an L=3h standard specimen. Moreover, Table U.2 of Annex
U, CSA A23.1:19 (2019) reconmends the standard prism size based on the fiber lehgtiséd
in the UHPFRC mix Figure 2 13). The standard procedure for the inverse analysis method

recommended by the Annex 8.1 is described below.

Py=97% Py, P, = 80% P,

& 8 o
Deflection, &

Figure 2 12 Typical loaddeflection curve from FPBand critical points (adapted froindpezet al,

(a)

2016)
P/2 P/2
'
| | ~
ey /@ o
H b Ly Nominal prism size
i wlr wlr h(=a) <15 mm 75x75x280 m
/L;:',_._______________-----:_’-ﬁ)-(-- —l >15 mm to 20mm 100x100x370 mm
'/:%VX‘ - “ >20 mmto 25 mm 150x150x550 mm
| >25 mmto 60 mm 200x200x720 mm
|— a a a ‘:‘J|
! I=3a g (b)

Figure 2 13 (a) Standard fowpoint bending test; (b) Prism size vs Fiber length (Annex U of CSA

A23.1, 2019)
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Figure 2 14: Simplified tenge behaviorextracted from the fivpoint inverse analysis (a) Stressain
relation (b) Stressrack width relation

The initial linearelastic slope%) of the loaddeflection curve is determined first, followed by the
estimation of lines witlslopes equal to 75%6() and 40% $0) of initial slope. Point 10 h

and point 20 h illustrated inFigure 2 12 are obtained by the intersection of secant stiffness
lines Ssand So with the loaddeflection curve, respectively. Point 8 h  is taken as 97% of
the peak loadd before the pak and the point & A  corresponds to the 80% of in the
postpeak branch of the resistance curve. The fifth point P5 corresponds to 809 tifie post
peak region which is not included in the Annex 8.1. Once the characteristic points adth lo
deflection coordinates are obtained, the equations describleabla 2 2 are used to obtain the
tensilebehaviorof UHPFRC It is important to measure the averagsgance of the crack tifQ

from the midspan of the specimen which is used in estimating the crack width The
corresponding equations of this inverse analysis for a specimen with a total length of L=4.5h can
be found inLopez et. al (2016). The typical stresfrain and stressrack width response
corresponding to the tensiteehaviorof UHPFRC predicted byhis method is represented in
Figure 2 14.
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Table 2 2: Inverse Analysis properties and their expressions for L=3h specimen (Adn&SA S6:19)

Property L=3h Normalized parameters
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2.7.2 Inverse Analysis Approach by the Swiss Standard

Annex E of the Swiss standard SIA 2052 (2016) also recommends the usemdifdurending

test to determine the tenshehaviorof UHPFRC. But here the tensile bending test is performed

on a plate specimen with nominal dimensions of 100 mm x 30 mm rm&®Q0b x h x L) as per

the loading configuration depictedfingure 2 15. The specimens are tested until the residual load

is equal to 20% of the maximum load or dlelion at midspan equal to 25 mm is reached. The
inverse analysis method described in SIA 2052, (2016) is classified as a simplified method as it
uses abehaviormodel corresponding to different stages of the flexural test. Thediekettion

curve obtaned from FPBT is divided into two segments as showFRigure 2 16a. The first

segment in the resistance curve characterizes the bebawviorof the material which terminates
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at the yield load (Point A) where the linearity diminishes. The second segment is from the Point A

to the Point B, where Point B represents the maximum load in the resistance curve.

l Load

M ———| 30
displacement ; deflection ‘
sensor i T O

140 140 140

Figure 2 15: Schematic of flexural plate specimen as per the Swiss standard (adapted from SIA 2052,
2016)

F (kN) B

N —

& (mm)

(a)

Figure 2 16: (a) Typical response from FPBT and characteristic points (b) Assumed stress block
corresponding to the mamum load (SIA 2052, 2016)

The modulus of elasticity is determined using Equati@) Zhe end of the linear elastic range is

marked by the point where there is a reduction by more than 1% in the value of secant modulus.

‘ "0 0
O m™p 9—3(0—9 (2-6)

The elastic tensile strengi®}, is determined based on a linear elastic model. In the linear elastic
model, the neutral axis is assumed to be at the midheight of theseigm. The load at Point A
is used to obtain the elastic tensile strength ag&geation 27.

b b
Q- 00— 2-7
S e (2-7)
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At the maximum load (point B), the cressction is assumed to have the stress distribution shown
in Figure 2 16b. The corresponding ultimate tensile streng€h is calculated as pdtquation
2-8. The standard specifies that, if the calculafgds lesser thait}, , then the material response

is not strairhardening.

5
. ! 2.8
Q ™ Y D0 3(55 (2-8)

For'Q, "Q , the tensile stress and corresponding strains in the-b@ailening region can be
calculated using the EquatiorB2and Equation-20 by selecting 10 discrete point®w € Q in

this segment of the resistance curve.represents the curvature corresponding to the-load
deflection pair considered and is obtained as per Equatldn Among these points selected, the

first point shall be chosen such that the corresponding value fergreater than 0.5 (implying

that 50% of the crossection is already under plastic deformation). The remaining 9 points should
be selected such that they are distributed uniformly between the first point and the Point B along

the deflection axis.

L6 T®Op | 09O (2-:9)
R S (2-10)
"o
. SPR (2-11)
oVuv

The termj may be obtained by using Table 8 of Annex E of SIA 2052 (2016) based on the value
of _ which are calculated as pequation 212 (refer to TableB-1).

T ¢_'0 0 (2-12)
= ¢pPOWQ

It is noteworthy that the expression used for estimating curvature from the experimental deflection
values is based on the structur al el astic mec
by other researchers as wglian & Li, 2007; Rigaud et al., 2012lowever, the notinearity of

the material in the straihardening phase is not considered which would underestimate the actual
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strain experienced by the specimen and overestimates therpoking ultimate tensile strength
of the UHPFRQZhu et al., 2021)

2.7.3 Stepwisdterative Inverse Analysis Approach by the French Standard

As mentioned earlier, the French standard NF-#1® (2016) classified the UHPFRC material

into three classes (T1, T2 and T3) based on the hardening iGi®<} ) obtained from
characeristic and average tensile curves. Annex D of this standard recommends the inverse
analysis of Class T1 and T2 material based on two types of tests;ptintebending test
performed on notched prism and fqaoint bending test on umotched prisms on sqre prisms

with L=3h. However, for the Class T3 UHPFRC material that exhibits significant-iaadening
behavior the inverse analysis described in Annex E of the standard is recommended. According
to Annex E, thin plate specimens are tested in-pamimt bending, which enables the evaluation of

the tensildbehaviorthrough the inverse analysis described below. The dimensions of the specimen
should satisfy the following: thickness (h) should be not more thaymddth (b) is equal to 8t

total spanl(p) should be lesser value of 20h and 60 cm; and the span between supports (L) is equal
to Lp-2a, where a is the greater value of h/2 and 3 ¢ns. the length of longest fiber used in the

mix. Figure 2 17 shows the schematic of the test setup and the relevant details pertaining to the
geometry of FPBT specimen. Shear span is denoteghdsdh is equal to L/3.

Plate

Specimen

I~ Yoke

Figure 2 17: Schematic test setup of FPBT plate specimen (adapted from N&E/P12016)

The inverse analysis method prescribed by the French standard may be divided into two parts; first
obtaining the momerturvature relationship from the experimental morraeftecton response

of FPBT, followed by estimating the corresponding stetssn relation in tension. The elastic
modulus E) is determined by using the slope of centhald portion of the linear elastic response.
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The slope of the curve obtained in this regigsee Figure 2 18) is multiplied by

¢ 6 T¢ pdQjp ¢ to obtain the elastic moduluE) The moment value corresponding to the
apparent limit of elasticity/D is used to obtain tensile limit of elasticityQ, . Y0 shall be
multiplied by ¢j (JQ to obtain"Q, . Owing to the nodinear momencurvature relationship
observed after elasticity limit, the standard recommends evaluating thaadshg tensilstress

strain properties through a stepwise inverse analysis procedure.

Raw data curve

——— Apparent limit of linearity

AM| AM/3 Elastic slope

Deflection

Figure 2 18 Elastic behaviordetermination (adapted from NF P£30, 2016)

For linear analysis up to the proportionality linkijuation 213can be used to obtain the curvature
values from deflection readings measured during the test. The neutral axis may be assumed to be
at the mid height of the crosgction up to the limit ahe proportionality range. Tensile strains at

the tensioamost fiber of the crossection may be calculated frafn(half of depth) multiplied by

the curvature at each stage. Corresponding stress values may be obtained using strains, where it

may be assuged that the stress equals to strain multiplied by the modulus of eladfgity (

C O
Cpo

Once the apparent limit of linearity is reached in the mordefiection curve, the response in the

(2-13)

MomentCurvature curve will not be linear anyneo Curvature increases more for even a small
increase in the applied moment due to the inelastr@aviorof the material as depicted kigure

2- 19. Hence, the rakions used in the linear elastic region are not applicable beyond the vyield
moment. The French standard prescribes the use of an iterative procedure to determine the

momentcurvature curve from the momedéflection envelope. Curvature shall be takeness z
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at the zero moment. For a given-M couple, the curvatures associated with IVare known for
i =1 to n1, then the curvaturenis determined to obtain the deflection The curvature values
fori equal to 1 to n are integrated twice to obtain the deflectidhis to be noted that the curvature

is assumed to be constant in the constant moment region (middle third span).
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the length of the beam //};Ak
. P
v
VALE!
4"
Curvatures T~ [TTT] / [
™ -
N /
.":(brl
| I
b

Figure 2 19: Moment and curvature relatioafter yielding

A practical approach for the estimation of curvature valugsg described below. Frofkigure

2- 19, the shear span of the beam is discretizeddmtparts fori=1 to n with a value ofow

0 ¢ (small step sizeWith the known values of Momefurvature O v pairs up to the step

1, the value of curvaturee for the i=n can be calculated using the measured deflection

valuel . Using the conAepasmefhotdé aMdmehe O6Tr ap.
reference td-igure 2 19, the following expressions are derived:

(2-14)

) — 0p® D B ¢ YoOp®d 1Qp - Yo =+ — O2— (2-15)

Substitution oEquation 214into Equation 215 givesEquation 216 below, that may be used for
back calculating the curvatures from the values of known deflections using an iterative approach,

such as goal seek/solver in a spreadsheet.
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1 B «00-Yn -2 D (2-16)

Oncethe momentcurvature couples (M. i) have been obtained, a second inverse analysis is
performed to infer the tensile strestsain law. The input data at each stepa momenturvature

pair (M, . i). Objective is to estimate the values of tensile stéa};) at the bottormost fiber of

the specimen and their corresponding stres§gs At step i= 0 ;=0 and'@, = 0. Moreover, at

step i=n, it is assumed that the values gfand™Q, are known for i=1 to 1. Parameteb; is
defined as a factor for relative depth of the neutral axis, measured from the bottom fiber of the
crosssection, under a given moment.Mquation 217 is determined based on the assumption of

plane sections remaining plane which implies linear variatiortrafnsdistribution across the

crosssection depth.

(2-17)

0 Of 05 —B - - 03y m (2-18)

At step /1, the force in compression and tension zones of the-sea$i®n may be written as per
Equation 219 andEquation 220, respectively. Similarly, at step ih,; may be written according

to Equation 221. Figure 2 20 illustrates the stresstrain states of the crosection at two

consecutive steps.

v E o, " h _
0y c p I a3Q T C)'Q:D (2-19)
3Q ., .
b ! & L -m- PPl g0 .. o (220
-k ¢ 1
h
0 2% ,-M 2% ,-X-_ " - M- (@221
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" " (2-22)

Ecir1 E'Ec.i-:l Ec,i E-Ec‘,

/  Neutral Axis
] / ; Neutral Axis ‘ )
M1 7 M i -
Ecri1 eri=l End of Linear

Range

Zeri l fo| End of Linear Range
fe,id

Eti1

i-1™ Step i Step

Figure 2 20: The state of stress and strain for the cresstion at stepsi and i

From theEquation2-22, a direct relationship betwe&y and’ can be inferred based on the fact
that- ;; is obtained as a function ef and! . Moment at step n, Mcan be determined from
Equation 223. My is a function of ', , -  and! , whereas'@, and- ;;, are functions off

Hence,Mnis in turn a function gf only. Hence, it is now a problem with one equation and one

unknown.

(2-23)

Hence, using the stepwise method and regression, the above procedure is followed to develop
tensile stresstrain law of UHPFRC. It is to be noted that this method is very complex to
implement and @y involve certain instability due to convergence issues noticed during its
implementation, particularly following the onset and penetration of cracking. Similar limitations

of this approach were also reported by Lépez (2017).

2.7.4 Simplified Inverse Aralysis Method by the French Standard

AFNOR NF P18470 (2016) also provides a simplified method for inverse analysis. The- stress

strain distribution assumed under the maximum moment obtained from the resistance curve is
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shown inFigure 2 21. The modulus of elasticitye) is determined as per the approach discussed
in the preceding section (refer Fogure 2 18). Once again, an elastic relationship is assumed
between deflection andurvature as per Equation22 same as in the case of other methods
discussed in the preceding. However, the simplified method applies Equ&#bfol curvature

beyond yielding and up to maximum moment.

Figure 2 21: Constiutivebehaviorassumed under maximum moment state with Simplified method (a)
Strain distribution (b) Stress distribution. (NF R480, 2016)

C O
Cpo
With reference tdrigure 2 21, the depth of cracked region is definedhas the elastic tensile

(2-24)

strain is represented by, and-  represents the limiting tensile strain corresponding to the strain
of the bottoramost fiber at peak flexural moment. The cracked region experiences a constant

tensile stress ofQ. Based on the equilibrium of forces, the moment corresponding to the

maximum load from the resistance curve is derived ag&geation 225.

0 q o p OR:) O (2'25)

Knowing the value of maximum moment (M) and curvature | can be estimated from Equation
2-25. SubsequentlyQ and- can be esnated from Equations-26 and 227, respectively.
Figure 2 22 depicts the simplified stresdrain law in tension recommended by the AFNOR

standard.

e}
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Figure 2 22 Tensile stresstrain simplified law (adapted from NF P£30, 2016)
2.7.5 Spreadsheebased Inverse Analysis Approach by Mobasher et al. (2014)

The inverse analysis approach proposedMmpbader et al. (2014, 201%)ackcalculates the

tensile characteristic properties of strgrdening or strain softening FRC material with the use

of spreadsheet anal ysi s. Mofbraexpressiansdewelopekby wa s |
his peer reseahers(Soranakom et al., 2007; 2008)he loaddeflection response of the FRC

material simulatedybthe inverse analysis is fitted against the experimental curve of aptbirge

or four-point bending test by varying parameters of the material model in tension or compression.

A special report published by the American Concrete Insth@e544.8R16 (2016)focuses on

the indirect method to obtain strestsain response of FRC. Appendix A of this report has proposed

the inverse analysis procedure adapted from Mobashern(20a#l, 2015).

ic Gey=0ecrVE Gt
: oer=EcrE Gest=MeerE, p>1
(a) : (b) |7 Tt
~"Ecr=nE, 0<n<«l
EC§=‘fE Ecr = nE, -o0<n<0
Gest=HeerE, p<l
E:

»-Ec Epﬁt

Ecy=Wegr £cu=heuer Ecr Etrn=0Eer  Etu=Ptuter

Figure 2 23. Generalized models for straimardening/softening material (a) Compression (b) Tension
(Mobasher et al. 2015)
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Figure 2 23 depicts the generalized material constitutive law in compression and tension along
with the normalized parameters used. The compression model assumed is linear elastic perfectly

plastic withthe linear branch reaching a compressive strain ofollowed bythe constant stress

branch that terminates at . The tension model used is-near, where the first region is linear
elastic up to the strain , followed by the branch rementing the strain softenind<0) or strain
hardening (0« <1) behaviorof the material. Finally, the model consists of a constant stress branch
which terminates at . All the parameters used are normalized with respect to the two intrinsic
parametes of first cracking in tension, which are cracking strain)(and modulus of elasticity

(E). The normalized parameters used in this method are shown in Equ&tion 2

T =N —n —nL —-n - —nN — (2-28)

Usual assumptions such as plane sections remain plane and linear strain distribution across the
crosssection were made to generate clofmdh equationsk is the parameter for depth of neutral

axis from bpmost compression fiber. The paramdiend a-represents the ratio of maximum
tensile and compressive strain of the cresstion normalized with the cracking strain. These two
parameters are further related to each other based on the vhilagpafr Equation 29, where d

is the depth of the section.

- - [ 0
= 0 - -
50 o oo - 5 Y (2-29)

Po—T

Moment and curvatura)( and%o.) are normalized with respectiio ande respectivelyas

per Equation B0 and Equation-31, respectively. The imposed parameter for analysis is the
tensile strain factorb()on the bottommost fiber of the cross section. There are 5 possible
(behaviorl) stages that a cross section can extliting its loading in flexure. Stage 1
corresponds to the region where both tensile and compressive zones perform linearly elastic with
the neutral axis located at the mid height of the esession. At the end of Stage 1, Stage 2.1
corresponds to the ndition where the tension zone is experiencing strain beyond the value of

while the compression is still in the linear elastic range. If both the tension and compression zones
are in the plastic stage, then this is represented by Stage 2.2. I8jmilen the tension zone is

in the last branch of the tensile model, there are two possibilities: Stage 3.1 when compression

strain- is lesser than and Stage 3.2 when - . Itis important to note that depending on
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material parametersng of the four stages could potentially occur after the Stage 1. However, the
flexural behaviorof UHPFRC is controlled by the tension, since compressive stress is generally
low and within the elastic range. Moreover, the modulus in compression and tensssumed

to be nearly the same ( p .

At any given stagef)), the parameters, 0 aand%o.aare obtained from the governing equations

of that respective stage summarizedrable 2 3. * is a critical parameter that defines if the
deflections calculated belong to strain hardening or softening. 4f" , then it is strain
softening, and > * corresponds to the stralrardeningbehavior is the critical

normalizedpostcrack tensile strengttiefinedin Equation 232.

~.

0
0 0 ®» N 0 — 0 (2-30)
®

% %o Jo N %o % (2-31)

;
a p

(2-32)

For a given stage, the corresponding compressive and tensile stresses can be calculated from the

expressions below:

11 (2-33)

o p -1 p p T | (2-34)

Momentcurvature distribution is assumed to be bilinear after the cracking stagEidsee 2
24). Equation 235 is valid up to the cracking stage, whereas EquatiB6 thay be used for

estimating deflection in the pestacking stage for strainardening responsé (>* ).
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Figure 2 24:(a) Schematic of foupoint bending test (b) Moment distribution (c) Curvature distribution
at first bilinear cracking (d) Curvature distribution at ultimate moment for streirdening (Mobasher et

al. 2015)
&
D (2-35)
XX
;
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c plp

Hence, the loadleflection response is simulated using the input of the tensile and compression
models. Parameters E and may be adjusted to fit the linear part of the ladlection response
and parametersi & & Qmay be adjusted to bettenatch the simulated response with the

experimental one.

45



Table 2 3: Governing equations for calculation of parameter k, M' énfibr each stage of normalized
tensile strainf() (Mobasher et al. 2014, 2015)

Stage| Parameters k 0 Mo
gz g"QéF‘l p 0
! mot P v P W,‘Qé Ao .
v e T o ——
5
P T I |ug O O 11
2.1 0o 11 5 g d p- d
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0 g1 0 0 ¢O U
I ©
Q _
2.2 O qri . . N
- = 0 0 —
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46




2.8 Analytical StressStrain Model for Uniaxial Compression of UHPFRC
2.8.1 Model Recommended by the French Standard

The French Standard, AFNOR NF P7180 (2016), recommended the analytical stetssn

model for UHPFRC in uniaxial compression that could be used for thdimear structural
analysis. Relationships of the model are defined by Equatie8¥% td 243, whee "Q is the

compressive strengtiQQ is the ultimate tensile strength, angdi€the modulus of elasticity (all in
MPa units).

— 3__
. Q8 — (2-37)
- P
T - ™ @ 0 a’ (2-38)
p Q p (IJ"Q lIJ T TQ
"0
, . (2-39)

Equation2-39 takes into account the confinement effect due to the fibers throughraoising
strength. Kionalis the global fiber orientation factor recommended as 1.25 as per the-Arofex
NF P18710:205.

- ()]
Q — (2-40)
Q
- —Q 00— (2-41)
p Qe -
"lip - ==
C L (2-42)
" -1 |—
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It is noted that this model is compatible in form for the stedssn curve with that proposed by
Popovics (1973¥or concrete in general. However, the important attribute here isxplcit
consideration of the internal confinement in the strain capacity of the material in compression.
Moreover, in very thin sections, the lateral confinement effect is to be taken as O in the
above expressions. This is due to the prefesrghtation of fibers parallel to the walls of the mold
which do not allow for confinement effect to be effective. The ultimate strain corresponds

to 70% residual stress in the ppstak region. A representative curve of the stedissn

relationslips proposed by this model is showrFigure 2 25.

fr

0.7F, | oo ‘

\j

£CO SC‘LL
Figure 2 25; Stressstrain relation of UHPFRC in compression as per AFNOR NFPI@® (2016)
2.8.2 Model Proposed by Naeimi & Moustafa (2021)

Naeimi & Moustafa (2021proposed an analytical model for the compresbefeaviorof steel

spiral confined UHPFRC that could also be extended to unconfined UHPFRC. The model
comprised of three regisrof which the first two regions uses the expression proposed by Popovics
(1973) but with modified parameters. The third region was expressed through an exponential
relationship that maintains a residual stress owing to the confinement from steel fibers or
transverse reinforcement. Material parameters associated with thessitagsselationships were
defined by the parametérsfi i RKQand™Q which were calibrated through extensive testing of
confined and unconfined UHPFRC cylinder specimengdesy the investigatdiNaeimi, 2020;
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Naeimi & Moustafa, 2019, 2021Expressions proposed by theearchers are summarized in

Table 2 4 along with their respective parameters.

Table 2 4: Compression stresstrain relationships for UHPFRC proposed by Naeimi & Moustafa (2021)

Expressior(in MPa) Calibrated Parameter
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The strain value-( ) corresponding to thend of second region may be estimated from the
eqguation corresponding to the second region by USing— "Q. Moreover, Naeimi & Moustafa
(2021)proposed calibrated empirical expressions for estimating the modulus of elasticity, confined
stress ad strain of UHPC as a function of volume fraction of fibebs) (and transverse
reinforcement ratio of steel spirals J as shown in Table-2. It is to be noted that, the parameters
used in the stresstrain relationships proposed by Naeimi & Motsté2021) were calibrated
based on specimens obtained from Datzik only and did not consider any other proprietary or

non-proprietary mixes. Furthermore, cylindrical specimen sizes such as 75 mm x 150 mm and 50
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mm x 100 mm were considered throughoeirtiexperimental program, and the adverse effects of
transverse reinforcement on fiber distribution was reported in some cases due to the small size of

the specimens used.
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Chapter 3: Determination of TensileBehavior of UHPFRC

3.1Introduction

This chapter presents the results of a characterization study conducted for developing the material
identity of the UHPFRC mix used in this research. Various mechanical tests were performed
including the Compression tests to evaluate peak strength assisstegn response, Modulus of

El asticity and Poisonds Ra tpbi behding, Disect Telrdioa x ur a |
and Splitting Tensile tests. Effects of casting methodology and prism size were studied in case of
flexural tests besides testibgo geometrically different specimens in direct tension. An inverse
analysis methodology is proposed based on the-lzgsed sectional analysis of a prism tested

under fourpoint bending to predict the tensbbehaviorof UHPFRC. Tensile properties esttad

using the proposed inverse analysis method are validated with the experimental results of direct
tension tests and compared with other methods from the literature. Digital image correlation (DIC)

used to measure tensile strsti®min response for tltrect tension test specimens is also presented.

3.2 Materials and Casting

Ultra-high-performance fibereinforced concrete used in this research was produced from the
prepackaged dry cement i-36 oprso wmi ke ¢ obwdeasith & | madruu
Hereinafter this UHPFRC premix material is simply call2ensitand the mix produced for
characterization study is referred tol#s2, where the integer 2 represents the volume fraction of
fibers in the mix. Densit premix is@mertbased powder hich contains Portland cement, ultra

fine silica fume particles, calcined bauxite sand.im) and a concrete superplasticizer. No other
external superplasticizer was used. 2% by volume of straight steel fibers (from Bekaerf®Rramix
0.2 mm in diameter @h13mm in length were used as fiber reinforcement in the mix DE2 which
was cast on May 25 2021. Nominal aspect ratio of steel fibers used was equal to 65. Fibers used
were brass coated, High Carbon Steel (HCS) with a reported tensile strength of ZboMRa.

Mix proportions are provided ihable 3 1.

A large pan type drum mixer with a nominal capacity of-406 was used to produce the
UHPFRCmix. Densit dry mix powder was poured into the drum and mixed for about 2 minutes
followed by addition of half the water required and mixed for 5 minutes. The remaining half of the

water was then added and mixed for another 5 minutes. Lastly, steemMdrergradually added
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and mixed until they were evenly distributed (2 to 3 minutéigjure 3 1 illustrates the mixing

procedure followed.

Table 3 1: Mix design proportions of the UHPFRC Mix DE2

Mix DE2 Densif dry mix Water Fibers
Proportions by weight 1 0.13 0.066
[ Densit® Dry mix powder J
l 2 min
[ Adding water (1 half) ]
\L 5 min
[ Adding water (2% half) ’
J, 5 min
[ Adding Steel fibers ]
Jl 2-3 min
[ UHPFRC mixture ]

Figure 3 1. An illustrative flowchart of UHPFRC mixing process

The UHPFRC produced was flowable and -selfisolidating. Immediately after the mixing
process, flowability of each mix was determined using a flow table test a&SJaM C1856

(2017) The conical mold of the flow table test was filled with fresh UHPFRC in a single pour up
to the brim before being lifted over to allow the concrete to spread. Flow value was determined
using the average diameter of the UHPFRC flow which mvaasured after about 2 minutes of
lifting the mold Figure 3 2). The average flow value for the mix DE2 was found to be about 240

mm which indicated sufficient flowability of the UHPFRC produced.
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Figure 3 2. UHPFRCFlow test

Acrylic and wooden molds were used for casting flexural and direct tension test specimens,
whereas standard plastic molds were used for casting cylindrical specimens. All the molds were
lightly coated with oil prior to the casting to act as a releasgant. Specimens were covered after
casting and allowed to harden in the ambient environment before demolding. Demolding was
performed after about 48 hours from casting. Thereafter all the specimens were cured in a water
tank for around 28 days$:igure 3 3 depicts the state of various specimens immediately after

casting was completed.

Figure 3 3: Specimens immediately after casting

For flexural tests, two different sizes of prism specimens along with two different casting
methodologies were cast. Specimens are divided into two categ®ardom (R) and Oreay
(OW), based on the casting methodology. @g specimens were cast by pogrifresh
UHPFRC from one end and the mold was allowed to be filled based on tflewelify capability

of the material. Random specimens were casted by pouring the mix at different locations along the
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span of a specimen. In other words, no distinct patwes followed for casting random (R)
specimens. Direct tension tests included three different types of specimens based on specimen
geometry and casting methodology. Cylindrical specimens of 75 mm x 150 mm were prepared for
compression, modulus of elasticit and Poi sson6s ratio tests.
cylinder specimens of 100 mm x 200 mm were cast which were cut into two halves before testing.

More details about different specimens and the tests are discussed in the forthcoming sections.

3.3 Mechanical Tests
3.3.1 Compression Test

Cylindrical specimens having nominal dimensions of 75 mm x 150 mm (diameter x height) were
tested in uniaxial compression. Cylinders were cast in a plastic mold with inner surfaces oiled prior
to casting. Consaliation techniques such as vibration table or a tamping rod were not utilized
since the UHPFRC used is setinsolidating and flowable. Gentle tapping was done on the
exterior of the molds to release any entrapped air bubbles. The top surface of tmediidledas

levelled with a trowel. Molds were closed using lids on the top after casting. After allowing to
harden for about 48 hours, cylinders were demolded using the air pressure applied from the bottom
of the mold. Specimens were cured in a water tariktaiaed at room temperature for 28 days to
allow for complete curing. After the curing period, cylinders were ground on both top and bottom
surfaces, as depicted fgure 3 4, to achieve smooth and flat surface before they were tested.
The flatness of the cylinder surface was ensured using a bubble level. If needed, cylinders were
further ground until they would attain the desired flat surfaces. Dimensions of itdecglwere
measured using a digital vernier caliper. The diameter used to calculate thsettussal area

was obtained by averaging the diameters measured at right angles at top and bottom of the cylinder.
Average height obtained from four readings etakat orthogonal locations were used in

calculations.
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Figure 3 5. Compressive strength test setup

To obtain the compressive strength, cylinders were tested @simigols Pilotmachine which is

a loadcontrolled compression machine. All cylinders were tested at a mature age (just after 28
days). A loading rate of 1 MPa/s based on recommendations xAhof CSA A23.1 (2019)

was utilized to obtain the peak load sustained by the spediigeme 3 5 depicts the compression

test setup. EquationBwas used to caltate the compressive strengif (of a specimen using

the peak loadR) and the average diamet&)( The average compressive strength for Mix DE2
was estimated to be 177 MPa with the standard deviation equal to 2.26 MPa. Peak load and
compressive séngth estimated for each cylinder are summarizetaisle 3 2. Since it was a
load-controlled test, the attainment of failure accompanied with an exploding sound marked the
end of test. Cylinders generally held their integrity despite sudden failutergeatrack formation

upon attainment of the peak load. This is attributed to the confinement provided by the fibers and
bridging action of fibers across the cracks formed. Developed cracks were diagonal and

longitudinal to the direction of loading as shoin Figure 3 6.
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(3-1)

Figure 3 6: Failure mode in Compressive Strength tests (Mix DE2)

Table 3 2: Compressive Strength Results (Mix DE2)

(KN) (MPa) (MPa)
C1 820 179
c2 833 178 177
C3 803 174
3.3.2 Modulwus of Elasticity and

The Modulus of Elasticity [E)

and

P o i 8) sverendetermined asiper th¢ guidelines of
ASTM C469 @014)standard. Three cylinders (C4, C5 and C7) from the mix DE2 were tested
using a sernweontrolled closed loop universal testing machine (UTM by MTS). Specimens were

Poi ssonods

prepared with installation of strain gauges on the lateral surface of the cytmdbétain the strain

Rat

readings in longitudinal and transverse directions. Four foil strain gauges of 10 mm gauge length

were placed diametrically opposite at the mid height of the cylinder. Out of these four strain

gauges, two were placed in the longitudlidizection (parallel to loading) to record longitudinal

strain values and the other two were placed in the transverse direction (horizontally) to record

transverse strain values. Before placing the strain gauges on to the cylinder, the surface of the

cylinder was thoroughly cleaned of any dust with a sandpaper and a brush. Super glue adhesive

was applied at the location where strain gauge was to be placed andteckdoil was used to

place the strain gauge firmly before allowing it to dry. It is tobied that the terminal surface of
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the strain gauge should be facing outside on the cylinder and its electrical terminals were soldered
to the electrical wires using a lead wire. The strain gauges were covered using a protective rubber
tape to avoid damaghie to specimen handling around the laboratory. The wires were connected
to the data acquisition (DAQ) unit to record the strain data which was synchronized with the load
data obtained from the compression machine. It is important to keep the two &léetngnals

of a strain gauge from merging into each other during a test, which otherwise would provide
erroneous measuremenEgure 3 7 shows various stages ofcglindrical specimen as it was

being prepared for Modulus of Elasticity and

Figure 3 7: Cylindrical specimen preparation for E & v tests

As per the standard procedure recommended by ASTM C469 (20&4)linder was loaded up
to 40% of its maximum compressive stress alongside measuring the strain readings from the strain
gauges and three such repetitions were performed for each cylinder. Result of three repetitions for
each specimen and their averaglues are presentedTiable 3 3. Average compressive strength
corresponding to the three cylinders tested for peak strefgtie( 3 2) was used to determine

the 40% compressive load capacity of this particular mix.

The values ot andA were estimated using Equatior23and Equation -3, respectively, where

, and, arethe compressive stresses corresponding to a longitudinal straimmofra@nd 40%

of the compressive strength, respectively. Parametepresents a longitudinatain of 50>m/m

and- is the longitudinal strain corresponding,tgalso, - and- are the transverse strains
corresponding t9 and, , respectivelyBased on the results of three cylinders, the average static
modulus of elasticity (E)ywa$ 9. 44 GPa and the mveasag®.R6i sfon
ratio estimated here was higher than most other reported values found in the li{Geybeal,

2005; Joh et al., 2008; Simog009) and further tests are recommended to arrive at a better

57



average. Great variability was also reported
for each cylinder in a Dura mix bylusain (2021)However, the average of ten specimens was

found to be relatively consistent with the expected value of about 0.2.

o —- (3-2)

T (3-3)

Table 3 3: Modulus of Elasticity and Poisson's ratio test results

Cylinder ¥} 3 G 3 O Uz A 3

ID (em/| (em/| (em/| (em/| (MPa) | (MPa) | (GPa)

50 1347 14 342 2.03 70.06 52.47 0.25

C4 50 1351 14 343 2.03 70.20 52.39 0.25

50 1353 13 344 1.98 70.21 52.35 0.25

Average 52.40 0.25

50 1542 10 363 1.67 69.88 45.72 0.24

C5 50 1529 10 361 1.75 69.93 46.12 0.24

50 1520 10 360 1.80 69.88 46.31 0.24

Average 46.05 0.24

50 1363 13 349 2.87 | 67.98 | 49.60 0.26

C7 50 1354 13 349 2.79 | 67.99 50.03 0.26

50 1357 12 348 2.65 67.95 49.96 0.26

Average 49.86 0.26

Overall Average 49.44 0.25

Several expressions have been proposed in the literature for predicting the modulus of Elasticity
of UHPFRC from its average compressive strength. The expression propddacebwl. (2004)

suits best with the results obtained here, shown as per Equatior& exression was proposed

for UHPFRC without coarse aggregates having the compressive strength range between 150 MPa
to 180 MPa. Using the average compressive strength preseiitdulé 2, Equation 34 predicts

the modulus of elasticity to be equal to 49,515 MPa with less than 1% error compared to the

experimental value reported Trable 3 3.
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3.3.3 StressStrain Response in Uniaxial Compression

In order to measure the full strestsain response of the material in compression, three cylindrical
samples (C4, C5 ard7) from the mix DE2 were tested. These are the same specimens that were
used to perform modulus of Elasticity and Poi
These tests were performed in a different compression testing machmeals Autorax) with a

load capacity of 3000 kN which was also capable of applying displaceroetnblled loading (see

Figure 3 8). The rate of displacement loading used was equal to 0.10 mm/iai6 MPa/s).

Strain gauges earlier installed on the cylinders were used to measure the strain readings. As
described earlien Section 3.3.2, each specimen is equipped with four strain gaugem each
horizontal and vertical directions placed at mid height of the cylinder. Average of readings from
the two vertical strain gauges were used to obtain s$tesms response inniaxial compression

as shown irFigure 3 9. It is to be noted that the age of cylindrical specimens on the day of stress
strain tests was about 365 days. Hencenarease in average compressive strength of about 8%
was observed on account of further hydration caused due to aging of specimens. These cylinders
were stored at room temperature but not in refrigerators to avoid any possible damage to the
installed stran gauges. Excess cylinders that were cast during this mix had been kept inside a

refrigerator to inhibit strength increase beyond 28 days and may be used for future work.

RAUTOMRAX

Figure 3 8: Displacementontrolled compression tésg machine
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Compressive Stress-Strain Response
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Figure 3 9: StressStrain response of cylinders in uniaxial compression (Mix DE2)

Table 3 4: Compressive strength vs strain results (Mix DE2)

Specimen | Peak Load C()S?Fé:]egstiive Straér:rgtsg eal
D (kN) (MPa) (mm/mm)
C4 876 190 0.00398
C5 877 190 0.00445
C7 910 192 0.00431

Average 191 0.00425

Based on compressive strestgin results summarized rable 3 4, the average compressive
stress corresponding to the peak load is 191 MPa and the correspondage asteain is 4.25
mm/m. Mode of failure and crack pattern observed in compressive-strasstests are shown in
Figure 3 10. Upon attainment of peak load, it walsserved that the cylinder specimen produces

an explosive sound due to the release of very high strain energy accumulated in the process of
loading, but the cylinder still held its integrity and did not burst apart completely and continued to
sustain loadn the postpeak region. Same behaviour was observed despite the use of a much
slower loading rate of about 0.05 mm/min on other dummy specimens tested. Hence, it is
hypothesized that a much more stiff system is required to capture thpepéstesponsef
UHPFRC in compression. Moreover, rupture of strain gauges was observed due to crack formation
which occurredat the attainment of peak stress. Thus, strain gauges did not provide measurements
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corresponding to the pepeak branch. Effective and relialdstimation of the pogteak branch

of UHPFRC material in compression is possible in future stuHiassan et al. (2013uggested

the use of LVDT to measure the movement of mac
in postpeak region of the compression response, and a chain gauge to measure the lateral

expansion.

Figure 3 10: Modeof failure in compressive stressrain tests (Mix DE2)

3.3.4 Direct Tension Test

A servacontrolled, closed loop universal testing machine MTS was used to conduct direct tension
tests to obtain the tensile characteristics of the UHPFRC material stddiesile test was
conducted using a constant displacement loading rate of 0.00254 mm/s (0.15 mm/min) as
recommended b@raybeal & Baby, (2013fFor mix DE2, two types of tensile specimens, named

as Type P(prismatic specimen) antlype I(I shaped specimen), were tested. These spasime
differed with each other in terms of their geometry and loading action. Type P is a prismatic
specimen proposed IGraybeal & Baby, (2013whereas Type | is an | shaped, thicker specimen
proposed byGeorgiou & Pantazopoulou, (201@Nominal dimensions and geometry of the
specimens are shown kigure 3 11. The thckness of the Type P specimen was restricte®Dto

mmi including the FRPas the available MTS machine could not grip specimens more than 30mm
thick. Hence, Type P specimen had a nominal esestional dimensions of 30 mm x 50 mm.
Type | specimen had a nominal cr@estional size of 50 mmx 40 mm in the central gauged region.
Random and Onyay poured specimens are designated w
example, FR1 means that it is the first Random poured sample of Type P.
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Type P Type I

Figure 3 11. Geometry and nominal dimensions of Type P and Tgject tension specimens

In all cases, carbon FRP was glued longitudinally at the top and bottom ends of the specimens
(Figure 3 12) using a commercial thixotropiepoxy adhesive. This was done to avoid the
formation of localized cracks outside the central gauged region. Moreover, the front face of all the
specimens was painted with white acrylic paint followed by creating a black speckle pattern to
facilitate the digital image correlation (DIC). The experimental test set ups for Type P and Type

| specimens are shownkigure 313. In Type P specimens, the flat hydraulic gfigen the MTS
machine directly clamp the specimen, whereas in the Type | specimens, a customized test frame
was used to apply loading through the bearing action. Lateral movement of the grips had to be
arrested using the brackets showirigure 313b to avoid any adverse actions. A higdsolution

digital camera was setup facing the specimen front to automatically capture images at a constant
interval of 10 seconds dumg a test. The images captured were used for performing DIC as

discussed later in this chapter.

Figure 3 12 Direct tension specimens after CFRP application (Mix DE2)
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Figure 313: Direct tension test setup (a) Type P (b) Type |

For Type | specimens, the alignment in the direction of tension was ensured by using foam spacers
and wood shims to avoid the out of plane movement during the test as sHaguréen313b. The

result of the specimer@W1 was discarded as it failed at the flange grip possibly due to improper
gripping or stress concentration (segure 314b). Results of the direct tensile strength are
summarized imMable 3 5. Ranem specimens of Type P showed an average tensile strength of
11.16 MPa, whereas the corresponding-aag specimens were found to have a slightly higher
average tensile strength of 11.93 MPa. However, average tensile strength found from Type | one
way spetnens was 8.72 MPa. Tensile strength values report€dbte 3 5 are calculated from

the Equation &b, whereF is the peak force andl is the average crosectional area measured
within the gauge lengtlkigure 314 shows the desirable and undesirable failure pattern for direct
tensile test specime. Desirable mode of failure is achieved when the localized crack occurs
within the gauge length of the specimen and if out of plane bending is not observed. Undesirable
modes of failure occur when out of plane bending is caused daedentricities prduced at the

crack initiation stage, or by the specimen setup or by irregularities in specimen geometry. Crack
localization outside the gauge length or within the CFRP confined region is considered
undesirable. With regard to Type | specimens, the speciméd fail on the flange grips due to
stress concentration caused by the change in geometry. Such failure occurred in case of the

specimen-4OW1 whose result was discarded.

o (35)
0
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Table 3 5: Results of direct tensin tests (Mix DE2)

Peak Load Tensile Average Tensile
Specimen ID Strength Strength
(kN) (MPa) (MPa)
P-R1 13.2 10.27
P-R2 14.1 10.99
11.16
P-R3 15.8 12.08
P-R4 15.0 11.30
P-OW1 13.8 11.41
P-OW2 16.2 12.50 11.93
P-OW3 14.8 11.88
I-OW1 13.5 6.78 -
[-OW2 17.4 8.97
8.72
-OW3 18.4 8.48

Figure 314: Modes of failure for direct tension tests (a) Desirable (b) Undesirable

3.3.5 Splitting Tensile Test

The splitting tensile test was conducted on 100 mm x 100 mm cylindrical specimens. These
specimens were obtained by cutting a larger cylinder of size 200 mm x 200 mm into two halves
using a concrete cutting saw (deigure 3 15). Cylinders were ground on the top and bottom
surfaces before cutting them into two halves. Grinding of the ends was performed to obtain a
smooth surface useful for deformatioreasurement. A Linear Variable Differential Transformer
(LVDT) was placed horizontally at the back of the specimen to measure the transverse deformation
as shown irFFigure 3 16b. Transverse tensile deformatioocurreddue to indirect tensile action
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which caused the formation of a failure plane along the vertical diameter of the specimen. A digital
camera was used to record the deformations on the front face of tepeThe stainlessteel

jig shown inFigure 3 16a was used under the MTS universal testing machine. It is-adiumn

steel frame with a selfentering specimeholder and a flat steel top suspended with springs that
allow for easy adjustment of the frame. This steel frame was placed orAlevebing spherical
support with a flat top surface. However, before the start of each test the bottom plate was levelled
using a bubble level. A displacemamntrolled loading was applied at a constant rate of 0.6
mm/min. The splitting tensile strength was estimated using EquationvBereP represents the
maximum loadL is length of the cylinder anD is the diameter of the cylinder. The average

splitting tensile strength corresponding to peak Igagiwas found to be 23.8 MPa.

e (3-6)

With regard to the mechanism of splitting tensile test, UHPFRC being assdient material
behaves differently when compared to conventional concrete under splitting. Due to the presence
of fiber reinforcement, the specimen did not split into twadslupon formation of failure plane.
Subsequently, the fiber bridging mechanism observed in UHPFRC caused change in the mode of
load transfer. Therefore, further load applied was no longer representative of tension, but rather it
represented a compressivehaviorin the direction of loading. Hence, interpreting the results of
splitting tensile strength is not accurate for UHPFRC specinkégsie 3 17 depicts the maoel of

failure in splitting test. It was clearly evident that the cylinder specimen deformed significantly in
the vertical direction indicating the compressive action which flattened the loading surfaces.
Splitting tensile test results including cracking @edk strength are presentedable 3 6. Figure

3- 18shows the responsesload vs horizontal expansion measured during the splitting test where
the red triangular marks correspond to the first cracking for different specimens. The first cracking
is defined as the point where the load vs transverse strain response disglsfiettachange in

slope. Average cracking strength was evaluated to be 8.7 MPa which correlates well with the direct
tensilebehaviorof UHPFRC.
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Figure 3 16: Splitting tensile test (a) Experimental test setup (b) Schematic drawing

Lv

Back

DT

(b)

Failure plane

Table 3 6: Splitting tensile test results (Mix DE2)

Cylinder specimen
(100 mm x100 mm)

Av split | AVO:
Specimen Cracking| Cracking 9 Peak : Split
Cracking Tensile .
ID Load | Strength Strength Load Strenath Tensile
g Strength
(KN) (MPa) (MPa) (kN) (MPa) (MPa)
S1 135 8.4 370.5 23.1
S3 116 7.5 8.7 341.3 22.1 23.8
S4 163 10.3 413.0 26.1
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Figure 3 18 Load vs Transverse Strain response measured in splitting tensile test

3.3.6 Flexural Test

Fourpoint bending test was performed on prismatic specimens of aspect ratio equal to 2. Aspect
ratio of a flexural specimen is defined as the ratio of shear span to depth of the member. Mix DE2
was cast in two different specimen sizes with nominal dimen$id®® mm x 50 mm x 400 mm
(referred to as small specimens) and 150 mm x 100 mm x 700 mmedei@ias large specimens),
to study the size effect on tensile response. Small prisms were designed based on the
recommendations &AFNOR NF EN 13670, (2013Besides the size difference, flexural prisms
also contaned Random (R) and Oweay (OW) poured specimens to study the effect of casting
methodology. Flexural tests were conducted in the seowtrolled, closed loop MTS machine at
a displacementontrolled loading rate of 0.15 mm/min. All the prisms were tebnd the
peak load up to a residual load of about 20% of the peak. Loading rollers used can adjust
themselves by free rotation about the longitudinal axis of the prism and were also capable of
translation along the beam. Support rollers used weredretate about their own axis and placed
in wide U shaped steel sections as showrigire 3 19.
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With regard to the small prisms, the net deflection at the midspameasured using two LVDTSs,

one on either side of the prism, attached to a fabricated instrumentation jig mounted at the mid
height of specimen above the support rollers (Point 1 anéigime 3 19) and average deflection

was obtained. In case of large prisms, only one LVDT was used, and other face of the prism was
used to capture images for DIC. ArsBaped stiff aluminum angle was hot glued to the top of the
prism at the midspan and LVDT mounted from the frame was bearing on the angle. The LVDT
measures the net deflection of the top compression fiber of the specimen relative to the chord of
the deflecting specimen which is defined by the midheight points abeveoller supports.
Schematic drawing of the test setup is depictefignire 3 19, where A is the distance between

the two loading rollers which is also equal to the shear span of the specimen (i.e., the distance
between support and loading roller). Shear span is equal to 100 mm for small prisms and 200 mm
for large prisms. D representhe depth of flexural prism which is equal to 50 mm and 100 mm

for small and large prisms, respectively. Total clear span of the prism is equal to three times of
distance A or six times that of depth, D. The aspect ratio (shear span to depth ratib)sofdlb

and large AFNOR prisms was equal té-Ryure 3 20 shows the pictures of the test setup used for
four-point bending test of small prisms. Equivalent flexusaength of the specimen was
calculated using Equation where P is the peak load obtained from the experimental response,

L is the clear span of the specimen (distance between the two supports), b and h are-the cross
sectional width and height, regpeely. Crosssectional dimensions (b and h) used in calculations
were the average of three readings measured in the constant moment region of the prism where the
failure plane was expected to occur. Crssstional dimensions were consistent within arnice

of +/- 3 mm for all prisms except OW large prism due to an error that occurred during casting.
Therefore, the resistance curves presentédguare 3 21 andFigure 3 22 compares the flexural

stress vs midspan deflection response of small and large AFNOR prisms, respectively. Flexural

stress is calculated as per EquaBien

Figure 3 19: Schematic drawing of foywoint bending test
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Figure 3 20: Pictures of setup of foypoint bending test

Table 3 7: Flexural strength resultéMix DE2)

Small Prisms

Avg. . . Avg.
) Peak Load glt?é(rl: r:#] Flexural D:{ Igcgt;cl)(n D;'ga?(t Drift at
Prism ID 9 Strength Peak
(KN) (MPa) (MPa) (mm) (%) (%)
OW-1 24.38 26.33 1.38 0.92%
OW-2 25.60 25.35 26.24 0.77 0.51% 0.78%
OW-3 23.78 27.02 1.38 0.92%
R-1 21.26 24.15 1.84 1.23%
R-2 24.64 28.61 23.99 1.75 1.17% 1.36%
R-3 17.55 19.22 2.52 1.68%
Large Prisms
Avg. . . Avg.
) Peak Load glt?érl: r:#] Flexural D;{ Igce:}t;cl)(n Dé'gait Drift at
Prism ID 9 Strength Peak
(KN) (MPa) (MPa) (mm) (%) (%)
OW-1 58.30 24.88 3.40 1.13%
OW-2 51.20 21.33 2.67 0.89%
22.60 0.96%
OW-3 84.97 23.31 2.26 0.75%
Oow-4 50.20 20.88 3.19 1.06%
R-2 38.03 14.89 1.24 0.41%
13.72 0.40%
R-3 31.51 12.55 1.14 0.38%

69




Flexural Stress (MPa)

Flexural Stress (MPa)

30

25

20

30

25

20

15

10

” v ar,
wWQ
One-way Small Prisms (DE2)
—OW-1 ——OW-2 ——OW-3
1 2 3 4 5 6 7

Midspan Deflection (mm)

Flexural Stress (MPa)

30

25

20

(37)

Random Small Prisms (DE2)

R-1 —R-2 —R-3

3 4 5 6 7 8 9 10
Midspan Deflection (mm)

Figure 3 21: Flexural resistance curves of small prisms (Mix DE2)
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Figure 3 22 Flexural resistance curves of large prisms (Mix DE2)

Figure 3 23: Typical mode of failure in small flexural prisms (Mix DE2)
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Figure 3 24: Typical mode of failure in large flexural prisms (Mix DE2)

Table 3 7 presents the results for flexural strength and drift values corresponding to the peak load.
Drift values were calculated as the ratio of midspan deflection to half of the span length (L/2). In
case of small prisms, ¢haverage flexural strength was 26.24 MPa and 23.99 MPa fevane

and randomly poured specimens, respectively, and the average drift at the peak load was found to
be 0.78% for ongvay and 1.36% for random prisms. With regard to large prisms, the average
flexural strength was 22.60 MPa and 13.72 MPa forwag and random prisms, respectively,

and the average drift at peak load was found to be 0.96% fewapnend 0.40% for random
prisms. The difference between flexural strength ofwag and random poed specimens was

more prominent in the case of large prisms. This difference was noted to be about 65% in the case
of large prisms as opposed to 9.4% in case of small prisms. This indicates the importance of fiber

alignment in case of larggcale specimerand actual structural members.

Typical mode of failure and crack pattern is depicte#ligure 3 23 andFigure 3 24 for small

prisms and large prisms, respectively, tested in-pmimt bending. With respect to small prisms,

all random specimens failed by developing the localized crack within the comstar@nt region.

In contrast, the oneay specimens displayed flexusbear type of failure in which the localized

crack initiated outside of the constant moment region but inclined towards the midspan. It was also
noted that the crack initiation consistgndccurred in the shear span where the pouring was
performed for onavay small prisms. Therefore, this failure mode in-wray poured small
specimens is anticipated to be caused due to a possible disturbed region formed near the location
of pouring duringhe casting process (Ralli, 2022). However, the da@haviorwas not observed

in the case of onway poured large specimens where the localized crack was formed within the
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constant moment region indicating that the influence of disturbed region wasgniiicant
because of the larger cressctional size. Drift capacity corresponding to the flexural strength was
found to be lowest in case of randomly poured large prisms whose average value was only equal
to 0.40%.

3.4 Proposed Inverse Analysis Method

Although several inverse analysis (IA) methods are available in the literature, it was found upon
practical implementation that all methods present advantages and challenges. The current inverse
analysis method proposed by Annex U of CSA A23.3 was foubd teser biased, and it is ought

to be replaced or amended. For this purpose, a CSA task force is established to explore a more
robust and effective inverse analysis method to replace the existing one. To this end, an inverse
analysis is proposed here basedthe layetby-layer sectional analysis of a fepoint bending

test. Results of flexural tests obtained in the previous section were used to obtain the tensile
behaviorof UHPFRC material and compared with the experimental results of the direct tension
tests. The proposed inverse analysis is applicable to any flexural prism irrespective -of cross
sectional dimensions as long as it is tested in third point bending (i.e., distance between the loading
rollers is equal to the shear span) as depictddgare 3 25. However, the methodology could

also be applied to specimens loaded in different configuration by using suitable equations for
estimating deflections. A sprestieet was programmed to perform the analysis with a single
action. Using the equilibrium of the forces acting across the midspan section, the moment
curvature resistance curve of the prism specimen was estimated followed by its conversion to the

load-deflection response.

Figure 3 25: lllustration of a typical third point bending test
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3.4.1 Methodology for the Inverse Analysis

f'c —————— fr,max
| |
| | ft,cr
| |
I |
A
|
L |
| |
| |
| | o >
(a) s =~ (b

co

Figure 3 26: Stressstrain laws used in the analysis @pmpression (b) Tension

Figure 3 26 represents the constitutive stressain laws in compression and tension that were
used in the inverse analysi$ie compressivstressstrain law of UHPFRC considered is a bilinear
model, with linear elastic and perfectly plastic branches as showigime 3 26a. The linear
elasticbranch extends up to the peak compressive strefidtiat(its corresponding strain, ,
followed by a constant stress response (plastic) up to the attainment of ultimate gtradm the
tension side, a #linear model was assumed as pagure 3 26b, where its linear elastic branch
extends up to the cracking stre$g, , at the cracking strain limit, ; , which is followed by a
strainhardeling branch up to the attainment of maximum tensile sti@ss, , at its corresponding
strain represented as, . The linear descending branch of the model reaches zero tensile stress
at the ultimate tensile strain £ ). Modulus of elastity of the material was assumed to be equal

in tension and compression (i.Ec,= Ey).

The controllingvariable of the algorithm is the assumed tensile stra)raf the bottommost fiber

of the crosssection (tension fiberptrain distribution acigs the depth of the section is linear based

on the assumption that plane sections remain plane. Thus, at a given stage of loading, the curvature
() acting on the section can be calculated using the tensile strain of the bottommost)iiber (
depth of the neutral axigo and height of the crossection (h) as per Equatior83

. “ho, 3-8
w 0 (3-8)

The crosssection at the midspan is selected and is divided into thin layers along the depth followed

by calculation of strain at éhmidpoints of each layer based on their corresponding depth value
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and the assumed curvature. Compressive strains in the layers above the neutral axis are considered
as positive, whereas the tensile strains below the neutral axis are negative. Strgssadich

layer is calculated based on the above defined s$tesig constitutive lawdH{gure 3 26). Stress
developed in each segment of the cremstion is conerted into force components by multiplying

the stress with the area of each layer and the moment due to each force component can be

calculated by multiplying the force with the corresponding distance from the centroidal axis.

As there is no external axielad acting on the member, the sum of the axial forces across all the
layers is supposed to be zero based on the equilibrium of forces, thus estimating a value for the
depth of neutral axis. Neutral axis depth was evaluated using an iterative functiba in
spreadsheet such as Goal Seek or Solver. Once the neutral axis depth is determined, the moment
and curvature acting on the section are automatically calculated. Moment was taken as the sum of
individual moments acting upon each layer at a given equilib state. This procedure was

repeated for a wide range of tensile strain values to obtain the full mooeature response.

After the momenturvature response was obtained, the clkdead expressions as per Equations
3-9to 311 were used to calatk the deflection values from curvature distribution across the span.
These expressions were derived based on the principle of Virtual Work. Prior to yielding, the
curvature is linearly related to the moment based on the elastic theory. In {lvesaostage after
cracking, the curvature distribution is assumed to @éar in the plastic zone and constant along

the middlethird span of the specimen as showrkigure 3 27. Expressions like Equations®3

and 310 have also been used by other researchers with good agreement for estimating deflection
values up to the peak load (Georgiou & Pantazopoulou 2016, Mobasher et alL &22017).

Figure 3 28 depicts the loading and unloading paths followed by different sections of the
specimen. The idealized momaenirvature resistance diagram shows that, except for the critical
section where localization occurs, the rest of the flexural prism starts to unload after reaching the
peak moment and enters the ppsak region. Green arrows represent the path of loading and
yellow arrows show the unloading paths. The unloading pattwmfetl by various sections across

the span may vary depending on the state of local moment experienced by that section when the
global moment reached maximum. For increase in the magnitude of curvature beyond the value
that corresponds to the maximum momém, section that encountered the peak moment follows

the descending branch of momenirvature curve. At the same time, any sections that were in the
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strain hardening region start to unload on a path parallel to the linear elastic branch, however,
leavinga residual plastic deformation when completely unloaded. Furthermore, the portion of the

beam that was still within the elastic range, unloads on its original path.

It is assumed that the span between the loading points of the prism (constaent regia)
follows the samédehavior(i.e., postpeak softening trend after the peak moment). Based on the
above concepts and with referencétgure 3 29, the expressiorof estimating the deflection in

the postpeak region was derived, as per Equatieii3

Midspan deflection in the linear elastic range,

C o
Cpo
Midspan deflection for postracking branch and up to the ultimate (peak) load,

(3-9)

5
1 — 10 10 & 8 ¢co 10 8& 10 8B (3-10)
C pup
Scpy @,

Pl N ] i

(a) (b) E'(l_m) 3 M,

Figure 3 27: Curvature distribution across the span (a) before cracking and (b) after cracking

M
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Figure 3 28 MomentCurvaturetrend followed during loading and unloading stages
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Midspan deflection beyond the peak load,

|

1 e OO— 0 — ®WO- . OWIO— wWwI— — (3-11)
where;d6 -30—, ® W3O -

Moment at , O 0 30 o —

1=
22 }
5 z_~T = 7
| N A r
- L - 5_3

Figure 3 29: Curvature and equivalent unit moment distribution for guesik response

Shear deformations can also be considered and accounted for in the deflections up to the peak load
using Equation 42, where G is the elastic shear modulus (MRa)s the effective shear area

(mm): for rectangular crossection it isp” - GBQ.

od p

— 3-12
o Qb (3-12)

—

The loaddeflection response estimated through this inverse analysis was plotted and compared
with the respective experimental response of the-poumt bending test. The analysis procedure

was repeated by changing the parameter values of the tensitesstaén model until the analytical

curve fits well with the experimental one. In this regard, for each new increment the converged
values obtained in previous increments are used as given, so that in each phase only one unknown

is to be resolved.

3.4.2Results from the Inverse Analysis

The above discussed inverse analysis method was performed on experimental test results of the

four-point bending specimens of Mix DE2 (Section 3.3.6). The average compressive strength used
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for Mix DE2 was 177 MPa. Resultbtained from the inverse analysis are summariz&abie
3- 8 and the corresponding tenshehavioris plotted inFigure 3 30. Figure 3 31 shows the
comparison between the analytical and experimentatdefidction resistance curves for G3V
small AFNOR prism of Mix DE2.

Table 3 8: Results obtainettom the proposed inverse analysis method (Mix DE2)

Small Prisms

Specimen ID = @ "N @ o h “h

(MPa) | (MPa) (mm/mm) (MPa) (mm/mm) (mm/mm)

OoWw-1 57222 | 10.3 0.00018 125 0.0052 0.0140
OW-2 61000 | 12.2 0.00020 135 0.0030 0.0140
OW-3 60606 | 10.0 0.00017 12.2 0.0050 0.0150
Average 59609 | 10.8 0.000182 12.7 0.0044 0.0143
R-1 50000 9 0.00018 10.8 0.0065 0.0180

R-2 51282 10 0.00020 12.8 0.0064 0.0160
Average 50641 | 9.5 0.00019 11.8 0.0065 0.0170

Large Prisms

OoWw-1 45000 | 9.0 0.00020 10.2 0.0070 0.0120
OW-2 47500 | 7.6 0.00016 9 0.0050 0.0120
OoWw-3 57143 | 8.0 0.00014 9.6 0.0054 0.0110
ow-4 45625 | 7.3 0.00016 8.8 0.0065 0.0140
Average 48817 | 7.97 0.00017 9.4 0.0060 0.0123
R-2 50000 | 5.5 0.00011 6.6 0.0010 0.0130
R-3 50000 5 0.00010 5.4 0.0010 0.0115
Average 50000 | 5.3 0.00011 6.0 0.0010 0.0123
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Figure 3 30: Tensile stresstrain behaviorobtained from the proposed inverse analysis (Mix DE2)
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Figure 3 31. Comparison between analytical and experimental response (Mix DE2, Small OW3)

Average tensile cracking and maximum strength obtained from small prisms were equal to: 11.0
MPa and 12.9 MPa for Onegay cast specimens, and 9.5 MPa and 11.8 MPa for Randomly cast
specimens. However, for large prisms, the average cracking and maximula stresigth
obtained were equal to; 8.0 MPa and 9.4 MPA for-@ag cast specimens, and 5.3 MPa and 6.0
MPa for Randomly cast specimens. It is clearly evident that the tensile strength values obtained
for large specimens were significantly lower thandimraller ones. Moreover, the Randomly cast
large specimens were highly deficient both in tensile strength and ductility which highlights the

importance of fiber orientation in actual structural members constructed with UHPFRC. Therefore,
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appropriate standdization of the specimen geometry is critical when performing flexural
(indirect) tests for determining the tendiehaviorof UHPFRC.

The results obtained from the proposed inverse analysis of small prisms compare very well with
those of direct tensiotests performed on Type P specimefable 3 5) as per which the
maximum tensile strength obtained was 11.6 MPa and 11.93 MPa for Randomly andyOraest
specimens, respectively.

3.5 Comparison with SIA Recommended Inverse Analysis

In this section, the tensile stressainbehaviompredicted from the proposed layay-layer inverse
analysis in the previous section is compared with the results from inverse analysis recommended
by the Swiss standard (SIA 2052, 2016). SIA inverse asatysthod has been discussed in detalil
earlier (referto Section 2.7.2). The inverse analysis method recommended in Annex 8.1 of CSA
S6 (2019) is only applicable to the specimens whose length is three times the depth of the section
"&HD o "‘Obut the pisms used in this study had length equal to six times the depth. Therefore,
the CSA method is not compared hdfegure 3 32 presents the tensile strestsain behavor

predicted using SIA inverse analysis method.

Figure 3 33 illustrates the graphic comparison between tensile parameters obtained from the
proposed inverse analysis and SIA inverse analysis methods with satisfactory convergence with
the exception ofhe cracking stress which was found to be slightly higher in case of the proposed

inverse analysis method.

SIA 1A (Small Prisms; DE2) SIA |A (Large Prisms; DE2)
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Figure 3 32 Tensile stresstrain behaviorobtained from SIA inverse analysis (Mix DE2)
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Table 3 9: Results obtained from SIA inverse analysis method (Mix DE2)

Small Prisms

Specimen ID = _f % _f %
(MPa) (MPa) (mm/mm) (MPa) (mm/mm)
Oow-1 58702 | 0.00017 10.2 0.00570 11.7
OWw-2 58534 | 0.00019 11.0 0.00290 13.1
OW-3 55636 | 0.00017 9.3 0.00567 11.4
Average 57624 | 0.00018 10.2 0.00476 12.1
R-1 47835 | 0.00016 7.4 0.00738 10.0
R-2 46197 | 0.00019 8.6 0.00724 11.8
Average 47016 | 0.00017 8.0 0.00731 10.9
Large Prisms

OwW-1 44466 | 0.00019 8.2 0.00675 9.8
OW-2 45605 | 0.00016 7.4 0.00534 8.6
OW-3 55180 | 0.00014 7.6 0.00567 9.0
ow-4 45410 | 0.00016 7.4 0.00652 8.2
Average 47665 | 0.00016 7.7 0.00607 8.9
R-2 48058 | 0.00011 5.2 0.00245 6.1
R-3 51641 | 0.00008 4.3 0.00230 5.1
Average 49850 | 0.00010 4.7 0.00237 5.6
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Figure 3 33 Comparison between respective tensile parameters predicted from proposed and SIA
inverse analysis methods

3.6 Digital Image Correlation

Digital Image Correlation (DIC) is a nesontact technique used for measuring deforomatiin

the material(Blaber et al., 2015)This technique is highly valuable for the tests where local
deformations and strain readings are difficult to measure during the experiment. At preseit, seve
software suites are available for image correlation; one such tool is Ncorr (http://www.ncorr.com/).
This is an opersource 2D digital image correlation tool based on MATLAB code used in this
research. Moreover, Ncepost is a posprocessing tool thamay be used for visualization and
export of meaningful results from the DIC analysis. Detailed explanation on use of these software

tools can be found in the instruction manuals provided by the developers.

As mentioned earlier, for the DIC process, tmages used for analysis were captured using a
high-resolution digital camera. The surface used for DIC measurements was painted with white
paint followed by spraying of black color to form a distinct speckle pattern. Such a speckle pattern
helps in achieing accurate results from DIC. A sequence of images (usuallplorresponding
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to different stages of a test and a reference image corresponding to zero strain stage was selected

and imported into the prograrrigure 3 34 shows the user interface of Ncorr, where a direct

tension test was analyzed, afidure 3 35 shows he general analysis parameters used in DIC

analysis. These parameters are not standard and can vary for different specimens depending on the

convergence achieved during an analysis.

4 Ncorr - handles_ncorr

File Region of Interest Analysis Plot

Program State
Reference Image
Current Image(s)
Region of Interest
DIC Parameters
DIC Analysis
Displacements
Strains

Region of Interest

Reference Image

Current Image(s)

Name: A_2484 JPG
Resolution: 8688 x 4888

Name: A_2678.JPG
Resolution: 8688 x 4888

Figure 3 34: User interface of Ncorr DIC mgram
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Subsat Location

Subset

Subse! Radius: B0

Subse! Spacing: B

lterative Solver Optians
DANOmCIO. 1008

Heration # C/0: 50

Multithreading Options

Num Theads: 2

High Strain Analysis
[“JEnable step Analysis

Sewd Propagation

o Fropagton

Step #

Discontinuous Analysis

[Jsuseet Truncation

Name: A_2484 PG

Figure 3 35. Example parameters used in DIC analysis

After importing the images, the region of interest (ROI) was defined for the program to perform

deformation calculations in a specified region. Fieigure 3 35, it can be observed that 2 seeds

were used for the analysis of direct tension specimen. These seeds were selected across the crack

location to achieve good convergenités important that a seed should not overlap with the crack
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as it would result in poor convergence and the analysis may not proceed. As the specimens
involved in the analysis had experienced cracking, the High Strain Analysis option in the program
was ebled. Subset truncation may also be used that prevents the wrapping of subsets around the
crack tip which cause distortio(Blaber & Antoniou, 2017)

After the DIC analysis of a sample, the Ncorr program allows the user to get several plats such
displacement and strain in X or Y direction. The user can hover the mouse pointer around a plot
to observe the required deformations. It also provided pictures or animations of the analysis that
can be exported. However, collecting deformation orrstvalues for the chosen points over a
range of pictures (each picture corresponds to a specific load stage) could become tedious. Hence,
for this purpose the Ncorr pegtocessor can be used after completing the DIC analysis in Ncorr.

In the postprocessara virtual extensometer may be placed with a chosen gauge length in the
location of interest following which deformation and strain readings can be obtained which are
easily exportable. It is important to note that, if the user intends to extract infomfram the
postprocessor, the unit conversion (i.e., pixels to mm) should be applied only in the post
processor and not in the Ncorr analysis tool. If unit conversion is performed in both places, then

the units would be converted twice, and resultsioled would be incorrect.

Figure 3 36 depicts the tensile stresfrain response predicted using DIC for Random1 and One

way 1 sample of Type P direct tension spexzinirensile stress on the vertical axis was calculated
using the corresponding load divided by the area of €3estson, whereas the strain oraXis
represents the average of strain estimated using three virtual extensometers placed equidistantly
acrosghe front face of the specimen. The gauge length of these virtual extensometers was chosen
to be 75 mm. Strain distribution and crack pattern obtained from DIC analysis corresponding to
different stress states for specime®W1 are shown irrigure 3 37. With the increase of the
applied load, it was noted that the deformations were localized into two major cracks. Inthe post
peak region, the localized crack that wasmed first, begun to unload as the second crack

prevailed. Strain values corresponding to thegoaeking stage was found to be less consistent.

83



o Tensile Stress vs Strain
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Figure 3 36: Tensile Stres$train response from DIC (Mix DE2)
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Figure 3 37: Strain distribution in Ydirection (a) At peak load (b) Evolution of crack pattern (Sample:
P-OW1)

3.7 Summary

Material characterization tests performed on Densit UHPFRC material used in this study were
presentedh this chapter. Several mechanical tests were conducted including compression, tension,
flexure and splitting tensile tests. The major findings from the tests performed on Mix DE2

prepared using Densit premix and 2% volume fraction of fibers are lished:be

a. Average compressive strength was found to be 177 MPa.

b. Modul us of Elasticity was found to be 49. 4

c. Stressstrain response in compression was recorded where average stress at peak was found
to be 191 MPa anthhe corresponding strain was 0.00425 mm/mm.

d. Type P direct tension tests provided 11.16 MPa and 11.93 MPa tensile strength for random

and oneway cast specimens, respectively.
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e. Averagecracking strength frorthesplitting tensileests was found to be 8WPa whereas
average peagplitting tensilestrength was found to be 23.8 MPa.

f. Average flexural strength of orveay and random small prisms was found to be 26.24 MPa
and 23.99 MPa, respectively. A profound difference in the estimated strengths was
attributed to the casting methodology observed in case of large prisms, whevayaged

random cast specimens exhibited 22.6 MPa and 13.7 MPa, respectively.

In addition, an inverse analysis methodology based on-laykyer sectional analysis was
proposed. Results obtained from the proposed inverse analysis method were compared with that
of the SIA 2052 (2016) recommended method, and a comparative analysis was provided for crucial
stressstrain points obtained from the above two methods. Directaenssts were also found to

be in good agreement with the inverse analysis methods. Moreover, digital image correlation (DIC)
was performed using Ncorr program. The tensile ss&s# curve, strain distribution and crack

pattern produced using the DI@ot was presented.
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Chapter 4. Forward Analysis Method

Inverse analysis methods proposed by researchers (Rigaud et al. 2012, Mobasher et al. 2014, Lopez
2017) and Standards (CSA S6, 2019; AFNOR NF P18 470, 2016; SIA 2015, 2016) are
cumbersome to perform, and need a skilled professional to derive objectigecamdte results.
Moreover, the inverse analysis method proposed by Annex 8.1 of CSA S6 (2019) was found to be
subjective, very sensitive, and lacked robustness when applied to different prisifHazais,

2021) Providing an easy and quick method for reliablenestion of the tensile characteristic
properties of UHPFRC is the objective of the proposed Forward Analysis approach. Similar to
inverse analysis methods, the Forward Analysis approach also requires results of the load
displacement response curve obtaifteth a third point bending test (SEgure 4 1) to indirectly
estimate the tensile behaviour of UHPFRC. The proposed charts are developed fof swme o
commonly used flexural specimens with geometry details as showable 4 1. This approach

could be highly useful for quality control purposérothe design of UHPFRC structural members.

4.1 Methodology for the Forward Analysis

Forward analysis design charts are based on the parametric study of the tensile analysis procedure
descrbed in Chapter 3. THead-deflection response in flexure wealculated from the assumed
stressstrain diagrams of the UHPFRC material following the same analytical procedure described

in the methodology proposed in Section 3.4. Layelayer sectional analysis was used to estimate

the momenturvature response afficom there, the loadisplacement envelope. With regard to

the typical flexural prism shown Figure 4 1, b andh correspond to width and depth of the cross
section, respectively, and represents the supported span length of the specimen. As defined
earlier, the assumed tensile constitutive model showRignre 4 2a is comprised of five
independent parameters which include the modulus of Elastigjtthétensile stresat cracking,

", ,themaximum tensile stress(}, , Strain correspondintp the maximum stress

and the ultimate strain j at zero tensile stress.
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Figure 4 2. Constitutive StresStrain laws used in (a) Tension (b) Compression

Table 4 1: Flexural specimen classification based on dimensions

Type Specimen Size (mm) Aspect
b h L Ratio
A 100 50 300 2
B 100 100 300 1

The compressive stressrain model is assumed to be bilinear having linear elastic and perfectly
plastic branches, as shown kigure 4 2b. The linea elastic branch extends up to the peak
compressive strengthQ)) at yield strain - ; followed by a constant stress response (plastic) up
to the attainment of ultimate strain in compressien, X. As mentioned, the algorithm described
earlierin Section 3.4 was used in calculating the flexuralddefection response using the above

defined constitutive models.

Firstly, the momenturvature curve was obtained by using the lelayer sectional analysis

followed by its conversion into theaddeflection curve using the closéakrm expressions
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defined in Equations-9 to 311. The calculation procedure described above was performed for
various values of parameters of the tensile model and for differentsosnal sizes of the

specimerto develop the design charts presented in this study.
4.2 Preliminary Analysis

Based on the analysis procedure discussed above, multiple sets of analysis were carried out as a
preliminary step to observe the effect of constitutive models orcdlellated loadleflection
response. The two sets of preliminary analysis discussed in the following were performed-on Type
A flexural specimen (100mm x 50mm x 300mm) using the compression models shown in Table
4- 2, whereC160andC125represent the modeivith compressive strength equal to 160 MPa and
125 MPa, respectively. Values of the compression mo@&B0 and C125 were chosen to
represent generic UHPFRC materials based on findings from prestizdies (refer to Table-A

1). It is to be noted that ¢hmodulus of elasticity was assumed to be equal in terasidn
compression. Hence, the value-ofwas calculated using the ratio of compressive strength to the
modulus of elasticity (i.e-, "QJ 'O, where modulus of Elasticiff) in tension was assumed

to be 46000 MPa for the preliminary analysis

Table 4 2: Compression models for preliminary analysis

Compression| @ - -
Model (MPa) | (mm/mm) (mm/mm)
C160 160 0.00350 | 0.006
C125 125 0.00272| 0.006

Parametric variations of the tensile model and their effect on the calculatedefibection
resistance curves usi@fl60compression model are shown belowFigure 4 3 to Figure 4 6.
The data table within each figure represents the tensile model cord&sg to a particular curve

along with the highlighted variable for which the sensitivity analysis is conducted.

88



20.0 Tensile Model-B
Model #
_____________ _ E fror  fomax  Etmax E'
L €_1.34kN Bl | 46000 650 8 0.005 -500
16:0 B2 | 46000 7.36 8 0.005 -500
B3 | 46000 7.82 8 0.005 -500
= 120 B4 | 46000 828 8 0.005 -500
E ‘ p5 | 46000 874 8 0.005 -500
=
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«
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4.0
—p1 B2 B3 p4 ——B5
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Figure 4 3. C160 resistance curves based on variation f f
Model Tensile Model-y
25.0 T fe fme B E
YO 46000 6.90 6.9 0.005 -500
____________ vl 46000 690 8  0.005 -500
200 y2 46000 690 85 0.005 -500
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y4 46000 6.90 10 0.005 -500
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«
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Figure 4 4. C160 resistance curves based on variation @ f
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# E fror fomex  Etmax E'
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€] 46000 €.90 8 0,008 -500

— ] 02

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Deflection (mm)

Figure45 C160 resistances Cihat VES

89

based

on



Load (kN)

__________________ I_)max
—1 2 n3 n4 —ns
0.0 1.0 2.0 3.0 4.0
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Figure 4 6: C160 resistance curvdmsed on variation of E'

9.0

Similarly, parametric variations of the tensile model and their effect on thedkfeettion

resistance curves usit@l25compression model are shown belowigure 4 7 to Figure 4 10.
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Tensile Model-B
Model #

fl.rr fLmax Et,max E'
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Figure 4 7. C125 resistance curves based on variatdm,c
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Model Tensile Model-y
25.0 e fe fomm G E
YO |46000 6.90 6.9 0.005 -500
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Figure 4 8. C125 resistance curves based on variation g f
Madel Tensile Model-y
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Figure 4 10: C125 resistance curves based on variation of E'

91

based

on



It is noted that, for the same variables of tensile model, the resistance curves were barely affected
by the compression models us&@il60or C125) A negligible difference odbout 2% to 3% was
observed between the lodéflection values corresponding to the critical points in flexural
response. Hence, this implies that the flexural behaviour of UHPFRC is mainly governed by the
tensile stresstrain lawwhereas the compressitaw of the material has insignificant influence.
Fluctuation in the cracking strength had only a mild influence. The greatest influence was owing
to the assumed peak tensile strength. Furthermore, it was observed during the preliminary analysis
in both caes C160 and C12f that the assumed strain at peak stress only affected mildly the

displacement capacity in the pgmtak loaedeflection envelope (from 3.2 mm to 3.7 mm).

Another important finding was that the slope of the tensile-pesk softening fanch, which
depends on the maximum point{ ,"Q, ) and ultimate strain-(; ), only affected the post
peak deformation capacity of the ledidplacement diagram. The leddflection point

corresponding to the maximum tensile stress needaunaffected by f .

4.3 AnalysisDetails of theCharts Proposed

After the preliminary analysis study, the final round of analyses was conducted with a selected
compression model having average properties as follows. Results of the analyses performed using

the properties describe hereon are presented in the designddaatoped.
O O, Q 0O ; - T8t 11,0 - T8 TT @

It is noted that the modulus of elasticity was assumed to be equal in the tension and compression
branches of the stressrain response of the materi® 'O . Hencethe compressive strength

("Q) was calculated using the modulus of elasticity and the assumed peak compressive strain,
0.003 The combinations of the tensile model parameters considered for further analyses are
presented inable 4 3. Several combinations of the tensile model were developed where the
stress parameters}, and '@, , ranged from 5 MPa to 8MPa, and 6 MPa to NMPa,
respectively. Two different values were considered for cracking strain) (equal to 0.0001
mm/mm and 0.0002 mm/mm. In addition, strain corresponding to the maximum stgess) (

were also considered to take on two different values,l@ég@®001 mm/mm and 0.003 mm/mm,
respectively. Lastly, the ultimate tensile strair, | was taken as equal to 0.015 mm/mm. Tensile
parametric values used in the analysis are summariZegbie 4 3.
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Table 4 3: Tensile model parameters for main sets of analyses

- R Q Q ol ol
mm/mm MPa MPa mm/mm mm/mm
5.00 6.00
6.00 6.00
5.00 7.00
6.00 7.00
7.00 7.00
5.00 8.00
6.00 8.00
7.00 8.00
8.00 8.00
0.0001 and 5.00 9.00 0.001 and
0.015
0.0002 6.00 9.00 0.003
7.00 9.00
8.00 9.00
5.00 10.00
6.00 10.00
7.00 10.00
8.00 10.00
5.00 11.00
6.00 11.00
7.00 11.00
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8.00 11.00
5.00 12.00
6.00 12.00
7.00 12.00
8.00 12.00

Based on the resistance curves obtained through analyses, normalized values of the milestone
pointssuch as cracking and peak were calculated to develop the design charts. Moments obtained
from load values were normalized as per Equatidnashd deflections were normedd with half

the beam span to provide drift ratios (%) as per Equatnhits fordifferent parameters are as
follows: Moment (M) is in Nmm; width (b), height (h), supported span (L) and measured

deflection (U0) are i n mm.

0 Y o (4-1)

O b —n;)d) pum (4-2)
Cracking point is taken as the load where the flexural resistance curve starts to lose its linearity as
shown inFigure 4 11 It is important to careflly select the cracking point; a user may be
susceptible to picking a wrong point depending on the range of the plot (full curve vs partial curve).
Hence, it is advised to zoom in on the elastic portion of the resistance curve so that the cracking
point an be clearly distinguished. From the experiments and analysis, it was observed that the
peak tensile stress in the material law occurs just before the load reaches its peaRwajue (
the resistance curve. This means that the localization staxtsuojust before the peak load. This
was also confirmed through DIC analysis of flexural test specimens. Hence, the point

corresponding to 95%997% of the actual peak load should be used to estiate and- j
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Figure 4 11: lllustration of critical points used (a) cracking point (b) 97% of max. load (before peak)

4.3.1 Procedure to use Forward Analysis Charts

Design charts developed through the proposed Forward Analysis method and the procedure to be
employed to obtain the tensile properties of UHPFRC are presented below. It is to be noted that

linear interpolation must be carried out wherever required whitg tise charts proposed.

1. Perform a fowpoint bending test as per the configuration described earli@gune 4 1.

2. Extract the loadleflection coodinates of the critical points (i.e., cracking and 97% peak)
from the experimental response.

3. Determine the corresponding shear deformation at the critical points using Equafion 3
and subtract it from the respective experimentally measured readinggato the net
deflection values.

4. Estimate the normalized parametdfsahdD) for the critical points as per Equatioril4
and Equation 4.

5. Estimate the tensile cracking stress and strain valligs, and - ; , from their
corresponding charts lmsing 0 andO |, respectively.

6. Determine the maximum tensile stress using thettwo vs™Q,  charts corresponding
to - j T8t T TApd - j 18t 1t TifQllowed by interpolation to the actual cracking
strain calculated in the previous step.

7. Using the value ofQ,  determined in previous step; is estimated from th©

vs'Q,  plot, using interpolation.
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4.3.2 Forward Analysis Charts for 100 mm x 50 mm x 300 mm Prism

The design charts shown below represent normalized results obtained for a prism of 50x100x300
mm nominal dimensions (Type A, Tablely Clear span and the shear span of the prism are 300
mm and 100 mm, respéatly.
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Figure 4 12 Chart for cracking stress:(f) (100x50x300 mm specimen)
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Figure 4 13: Chart for cracking strain{;) (100x50x300 mm specimen)

It is clearly evident that theracking tensile stress and strain valli€s (and- ; ) only depend

on0 andO , respectively, and remain unaffected by variation§jn or-
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Figure 4 14: Chart for maximunstress (fna) for Y= 0.0001 (100x50x300 mm specimen)
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Figure 4 15: Chart for maximum stress () +£=d010002)(100x50x300 mm specimen)

The two plots shown ifrigure 4 14 andFigure 4 15 correspond to different cracking strain

limit (0.0001 vs 0.0002). It is noted that these charts are very similar to each other with small
differences in the values of  owing to the change in the cracking strain valug from

0.0001 to 0.0002; however, this difference could lead to a considerable change in the final results.

Hence, interpolation between two plots as per the estimated cracking-sraims(recommended.

Having found the value 0f}, , the next step is to obtain the value-gf usingO . For
simplicityds sake, t hej dy parezan®derpdrhergfer developirg o f
the charts for ; . Basedonthevalue@ ,-j can be estimated by interpolation as per

the chart belowKigure 4 16).
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Figure 4 16  Ch a {md(100x60x30@mm specimen)

4.3.3 Forward Analysis Charts for 100 mm x 100 mm x 300 mm Prism

Following a similar procedure, the forward analysis charts are derived for different types of
standardizedlimensions, which in turn are generally defined to be 5 times or more the length of
the commercially available fibers (Annex U, CSA A23.1, 2019). For 13mm long fibers, the
standard dimension is 75 mm (but also the 50 mm case for depth is consideredAreN @i
recommendation); for up to 20 mm long fibers, 100 mm specimensecsisn is defined; and for

the fiber lengths varying between 20 mm to 25 mm, the -@®stson of 150 mm is recommended.
Therefore, the design charts showrFigure 4 17 to Figure 4 21 represent normalized results
obtaired for a prism of 2100 mm x 100 m x 3@®n nominal dimensions (Type B, Taldld). Clear

span of the prism and the shear span are 300 mm and 100 mm respe8timébr. charts
developedor other standard prism cressctional sizes such as 75 mm x 75 amd 150 mm x

150 mmwere found to be same as those of 100 mm x 100 mm prism size as long as the aspect

ratio was equal to.1
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Figure 4 17: Chart for cracking stress:{) (100x100x300 mm specimen)
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Figure 4 19: Chart for maximum stress (k)  frs=0.00@1 (100x100x300 mm specimen)
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Figure 4 20: Chart for maximum stressfay
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Figure 4 21:  Ch a {md(100xa00x3UD mm specimen)

It is reminded that, to account for shear deformations, the deflection value obtained from Equation

3-12 needs to be subtracted from the experimentally measured deflection readings before using the

above design charts. Also, it is noteworthy that the skiedormation contribution is less

significant in thin prisms with aspect ratio of 2 when compared with a square prism of aspect ratio

1. An example of the Forward Analysis application and comparison with results obtained from the

CSA inverse analysis is awn below for a flexural test experiment taken from Husain (2021).

4.4 Example of a 100 mm x 100 mm Flexural Specimen

Below is an example on the comparison of characteristic tensile properties obtained from the CSA

inverse analysis (Anne8.1 of CSA S6, 2019) and the proposed forward analysis procedures. The
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inverse analysis procedure recommended by the Annex 8.1 veabddsn detail in Section2.1.
Experimental data corresponding to specimen P2 of Bhaitlix casted on Jan27th, 2020 from
Husain (2021) was chosen for this example. The specimen had a squasectiossof size 100
mm, and the supported span was B08 conforming to Typd3 specimen fronTable 4 1.

80

Load (kN)
= (=3
(=] (=]

(]
[

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Midspan Deflection (mm)

Figure 4 22. Experimental resistance curve of a 100x100x300flexural test (Husain, 2021)
a) Result obtained as per Annex 8.1, CSA S6 (2019)

Table 4 4: Characteristic points required for CSA Inverse Analysis

Characteristic Points
Load | Midspan Deflection Charapterlstlc
Points
P (kN) d (.mm) ( P, a)
0.098 0.0000 N
Initial Slope,S
20.037 0.03418
41.26 0.0952100 (P1,0n)
55.69 0.2410900 (P2, tp)
73.53 0.7963053 (P3, Ug)
75.80 1.0563660 (Pmax,Umax)
58.82 2.0855501 (Pa, Q)
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Characteristic points required for the inverse analysis were chosen from the flexural load
deflection curveKigure 4 22) and are summarized frable 4 4. Using the expressions described
in Table 22, stressstrain and stressrack width relationship for tensile behaviour of UHPFRC

were calclated as depicted iRigure 4 23.

Table 4 5: Tensile behaviour properties obtained from CSA Inverse Analysis

Stress Strain Crack Width
"Q(MPa) - (mm/mm x 16 W (mm)
0.00 0.000 -
7.17 0.171 -
9.20 9.128 -
2.53 - 3.07
0 - 5.0
(a) Stress-Strain Relationship (b) Stress-Crack Width Relationship
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Figure 4 23. Tensile behaviour of the sample specimen as per CSA inverse analysis procedure
b) Result obtained using the Forward Analysis design charts

Table 4 6 summarizes the characteristic points selected from flexural resistance curve and
their normalized values calculated for performing the Forward Analysis. Net deflection was
estimated by subtracting the shear deformation calculated from EqudtibrC3ackng point

was carefully identified as shown Figure 4 11. Several interpolations were carried out
before arriving at the results shownTiable 4 7. Figure 4 24 depicts the comparison betwee

the estimated tensile behaviour obtained from the two methods mentioned above.
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Table 4 6: Characteristic points for Forward Analysis

Load | Deflection Net_ Moment K D
Deflection
(N) (mm) (mm) (N-mm) | (MP3 (%)
Cracking Point 26870 | 0.04763 0.0381 | 1343500, 1.34 | 0.025%
i 0
Peaka;‘;L‘)t (97% | 73505 | 079584 | 0.7698 | 3676274 3.68 | 0.513%
Table 4 7: Tensile properties obtained from Forward Analysis
Tensile Propert Shear not Shear
perty considered considered
E (MPa) 32528 40645
Q. (MPa) 8.1 8.1
- 7 (mm/mm) 0.00025 0.00020
Q. (MPa) 11.02 10.40
- f  (mm/mm) 0.00681 0.00662
Prism: P2Batchl (Husain, 2021)
12
<
a 8
2z |
86
o
N 4 —e— Forward Analysis
2 CSA Inverse Analysis
0 T T

=
o

2.0

4.0 6.0

Strain (mm/m)

8.0

10.0

Figure 4 24: Comparison between C3#verse analysis and Forward Analysis
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4.5 Forward Analysis Results

Table 4 8 summarizes the tensile results obtained from Forward Analysis cauiddr the thin

flexural prisms (100 mm x 50 mm x 300 mm) corresponding to three different mixes used in this
study. Flexural tests corresponding to Mix DE2 were discussed in Chapter 3, however, for Mix
TSO2 and Mix TSOL1 they will be presented in thetrehapter.Figure 4 25 andFigure 4 26

depids the direct tensile behaviour determined using Forward Analysis for different mixes. In
addition, a comparison between respective tensile properties predicted using the proposed inverse

analysis method (reféo Chapter 3) and the Forward Analysis metlimdhown inFigure 4 27

which shows satisfactory convergence between the two methods.

Table 4 8: Results from Forward Aalysis corresponding to different castings

vix | Specimen E @ i * i
(MPa) (MPa) (mm/mm) (MPa) (mm/mm)
R1 51140 7.4 0.00015 12.1 0.00622
R2 49283 8.6 0.00018 14.6 0.00569
DE2 ow1 61764 10.2 0.00017 12.8 0.00473
ow2 62563 11.1 0.00018 13.4 0.00259
Oow3 59454 9.4 0.00016 12.9 0.00492
Al 45865 8.0 0.00017 11.6 0.00432
TSO2 A2 46788 9.2 0.00020 13.1 0.00342
A3 46732 8.9 0.00019 11.0 0.00394
Al 50292 4.6 0.00009 7.0 0.00523
TSO1 A2 58541 6.6 0.00011 8.5 0.00717
A3 59688 6.4 0.00011 8.9 0.00627
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Figure 4 25: Forward Analysis results for mix DE2 flexural prisms
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Figure 4 26: Forward Analysis results for mix TSO2 and TSl@tural prisms
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Figure 4 27. Comparison between tensile properties predicted from Proposed IA and Forward Analysis
methods

4.6 Summary

In this chapter, a direct and simple Forward Analysis method was presented to preditsitae
stressstrain properties corresponding to cracking and maximum stress points of UHPFRC by
using flexural response curves. Effects of different tensile properties on the flexural behaviour was
found through the preliminary analysighe constitutie model in compression was found to have
negligible influence, implying that the tensile strefi®in law governs the flexural behaviour of
UHPFRC material characteation beams. Critical points from the flexural response curve were
correlated with theracking and maximum stress points in direct tension. Cracking stress point
was associated with the loss of linearity in flexural tdaflection curve whereas the maximum
stress point was associated with 97% peak moment in thpepteregion. Subsequentlshe
Forward Analysis design charts were developed for commonly recommended prism sizes that can
be used to predict the required tensile properties of UHPFR&xaAmplesquare prism of 100

mm x 100 mm crossection was analyzed to derive direct tensilgpprties using the proposed

Forward Analysis charts and with the existing inverse analysis method in Annex 8.1S@SA
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2019). Moreover, the results of tensile properties estimated from the Forward Analysis for various
UHPFRC mixes used in this thesis werompared with that of the proposed inverse analysis
method. This direct and effective method to estimate the critical tensile properties of UHPFRC
was aimed to serve the purpose of material producers and design engineers alike.
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Chapter 5: Tension Stiffening of UHPFRC

Superior mechanical and durability characteristics of UHPFRC make it a highly suitable material
for retrofit and rehabilitation of damaged structures. As discussed earlier, UHPFRC can be a
suitable material for strengtheningpair and rehabilitation of damaged and corrosion deteriorated
reinforced concrete structural members. Tension stiffening is an important property to be
considered in the design and analysis of reinfotdedPFRC members on account of the high
bond strengthtensile strength and strain capacity offered by UHPFRC which is usually ignored
in conventional concrete. In this chapter, an experimental program carried out to study the tension
stiffening behavior of UHPFRC based on several parameters is presentadetess studied
include percentage of steel fibers in the mix, casting methodology and the loading protocol.
Moreover, the effect of corrosion on tension stiffening of UHPFRC was explored by testing

specimens with preorroded reinforcement bars obtainesing accelerated corrosion technique.

5.1 Specimen Preparation

15M Canadian standard reinforcement steel bars were cut to a straight length of 400 mm
approximately, and 24 such specimens were obtained. Twelve of these specimens were used for
carrying aut accelerated corrosion on the bars while the remaining 12 were stored aside in a dry
place to be used as control specimens. Additionally, 3 more rebar specimens from the same lot
were cut to test the behavior of bare rebar in tension. Average propéthiesl5M reinforcement

bar were found to b® = 202 GPa;Q= 420 MPa,’= 600 MPa,- = 0.0133 and = 0.06.

Coupon tests performed on the reinforcement are discussed later.

Accelerated corrosion technique was used to corrode the rebar specimens in a controlled manner.
A total of 12 rebars were subjected to corroskigure 5 1 shows the schematic diagram of the
corrosion test setup amdgure 5 2 shows the actual experimahset up. A + 20 Volts DC voltage

source was used as a power source to apply a constant voltage of 6 V. Rebars were connected to
the power source via solderless breadboard through jumper ites setup, the rebar specimen

acted as the anode and atteenal 25M rebar piece, placed inside the corrosion bath with salt
solution, acted as the cathode of the circuit. 3% NaCl solution was used in the corrosion bath that

acted as the electrolyte medium and completed the electrical circuit. Rebars werealvoragpe
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middle 200 mm length using a burlap with an extended portion dipped into the NaCl solution (see
Figure 5 1).

Voltage
Burlap Bar (Anode) Source wire

3% NaCl
Solution

Ground wire

25mm Rod
(Cathode)

Figure 5 1. Sketch of the accelerated corrosion setup

Initially, the specimens were subjected to alternate wet and dry cycles to allow for complete
oxidation of the corrosion products. Later, it was noted that as the reinforcementebansotv

inside concrete yet, the oxidation still occurred if they were corroded in wet cycle continuously for

a longer period (@ days). A True RMS multimeter was used to measure the electrical current
passing through each rebar at the start and enavef eycle and the average current was used to
estimate the mass loss due to corrosion. The amount of current passing through a rebar was
controlled to not exc e e’dwhiehisthe uppeethreshott efrcwrent y o f
density for a corrodig bar found in naturgl-Joukhadar & Pantazopoulou, 2021)

Figure 5 2: Setup for accelerated corrosion process of rebars

(030(6)))

~, “Q‘ L1 r r — _ 5_1
Ya i Oai 530 (5-1)
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Mass | oss was estimated based on two wdys. Fi
and 52, where t is the time of exposure to currenti(;the current (Amperes); M is the atomic

weight of iron (M=55.847 g/mol); Z is the ion charge (2 moloe |l ectrons); F i s Fa
representing the amount of electrical charge in 1 mol of electron (F = 96,487 Cfnahdd

are the mass loss (in grams) and the original mass, respectively. The second method to calculate
mass loss (%) was perimed using the physical weights of the rebar specimens before and after

the corrosion phase. Bars were corroded over a period of four months till they accumulated a mass
loss in the range of 123%, approximately. Summary of the corrosion data and the toss
calculations are shown ifable 5 1. Mass loss values estimated from both methods demonstrated

good agreement with each other.

Table 5 1. Summary of estimated mass loss due to accelerated corrosion process

A: From Faraday's law B: From measured mass

N Mo M Comparison
Carl e L cur o Y2 e | mave | YoS2 Ve | A

200mm) | 200 mm)

gm mA % gm gm gm % %
1 602 1200 13.29% 299 262 37 | 12.31% 0.98%
2 598 1088 12.13% 299 260 40 | 13.25% -1.12%
3 592 1228 13.83% 299 263 36 | 12.17% 1.66%
4 598 1175 13.10% 299 264 35 | 11.78% 1.32%
5 600 1026 11.40% 299 261 38 | 12.83% -1.42%
6 604 1157 12.77% 299 262 37 | 12.34% 0.43%
7 608 959 10.52% 299 260 40 | 13.21% -2.70%
8 602 1010 11.19% 299 261 38 | 12.66% -1.46%
9 580 1161 13.34% 299 262 37 | 12.46% 0.88%
10 602 1220 13.51% 299 263 37 | 12.25% 1.26%
11 598 1252 13.97% 299 262 37 | 12.34% 1.62%
12 602 1089 12.06% 299 260 39 | 13.07% -1.01%
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Upon completion of the corrosion process, two steel rods of 25mm diametela@adnm length

were welded, one on each end, to the rebar specimen before being cast into UHPFRC. This was
done to allow the failure of the specimen to occur within the conargien. A similar weld joint

was also found in tension stiffening experiments performed by Moreno et al. (2014) with HPFRCC
materials. If a single rebar was used throughout, the bar would yield and fracture outside of the
UHPFRC specimen due to the sigcdfnt tensile strength contributed by UHPFRC. This was also
confirmed from the results of preliminary Finite Element analysis performed before finalizing the

design of the specimen.

Rust accumulated on the surface of the corroded rebars was cleaned wasiadpraish grinder

before casting. This was done to remove the loose rust remains from the rebar and improve its
bond with the surrounding UHPFRC matrkigure 5 3 shows the corroded rebars before and
after rust removal. The cleaned specimen was then placed inside the formwork before pouring
UHPFRC. Typical geometry details of the tension stiffening specimen are sh&iguia 5 4.

; Before

Figure 5 3: Specimen before and after rust cleaning

The tension stiffening specimen with a crgsstion of 75mm x 50mm and a length of 430 mm

was used. The formwork shownkigure 5 5 was prepared to place the reblong the centroidal

line of the crossection using firm foam pieces on both ends. Foam pieces had a 25 mm diameter
hole in the center to ensure proper alignment of the bar inside the concrete specimen. Moreover,
dowel bars of approximately 100mm lengtiere tied near the welded joint to strengthen the
connection zone. This arrangement provided a clear length of 160 mm to 180 mm in the middle of

the specimen for measuring strain deformations during the experiments.
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Figure 5 4: Tension Stiffening Specimen drawing (in cm)

Welds Rigid Foam

Figure 5 5: Formwork for Tension Stiffening specimen

5.2 Preliminary Finite Element Analysis

Finite Element Modeling was performed using GADENA 3D software suite to study the
feasibility of the designed tension stiffening specimen. Primary objective of the preliminary
analysis was to understand the general tension stiffening response prgovaiterbnt specimen
designs and their failure patterns. Detailed -hoear finite element analysis performed after

conducting the experiments is presented in Chapter 6.

For this preliminary analysis, nominal properties of the UHPFRC material corresgdndilix

DE2 (described in Section 3.3) were used as they represent a similar material to what is used in
this particular study. In case of reinforcement qmuit models, an external steel block with
undeformable solid volume has to be modelled in ordeapply the controlled displacement
loading to the specimen. UHPFRC was modeled as a solid volume with hexahedral elements
whereas the rebar was modeled as a 1D reinforcement element as depiedei® 6. Owing
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to the high bond strength of UHPFRC, the reinforcement was assumed to have perfect bond

condition with UHPFRC for the analysis purpose.

Two kinds of models were prepared, one where a single reinforceraerfl®) was used
throughout the specimen and another where the 15M rebar was connected with the 25M rebar.
Figure 5 6 shows the finite element response correspontbntpe above two models at their
failure stage, in terms of stress distribution in reinforcement and UHPFRC. It is noted that the
specimen with a single 15M rebar throughdtig(re 5 6a) develops yielding and fracture in the
rebar outside of UHPFRC unlike the other specimen where 15M rebar was joined with 25M rebar
to act as a gripping roéfjgure 5 6b. The latter being the targeted objective of the experiment, the
final specimen chosen for tests had a 15M rebar in the middle of UHPFRC prism, connected by
two steel rod pieces of 25 mm diameter towards each end. The embeddikdfe2iy mm grip

rods was equal to about 65 mm from the formed ends of the specimen.

[ ] ] i o (R
) Stress Tensile Strengt
Stress Tensile Strengt Sigma XX Sig T(1)
Sigma XX Sig T(1) [MPa] [MPa]
[MPa] [MPa] 464.7 10.5
464.0 10.4 F 3996 kX
! 399.9 ! 9.4 3346 |79
1335.7 = 7.8 269.5 | 6.6
271.6 6.5 2045 53
207.4 52 139.4 4.0
143.3 3.9 74.4 26
791 26 9.3 1.3
15.0 13 -55.7 0.0
-49.2 0.0
(a) (b)

Figure 5 6. Steel and concrete stresses at failure in TS Specimen with: (a) single 15M rebar (b) 15M
rebar joint with 25M

5.3 Material Design

This experimental program comprised three different UHPFRC mixes which were produced using
the same prepackaged dry cementitious mix (D®msitucast TT5). Inducast T5 is a cement
based composite product that contains Portland cemlématfine silica fume particles, calcined

bauxite sand (@mm) and a concrete superplasticizer. No other external superplasticizer was used.
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Bekaert Drami& straight steel fibers of 0.2 mm in diameter and 13 mm long were used in all the
three mixes. A saple of steel fibers used is shownhkigure 5 7. The fibers were brass coated

with a reported tensile strength of 2,750 MPRe mix proportions are provided irable 5 2.

Three mixes were prepared which are named as TSO2, TSO1 and TSR2. In the mix titles, TS
represents Tension Stiffening, O and R correspof@hwswayandRandan casting, respectively,

and the succeeding integer represents the volume percentage of fibers in a given mix.

The first mix, TSO2, contained 2% fibers by volume and all the specimens cast from this mix were
cast from one end. Tension stiffening, flexuwrempression, and direct tension specimens were
prepared from TSO2 mix. TSO1 contained 1% fibers by volume and specimens cast from this mix
were also poured from one end. Specimens from TSO1 mix included tension stiffening, flexure,
compression, and diretgnsion. Lastly, TSR2 mix containing 2% steel fibers was used to pour
specimens in a random way to study the effect of casting methodology compared with TSO2 mix

specimens. Different mixes and their corresponding specimens are summafiabtkib 3.

Figure 5 7: Sample of Steel Fibers and Defigity mix bag

Table 5 2: Mix proportions by weight

Proportions by weight
TSO2 & TSR2 TSO1
(2% fibers) (1% fibers)
Densif® dry mix 1 1
Water 0.117 0.117
Fibers 0.066 0.033
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5.4 Casting and Curing of Specimens

All three mixes were produced by following an identical mixing procedure to eliminate any
undesirable variability between them. A large pan type mixer oflit@0capacity was used. In

the start of the batching, the mix had to be totally dry. Densit deypowder was mixed for about

2 minutes followed by addition of half the water required and mixed for 5 minutes. The remaining
half of the water was then added and mixed for another 5 minutes. Lastly, steel fibers were
gradually added, and mixing was conted until the fibers were evenly distributed (2 to 3

minutes).
Table 5 3: Details of UHPFRC mixes and specimens
Mix Cast | Fibers %| Flow Casting Specimen tvDes
Date (by vol.) | (mm) | methodology P yp
Tension stiffening (6 regular an
6 corroded), compression
0 ) )
TSO2 | 3/25/2022| 2% 235 Oneway AENOR-flexure and direct
tension
Tension stiffening (3 regular an
3 corroded), compression
0 ) )
TSO1 | 3/31/2022| 1% 230 Oneway AENOR-flexure and direct
tension
Tension stiffening (3 regular an
TSR2 | 3/31/2022] 2% 240 Random | 3 corroded), compression and
direct tension

The UHPFRC produced was flowable and -selfisolidating. Immediately after the mixing
process, the flowability of each mix was determined by performing atélble test as per ASTM
C1856 ASTM 201Y. The conical mold of the flow table was filled with fresh UHPFRC in a single
layer up to the brim before being lifted over to allow the concrete to sfepad 5 8). Average
diameter of the flow was measured after 2 mins of lifting the mold. Flowability results are
summarized iMable 5 3. After pouring the concrete, molds were fully covered by plastic sheets
to avoid moisture loss and shrinkage cracking. All specimens were demolded after 48 hours from
casting. Tension stiffeng specimens were wrapped with a wet burlap and then cured in small

tubs, to avoid corrosion of the steel grips that were outside of the specimen, for 28 days as shown
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in Figure 5 9. All other specimens were completely immersed in a curing water tank that was

maintained at room temperature for at least 28 days.

Figure 5 9: Curing of companion test specimens and tension stiffening specimens
5.5 Instrumentation

A servaecontrolled, closed loop universal testing machine (MTS) was used to conduct tension
stiffening, direct tension and Raral tests associated with this studyparallel ring extensometer

was designed using an aluminum frame to hold LVDTs on all four sides of the tension stiffening
specimen. However, two LVDTs were used on either side and a differential transducer (DT) was
used on the back side of the tension stiffening specimen as shdvigune 5 10. The gauge

length of the extensometer used was 105 mm. The extensometer rings were equipped with four

calibration plates that were designed to maintain a fixed gauge length for all theespseEsted.
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Once the extensometer was placed onto the specimen gripped in the MTS machine, the calibration
plates were removed before starting the test. The data measured during the test was recorded at
frequency of 10 Hz using a DAQ unit synched withltreed cell of MTS machine. The front face

of the tension stiffening specimen was prepared to have a speckle pattern for performiAg DIC.
high-resolution digital camera was setup to automatically capture images at a constant interval of
10 seconds duringtast. The ends of the UHPFRC specimen were strengthened with CFRP in the
longitudinal direction on all four sides along with a CFRP jacket wrapped transversely around the
specimen ends as shownHigure 5 10. For monotonic testing, a constant displacement loading

rate equal to 0.75 mm/min was used. With regard to the cyclic testing, a displacement rate equal
to 0.75 mm/min was used for loading and 1.25 mm/min wasfasedloading. Three cycles were

performed at load values equal to 35 kN, 70 kN and 90 kN which were unloaded till 20 kN.

CFRP
LvDT

Tension Stiffening
Specimen

Extensometer
Rings

Hydraulic Grip

Figure 5 10: Experimental test setup of Tension Stiffening test

Table 5 4: Nomenclature for Tension Stiffening Specimens

. . Specimen ID
Mix Loading Protocol (R = Regular: C = Corroded)
Monotonic 2R, 3R, 7R, 1C, 3C, 4C
TSO2
Cyclic 8R, 9R, 10R, 2C, 5C, 6C
Monotonic 11R, 12R, 7C, 8C
TSO1 ]
Cyclic 13R, 9C
Monotonic 14R, 15R, 10C, 11C
TSR2
Cyclic 16R, 12C
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5.6 Experimental Results
5.6.1 Reinforcement Bar Coupon Tests

To obtain the material properties of the 15M reinforcement bar used in this study, direct tension
tests were performed on bare rebamples. Three rebar coupons of identical lerxgdDQ0 mm

length) were obtained from the same reinforcement material used for the tension stiffening
specimens. Two samples were tested under monotonic loading whereas the third one was tested
under a cyclidoading protocol, as defined earlier in Section Figure 5 11 andFigure 5 12

show the monotonic and cyclic stredgain response of bare rebars, respectively. The
extensometer used to measure the strain in the rebar was detached during the hardening region as
a precationary measure to avoid any damage, but the loading was continued up to the attainment
of fracture. Hence, the dashed lines drawn represent the extrapolated response up to fracture of the
rebar. Average reinforcement properties obtained from these ctegierare as follow&) = 420

MPa;- = 0.00208 mm/mm; E = 202 GPa; = 0.0133 mm/mm’Q = 600 MPa and = 0.06

mm/mm.

Bare Rebar ] ——DBare Rebar 2

600 4 e

h
(=]
(=]

Stress (MPa)
[#3] =
(= =
(= (=

(3=
(=1
(=}

—
(=]
(=]

0
0.000 0010 0.020 0030 0040 0.050 0.060

Strain (mm/mm)

Figure 5 11: Monotonic stresstrain response of rebar in tension
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Figure 5 12 Cyclic stressstrain response of rebar in tension

5.6.2 Tension Stiffening Mix TSO2

Nominal dimensions of the cresgction at the mid height for Mix TSO2 specimens were equal to

50 mm x 75 mm. A total of 12 specimens were tested buthech 6 specimens contained pre

corroded (C) rebars and 6 contained regular (R) rebars. Out of these two sets with 6 specimens

each, three were tested under monotonic loading and the remaining 3 were tested under a cyclic

loading protocol. All specimeria this mix were onavay cast in the longitudinal direction with

2% steel fibers by volume. Experimental lestchin curves corresponding to Mix TSO2 specimens

are shown irFigure 5 13to Figure 5 16.
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40
20
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Figure 5 13: Monotonic LoadStrain response of Regular specimens (Mix TSO2)
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Figure 5 14: Monotonic LoadStrain response dforroded specimens (Mix TSO2)
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Figure 5 15: Cyclic LoadStrain response of Regular specimens (Mix TSO2)
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Figure 5 16: Cyclic LoadStrain response of Corroded specimens (Mix TSO2)
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Figure5-17arepresents the progressive cracking for the specimen T1SD&hereas Figurg-17b

shows the state dhe specimen after failure. Multiple transverse cracks due to tension were
developed at first, followed by a longitudinal crack that may have been inducadidlypressure

from ribs of the rebar onto the surrounding UHPFRC matrix. Similar crack pattern was observed

in other specimens that reached failure stage.

Figure 5 17: (a) Crack development through various load stages |fleci&nen after failure (TSGRC)
5.6.3 Tension Stiffening Mix TSO1

In an effort to obtain the complete resistance curve beyond the yielding of reinforcement, the
specimens from Mix TSO1 and Mix TSR2 were notched at mid height of the specimen so as to
encairage failure occurrence in the central region. Nominal dimensions of the notched cross
section were equal to 50 mm x 50 mm as shoviigare 5 18. A total of 6 speimens were tested

out of which 3 specimensomprisedore-corroded (C) rebars and 3 contained regular (R) rebars.
Out of these two sets with 3 specimens each, two were tested under monotonic loading and the
remaining one was tested under cyclic loadinggqmal. Similar to specimens from Mix TSO2, all
specimens in this mix were omey cast in the longitudinal direction but with 1% steel fibers by
volume. Loasgstrain experimental curves corresponding to Mix TSO1 specimens are shown in
Figure 5 19to Figure 5 21.
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