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Abstract

When subjected to a combination of moment and sfoeae, a reinforced concrete (RC)
beam with either little or no transverse reinforeetncan fail in shear before reaching its full
flexural strength. This type of failure is suddennature and usually disastrous because it
does not give sufficient warning prior to collap§a prevent this type of shear failure,
reinforced concrete beams are traditionally reicddr with stirrups. However, the use of
stirrups is not always cost effective since it @ages labor costs, and can make casting
concrete difficult in situations where closely-spdcstirrups are required. The use of steel
fiber reinforced concrete (SFRC) could be consider® a potential alternative to the use of
traditional shear reinforcement. Concrete is vergakv and brittle in tension, SFRC
transforms this behaviour and improves the diagteraion capacity of concrete and thus
can result in significant enhancements in sheaaagp However, one of the drawbacks
associated with SFRC is that the addition of fibrsa regular concrete mix can cause
problems in workability. The use of self-consolidgt concrete (SCC) is an innovative
solution to this problem and can result in improveatkability when fibers are added to the
mix.

The thesis presents the experimental results fests ton twelve slender self-consolidating
fiber reinforced concrete (SCFRC) beams tested rumogr-point loading. The results
demonstrate the combined use of SCC and steekfitaar improve the shear resistance of
reinforced concrete beams, enhance crack contdotan promote flexural ductility.

Despite extensive research, there is a lack ofratewand reliable design guidelines for the
use of SFRC in beams. This study presents a ratmoodel which can accurately predict the
shear resistance of steel fiber reinforced condretans. The thesis also proposes a safe and

reliable equation which can be used for the shesigd of SFRC beams.
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Chapter One: Introduction

1.1 Introduction

When subjected to a combination of moment and sfaeae, a reinforced concrete (RC)
beam with either little or no transverse reinforestncan fail in shear before reaching its full
flexural strength. This type of failure is suddennature and usually disastrous because it
does not give sufficient warning prior to collapSe prevent shear failure, beams are
traditionally reinforced with stirrups. However, ethuse of stirrups is not always cost
efficient, since it increases labor costs and cakercasting concrete difficult in situations
where closely-spaced stirrups are required.

The use of steel fiber reinforced concrete (SFROYIE be considered as a potential
alternative to the use of traditional shear reiodonent. SFRC is the generic term used to
define a composite material whose components iecltie traditional constituents of
concrete and a dispersion of randomly oriented §itesrs. Concrete is very weak and brittle
in tension, the use of steel fiber reinforced cete(SFRC) can transform this behaviour.
The addition of steel fibers improves the diagaeakion capacity of concrete and thus can
result in significant enhancements in shear capa@FRC can potentially be used to
completely or partially substitute conventional aheeinforcement in shear-critical beams.
However, one of the drawbacks associated with SKERtat the addition of fibers to a
regular concrete mix can cause problems in workgbiThe use of self-consolidating
concrete (SCC) is an innovative solution to thisbem and can result in improved

workability when fibers are added to the mix.



Despite extensive research, the use of SFRC indaagying structural elements such as
beams remains limited. One of the main reasonsnetio the lack of accurate and reliable

prediction models and design guidelines for SFRC.

1.2 Research Objectives

This thesis presents the results of a researchraarodocusing on the shear and flexural
behaviour of self-consolidating fiber reinforcednceete (SCFRC) beams and examines the
potential of using SCFRC to substitute for the aortional shear reinforcement required by
modern codes. In addition, the thesis also presamaytical studies aimed at developing
prediction equations and design guidelines forube of SFRC in shear-critical beams. The

details of the experimental and analytical progeamsummarized below.

1.2.1. Experimental Program

The primary objective of the experimental resegmadgram is to study the main advantages
that result from the combined use of steel fiberd aelf-consolidating concrete in shear-
critical beams. A secondary objective is to exantireepotential of using SCFRC to replace
traditional shear reinforcement in beams. The dbjes of the experimental research

program will be achieved by:

Examining the influence of steel fibers on the @migs of traditional and customized
SCC mixtures;

Testing twelve beams constructed with SCC and §tesis under four-point loading
and studying the effect of various parameters aaslcapacity, crack control and

flexural ductility.



1.2.2 Analytical Program

The objective of the analytical program, which cdenpents the experimental program, is to
develop a model which can predict the shear regist@f SFRC and SCFRC beams. This

objective will be achieved by:

Performing a parametric study on a large databbS&BC beam test results in order
to examine the effect of various parameters orskiear response of SFRC beams;
Developing a rational model for predicting the steteength of SFRC beams;
Developing a safe and reliable equation which carubed in the shear design of
SFRC beams;

1.3 Thesis Organization

The thesis consists of seven chapters. Chaptert stith a comprehensive literature review
of the subject addressed in this thesis. Theredfierthesis details the two main phases of

the research program:

1. The first phase of the research program reviewssthectural behaviour of twelve
reinforced concrete beams constructed with steeérdi and self-consolidating
concrete subjected to four-point loading:

- Chapter 3 summarizes the details of the experirhpndgram, including: material
properties, beam properties and test setup.

- Chapter 4 presents the experimental results fotvieéve SCFRC beams tested in
the experimental program.

- Chapter 5 discusses and compares the experimeggalts to examine the
influence of various parameters on the structiesponse of SCFRC beams.



2. The second phase of the research program preseatgtieal studies aimed at
developing accurate models for predicting the shesistance of SFRC beams:

- Chapter 6 begins with a parametric study which @ramthe influence of various

parameters on the shear response of SFRC beammalytieal model that can be

used to predict the shear strength of SFRC bearttsers presented and design

guidelines are proposed.

Finally, Chapter 7 features the concluding remaeigmrding the experimental and analytical

studies, and provides some recommendations forduasearch.

[ Thesis Organisation 1

( Chapter One )
Introduction
(. J
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Literature Review
(. J
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Figure 1.1: Thesis organization



Chapter Two: Literature Review

2.1 Overview

In this chapter a comprehensive review of SteekfFiReinforced Concrete (SFRC) as a
structural material will be presented. Section @il introduce Steel Fiber Reinforced
Concrete (SFRC), its uses and properties. In pdatic a brief review of the pullout
behaviour of fibers in concrete will be presentedaddition, the behaviour of SFRC in
tension and compression will be discussed. Stan@mtthg methods which can be used to
evaluate the performance of SFRC will also be g

In addition, Section 2.3 will discuss the potentifilising Self-consolidating fiber reinforced
concrete (SCFRC) as an alternative to traditiorfaRS. First methods for measuring the
workability and fresh-state properties of self-adigating concrete (SCC) will be discussed
(slump flow test, V-funnel test, etc.) Thereafténge concept of using fiber reinforced
concrete in combination with self-consolidating caate will be reviewed, with a summary
of mix designs proposed by other researchers.

This thesis will focus on the use of SFRC and SCR&@nprove the shear behaviour of
beams. Therefore the literature review will alseiew the benefits of using these materials
in beams. Section 2.4 will review the shear behaviof traditional reinforced concrete
beams. North American code provisions related gashvill be also discussed. Section 2.5
will then review existing research on the shearavedur of SFRC and SCFRC beams.
Furthermore, this section will present existing @ropl and rational models that have been
proposed in the literature. Existing codes and gjuids related to the use of steel fibers in

beams will also be summarized.



2.2 Fiber Reinforced Concrete (FRC)

The use of fibers to reinforce brittle materialsni®t a new concept. The use of straws to
reinforce clay bricks can be found in ancient Egypttonstruction. Similarly remains from
ancient construction in Asia shows that similabéfi’ reinforcement was used in the
construction of dwellings. One of the main purpo&esusing fibers is to “strengthen” the
matrix to which it is added. Concrete is very weatdd brittle in tension; the use of fiber
reinforced concrete (FRC) can transform this betwaviThe most significant effect of fiber
addition to concrete is the enhancement of postkang behaviour and toughness with the
capability of FRC to carry tensile load after criagk (Li, 2000). Steel fiber reinforced
concrete as we know it today was developed in tudy €1960s. Other forms of fiber
reinforcement such as polymeric fibers, glass §heere developed shortly thereafter (Ando
et al., 1990). Examples of various fibers are showkigure 2.1

Figure 2.1: Different types of fibers with different lengthscashapes
[Adapted from Kosmataka et al. (2002



2.2.1 Steel Fiber Reinforced Concrete (SFRC)

Steel fiber reinforced concrete (SFRC) is a contpogiaterial whose components include
the traditional constituents of Portland cementcrete (hydraulic cement, fine and coarse
aggregates, admixtures) and a dispersion of randori@nted short discrete steel fibers. Just
as with all FRC materials, compared to plain cowctbe most noticeable differences are
improved ductility and post-cracking performance.

In North America, the use of SFRC has grown overyibars, albeit very slowly. In addition
extensive experimental research has been condoat&@FRC. However, despite this fact
the use of SFRC in structural applications remagry limited in the construction industry.
One of the main reasons returns to the lack oaldi prediction models and the lack of
detailed design guidelines for engineers. Othesarea include the cost of SFRC and the
conservative nature of the construction industiy ZD0O0).

Current widespread use of fibers is mostly in natstural applications, where fibers are
generally used as an alternative for the steel bBadswire mesh used to control cracking.
Examples of non-structural applications includeustdal floors and slabs, large concrete
containers, and concrete pavements. In generale tsieuctures and products have extensive
exposed surface areas and movement constraintdtimgsin high cracking potential. For
such applications, fibers have a number of advastayer conventional steel reinforcement
including uniform distribution of the fibers in tlencrete matrix and savings in labor cost
and construction time due to the ability of fibewgartially or completely replace traditional
reinforcement.

In addition to the present use of fibers in nomw&iral applications there may be benefit in
using this material in some structural applicatiohise use of fibers significantly enhances
the diagonal-tension capacity of concrete, leadangnproved shear resistance. Hence the
use of fibers in beams and columns can potentia@lyised to replace traditional shear and
transverse reinforcement. The addition of fibersoaimproves the energy-absorption
capacity of concrete; hence the use of fibers maybbneficial in seismic and blast
applications (beams, columns, walls). Examples ofemtial structural applications are

shown inFigure 2.2
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Figure 2.2: Potential structural applications for SFRC
[Adapted from Li (2000)]



2.2.2 Steel Fiber Typologies

Various steel fiber configurations can be used (Ggere 2.3. For example, some steel
fibers have hooked ends while others have deforarevisted shapes to improve pullout

behaviour.
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Figure 6.1, Shapes of steel fibres {a) Roond, (b} Rectangular,
(c) Indented (Duoform, Mational Standard Patent), (d)
Crimped (G, K, . and Johnson Nephew Ltd.), (2) Hooked ends
{Dramix, 7. Bekaerto Lid. Patent) (f) Melt extract process
(Battelle Patent), {g) Enlarged ends { Australian Wire Industries
Lud. Patent)

Figure 2.3: Examples of different steel fiber configurations
[Adapted from Johnston (2001)]

2.2.2.1 Hooked end steel fibers

Hooked-end steel fibers represent the most comiben fiype used by researchers and in the
construction industry. These fibers provide supeperformance when compared to straight
fibers because of the effect of the hooks on pultesistance. After the initial debonding of
the fiber from the concrete matrix, the hooked-enmdsst deform, resulting in an
improvement in pullout strength.

Currently hooked-end fibers are manufactured Bgkaert under the Dramix brand.
Extensive experimental data on the use of this bfder is available in the literature. The
fibers are added to the concrete during mixinglasdybundles and disperse homogeneously

during the mixing process (s€gure 2.4).



Examples of common brandsBfamix fibers include:

Dramix ZP305fibers: tensile strength of 1100 N/mnength of 30 mm and aspect
ratio (L#/Ds) of 55.

Dramix RC 80/6(ibers: tensile strength of 1035 N/mMintength of 60 mm and aspect
ratio (L+/Ds) of 80.

Dramix BP80/30or BP80/60high strength fibers: tensile strength of 2000 MAn
length of 30 or 60 mm and aspect ratig};) of 80.

2.2.2.2 Crimped and twisted steel fiber
Another approach that can be used to enhance tleipaharacteristics of steel fibers is to
provide additional resistance to pullout througk tise of a continuously deformed shape
along the length of the fibers. Example of fibersthis category, are crimped and twisted
steel fibers. In the case of crimped fibers, thi@eed shape or “crimps” result in improved
mechanical bonding (sd@gure 2.5. This fiber configuration is the second most camnm
fiber type used in research and field applicatioasd is supplied by several different
manufacturers worldwide (e.griberMesh and others). Some of the main advantages
associated with the use of crimped steel fibers@eaded to cost efficiency, easy dispersion
in concrete mixtures, and improvements in workapilOn the other hand, when compared
to hooked-end fibers, the use of crimped fibersegaly results in reduced toughness
properties (Banthia and Sappakittipakorn, 2007).
In addition to crimped fibers, recent research lealsto the development of twisted steel
fibers. These fibers provide improved frictionallput due to the added energy required to
untwist the "screw-shaped"” fiber from the concmatgrix during pullout. In addition, rather
than using a round wire shape, twisted fibers hadangular cross-sectional shape. The
triangular shape provides a greater surface aréahars leads to increased bond resistance. It
is noted that with twisted fibers, the pullout beloar is altered from a frictional pullout
mechanism to a torsional untwisting pullobigure 2.6 compares the properties of hooked-
end and twisted fibers. Twisted fibers are curgentinufactured under théelix brand by
Polytorx Typical Helix fibers have a length of 25mm and a diameter o, resulting in
an aspect ratio of 50.

10



Dramia® fibres are made from
prirme quality hard- dravwn steebvire
+to ensure high tensile strength
i and close talerances.

Figure 2.4: Dramix hooked end steel fibers
[Adapted from Bekaert website]

Figure 2.5: Example of crimped steel fibers
[Adapted from EiMesh website]

{a) DRAMIX fibres (hooked-end) {b) HELIX fibres (twisted)
Ayt

"pufiout strength”

provided by Strength provided by
hooked-ends "untwisting” before puliotit

Figure 2.6: Difference in pullout behaviour: hooked-end vs.sted fibers.
[Adapted from Aoude (2008)]
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2.2.3 Introduction to SFRC and its properties

Since plain concrete shows poor response undeillgestgesses and exhibits early primary
cracking, it is considered a brittle material. Tdddition of steel fibers transforms concrete
into a 'pseudo-ductile’ material through the apibtf fibers to bridge and control cracking.
The mechanical properties of steel fiber reinforoedicrete (SFRC) are influenced by a
number of parameters related to the fibers andretaenatrix, including:

(a) Aspect ratio of the fiber;

(b) Fiber content and type;

(c) Bond between the fiber and the concrete matrix;

(d) Orientation factor.

2.2.3.1 Aspect ratio

Fiber lengths commonly vary between 10 to 60 mmthwound (or less commonly
rectangular or triangular) cross sections with diters in the range of 0.4 to 1 mm. Shorter
fibers typically offer superior first crack strehgwhile longer fibers are more efficient at
enhancing post-cracking behaviour.

The ratio between the length of the fiber and tremeter of the fiber is termed as the
“aspect ratio” [#/Ds). Research has shown that increasing the asptotinaproves the
mechanical properties of the SFRC matrix in tensind compression. However it should be
noted that with greater aspect ratio steel fibees difficult to disperse uniformly during
mixing, and hence using a high aspect ratio hasgative effect on the fresh-state properties
and workability of SFRC. As such there exists aléaf between enhanced mechanical
properties and reduced workability. For this reasoost mixes discussed in the literature
use fibers with aspect ratios of 80 or less (Min205).

2.2.3.2 Fiber content and type

Addition of 78 kg/ni results in 1% of steel fibers per volume of coterdypical fiber
contents in SFRC range between 20 to 120 R¢tm0.25% to 1.5%). Typical non-structural
applications such as slabs on grade limit the fimetent to less than 40 kgfrtor 0.5%).

For structural applications quantities greater th&¥6 are typically required (Aoude, 2008).
12



In addition, as noted in the previous section fitypology (straight, hooked-end, corrugated
and twisted) has an important impact on the pulstkgngth of fibers and hence performance
of SFRC.

2.2.3.3 Bond between the fiber and the concrete nia¢
Bond strength is a parameter that has a directteie the pullout strength of steel fibers.
There exists a direct relationship between the imatrength and the resulting average bond

shear strength between the fiber and the mattjx (). Kutzing (2000) proposed typical

values oft, ., as a function of concrete compressive strengtiedas a review of pullout

bon

data (from tests on straight steel fibers) avagablthe literature (seEable 2.7).

Table 2.1: Range of bond shear strength values for variousrete matrices
[Adapted from Grunewald (2004) based on work byzitig (2000)]

Matrix Compressive Compressive Bond shear strength
strength class strength range tyong (MPa)
f£ (MPa)
Normal strength £50 2.0-3.0
Medium strength 350& £70 3.4-4.5
High strength > 70 5.0-6.0

2.2.3.4 Orientation factor and number of fibers cr@sing the cracking plane

Another important variable that has an impact anrttechanical properties of SFRC is the
“orientation factor",a . This factor represents the random orientatiotheffibers along the
crack interface (se€igure 2.7). According to some researchers, for fibers inlkb the
orientation factor value can be taken to be 0.5p@@, 2003). Foster (2003) has suggested
taking this factor to be 3/8. To arrive at thisualFoster assumed that only fibers which are
oriented fromq =3 to 90° to the cracking plane can be considered to betafts based

on data published by Maage (1977) which suggestadthe fibers oriented fromq = 0°
and 3¢ have a reduced pullout efficiency ($&gure 2.9).

13



If the orientation factor is known, Equation 2-Ihdze used to calculate the effective number

of fibers per unit arealN ;... For fibers oriented randomly in three dimensitresfollowing

expression can be used to calculbkg, . (Lee, 1990):
Vf - -
Nfpers =——" @ I, (2-1)
f
WhereV;, is the fiber content (by volume of concretd), is the cross sectional area of the
fiber and & is the orientation factor used to describe the eamarientation of the fibers

along the crack face. The length factby, accounts for the differences in embedded fiber
length across the crack interface and is typidalken as being 0.5.

Fiber in Bulk

(No boundaries)| |

tensile direction

I MVERE I
\ e

o~
N

Area dA= Tt sind dd

™|

Figure 2.7: Dupont's Graphical representation to calculate
[Adapted from Dupont (2003)]

g ]

. ) oy 30°< g<o0°
a at . o

& ’ y e N
REEPY PPN /—Cr‘ack

Figure 2.8: Foster's Graphical representation to calcuéate
[Adapted from Foster (20J01)

14



2.2.4 Pullout behaviour of fibers

2.2.4.1 Steel Fiber Pullout Behaviour - overview

The tensile behaviour of SFRC is directly influethd®y the pullout behaviour of the fibers.
Bond between the concrete matrix and the fiber, taeddeformed shape of the fiber have
important influences on pullout response, and hgost-cracking behaviour of SFRC.

At initial stages, tensile stresses are resistethéyond at the concrete-fiber interface. After
the fiber has debonded, fiber pullout through foicél slip will govern the pullout response.
The geometry of the deformed shape plays an impomrale in improving the pullout
contribution during pullout (Chanvillard, 1996).

Over the years, several researchers have proposddisno predict the pullout response of
straight and deformed fibers. For brevity the putlof straight fibers is reviewed and a

model for the pullout of hooked-end fibers is preed.

2.2.4.2 Pullout behaviour of straight fibers
To predict the pullout response for straight rotibérs, Hannant (1978) suggested the formula
shown in Equation 2-2:
, , , Lf
F=fom P Dy o (2-2)

Where D is the fiber diameter and,, is the bond shear strength that is a functiorhef t
matrix properties. The equation assumes constard bbear strength,, , along the length,
L, , of the fiber.

For straight fibers the pullout stages involve hidebonding, full debonding and frictional
pullout (seeFigure 2.9). A typical pullout curve (pullout load versuspslfor a straight

undeformed fiber is shown Figure 2.10
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Figure 2.9: Different mechanical pullout stages: (a) pre-caitioading (b) partial
debonding (c) full debonding
[Adapted from Naaman et al. (1991)]

Smooth Fibers
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- Fuli Debonding
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Figure 2.10: Pullout load vs. slip curve for a straight fiber
[Adapted from Naaman et al. (1991)]
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2.2.4.3 Pullout behaviour for deformed fibers

It is now well understood that deformed fibers (ke end, crimped, twisted, etc.) have an
improved pullout performance due to the mechardoatribution of the deformations during
pullout. This mechanical contribution arises frome &additional energy required to pull the
deformed fiber out of the matrix.

In the case of hooked-end fibers, the deformed esigsificantly enhance the pullout
performance. Several authors have proposed modetgedict the pullout behaviour of
hooked end fibers, among them Alwan et al. (1981}his model, the pullout response of
straight fibers is modified to account for the adnition of the hooked ends during pullout.
This contribution represents the additional loagureed to straighten the deformed shape of
the fiber as it is pulled out from the matrix. Tiadsiinto account this contribution, the pullout
response can be described by several st&aggré 2.11 & 2.139.

The first stage the pullout behaviour is charazéer by an elastic response wif,,

representing the load that initiates debonding.tHe second stage shear and frictional

stresses will govern the response until full fidebonding at a load.

The third stage represents the contribution ofitbeks through mechanical clamping. At

this stage the deformed shape of fiber will inceetise pullout load R, throughP,) due to

the additional energy required to straighten antitha fiber out of the matrix. At this stage,

the pullout resistance is a function of the hookrgetry and would be independent of the

matrix strength. After the mechanical clamping statpe fiber will finally be pulled out of

the matrix due to loss of frictional stresses atratrix-fiber interface (fourth stage).

It is noted that this model is an adaption of Neaman et al. model for straight fiber

(particularly in stages 1,2 and 4) with the exaaptbeing that a third stage that accounts for

the hook contribution to pullout has been added.

The following equations can be used to estimatéahes P,andP, :

P,=P +DP (B)

P, =P +DP (2-4)
foore 14 [mOSb ]
3cosg (- ncosb)

o= [1- mcosb] (2-9)
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fomre

6cosg

P = |1- mcosb|

P, is the load at the debonding stage @?dand P, are the first and the second pullout

(2-6)

plateaus respectively (seligure 2.11) The mechanical pullout load contribution is
represented by the parametdd® and DP" which account for the formation of plastic

hinges. f,, refers to the fiber yield strength, refers to fiber radius and is the frictional

coefficient at the fiber-matrix interface. The paetersg and 6 are related to angle of

inclination of the hook with respect to the straigbrtion of the fiber.
It is noted that for a typical Dramix hooked entefi the following values can be used:

g=4%", b=67.5, and =0.5. Therefore, the expression foP' simplifies toEquation 2-7:

_ 305 , by j2f ]
~cod45’” /180°) "% @7)

DP'

The value fy, is the fiber yield strength (in psi) and; is the fiber diameter (in inches). As

an example for a typical Dramix ZP305 fib&F is found to be 34 Ibs (152 N).

Pull-Out
Load

Hook
Contribution [2 Plastic Hinges]

Hook
Contribution [1 Plastic Hinge]

=0

AA, A, A, Fiber End Displacement

Figure 2.11: Hooked end fiber pullout behaviour
[Adapted from Alwan et al. (1991)]
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The fiber end-displacement valuBgand D, shown inFigure 2.11can be computed using
the following formulas:

D, =D, +k, (2-8)
D,=D;+h, (2-9)
Where D, refers to the fiber slip at full debonding staged k, and h, are a function of the

fiber geometry (seEigure 2.12.

Fig. 11 - a) Hooked steod fiber at onset of complete debonding. b)
ol sl fiber during mechanical nterock with two plasiic

. €) mechanical interiock with ome plastic hinge. o) Hooked
Steod fibor at omvset of frictional pull-owt

Figure 2.12: Four stages of Alwan’s pullout model.
[Adapted from Alwanal. (1999)]
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2.2.5 Behaviour of SFRC in pure tension

Figure 2.13compares the tensile behaviour of concrete andCSPR shown irFigure 2.13

(a), the tensile stress-strais (- e,) relationship for plain concrete shows a rapids|os

tensile resistance after the formation of the firsick.

If steel fibers are added, the composite materi#ll smow higher fracture toughness in
uniaxial tension due to the ability of the fibers iridge stresses at crack surfaces. The
overall improvement in tensile post-cracking resise has a strong dependence on the fiber

volume fraction in the matrix/; (Fantilli et al, 2009).

As shown inFigure 2.13 (b) there is a modest improvement in response at fibar
contents. At higher fiber contents the post cragkibehaviour is greatly enhanced (see

Figure 2.13 (c), resulting in a peak stresd () which is higher than the first cracking
stress (f.,). The post-cracking behaviour is therefore char@mtd as being strain-hardening

(as opposed to strain-softening). In addition, ibbaviour will be characterized by multiple

cracking in the range, > ¢, and f <s_ < f__ (Fantilli et al, 2009).

It is noted that traditional concrete begins toéharorkability issues at fiber contents greater
than 1.5%. However, recent research has now ledetaevelopment of high performance
fiber reinforced concretes (HPFRC). Through carefi® design HPFRC mixes can exhibit
strain-hardening behaviour at fiber contents of2% while also exhibiting excellent fresh-

state properties (see Section 3).
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Figure 2.13: Mechanical response of cement-based composites undial tension

a)s. - e,ands_ - w diagrams of ordinary concretes.
b)s. - e.ands_ - w diagrams of FRC with low fiber volume fractio¥ (<1%).
C)S. - €.,ands_ - w diagrams of HPFRC with high fiber volume fractions
V; >2%).
[Adapted from Fantilli et al. (2009)]

2.2.6 Direct tensile testing methods

2.2.6.1 Dog-Bone test

This test is considered a direct tensile test b@zdumeasures the tensile stresses directly in
"dog-bone" shaped specimens tested under pureotensin example of a dog-bone
specimen used by some researchers with typicalrdifoes is shown ifrigure 2.14 In the

test setup the end regions of the specimen are Uity fixtures connected to the test
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machine by steel rods (séggure 2.14). The strains and stresses are measured to abtain
tensile stress versus strain relationship (Liaal.e2006).

Thickness= 1in. -
N
cl| £
©| &
2in.— -
3in.

‘ 5in.

Figure 2.14: Dog-Bone Specimen and the testing machine
[Adapted from Liao et al. (2006)]

Although the test allows for the direct measurenuéniénsile properties, some disadvantages
with this test include the difficulty in runningdhest (requires a special test setup), and the
lack of a standardized testing methodology. Tl& [ standardized dimensions is also an
issue as some researchers have found that therbaramgize effect when different specimen
sizes are used (sddgure 2.15. Figure 2.16 shows a comparison of SFRC dog-bone
specimens of two different sizes, it is clear tihat strain at peak stress is significantly higher
for the large specimen when compared to the snm&l ®herefore it is important to specify

the size of the member prior to testing to conssiee effects (Naaman & Reinhardt, 2006).

22



1000 ]
2 L Torex fiber : ]
- / " Maortar matrix - 6.4
B R A i with fe =55 MPa (8 ksi) | ]
- b ]
800 [} Small dog-bone | 5.6
LI specknans i
====== Large dog-bone J 48
= I spacimens E?‘
£ 500 i, =
@ 4 3
s I
s : 3.2 @
g 400 § : F
2 { 2.4 2
1.6
200
] 0.8
1] 0.5 1 1.5 2 2.5 3 3.5 4
Strain (%)
Figure 2.15: Size effect observed in direct tensile testingleRE
[Adapted from Naaman & Reinhg@006)]
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Figure 2.16: The difference in peak strains for different sipg-done specimens.
[Adapted from Naaman & Reinhardt (2006)]
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2.2.6.3 Stress — crack opening - w test

This test has been developed by RILEM committee IB2-TDF, and is conducted to
determine the tensile stresses versus crack opéeingviour of SFRC (RILEM, 2001). As
shown inFigure 2.17, the test method uses a cylindrical specimen (&9 diameter and
150 mm length) which is notched using a diamond alng its circumference ( notching is
to a depth of 15 mm and a width of 2-5 mm). Aftezgaration, the specimen is glued to the
metal blocks with the crack opening measured udisglacement transducers at the notch
location. A typical setup is shown iRigure 2.18 Using the load and displacement
measurements the stress-crack opening relationshgbtained § - w). In addition the

dissipated energy can be calculated using the iequia¢low:

Win

W. = s, (w)dw (2-10)

Wi

An advantage of the method is that it is a standeddtest method (RILEM TC-162-TDF).
However the method has not been widely adopted artiNAmerica due to the relative
difficulty in conducting the test when comparedmore simple indirect test methods (e.g.

Flexural beam/ Toughness test methods).

A 150 mn —

i testing machine
| Limm o

bolted connection
metal block
«— glued connection

150 mm test specimen

displacement
transducers

77 4—g|ued connection
melal block
bolted connectio

| 541 mim 15+/-1 mm

Figure 2.17: RILEM tensile test specimen
geometry.
[Adapted from RILEM (2001)]

load cell

testing machine

Figure 2.18: RIILEM tensile test
setup
[Adapted from RILEM (2001)]
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2.2.7 Indirect tensile testing methods

2.2.7.1 Toughness tests for SFRC

Toughness can be defined as the capacity of a caitemubjected to fracturing load to resist
fracture or failure. Various methods have been gsed to quantify SFRC toughness
(tension, compression, or flexure). The flexuralgloness test method is simple to perform
and has been adopted as one of the main standartige methods for SFRC in North

America (Chen, 1995).

2.2.7.1.1 ASTM third-point bending test

In this test, third-point bending is applied on @01x 100 x 350 mm beam. The load
displacement curve is then used to compute varmalises and residual strength factors over
several cracking intervals to assess toughnessiA3998, 2010b).

Although the method is widely accepted and usedndustry, the method has several
disadvantages. For instance, it is somewhat dlffitm precisely locate the "first crack”
deflection; this is especially problematic in th& M C1018 method since all quantities
were defined as a function of this deflection, &g in vagueness in the interpretation of
the test results (seeigure 2.19. Furthermore, the results can be affected byaeetus
effects due seating and twisting of the specimémsugh this can be corrected using a
“Yoke” setup for measuring deflections (segure 2.20. Finally, the test often results in
high variability of results.

It is noted that the ASTM C1018 method has beetaced by ASTM C1609 which uses the
same testing methodology but a more reliable metboduantifying toughness and residual

strength values (sd&gure 2.21).
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Figure 2.19: Different toughness Indices in the ASTM C1018 mdtho

[Adapted from Chen (1995)]

Figure 2.20: "Yoke" setup for measuring deflection

[Adapted from Liao et al. (2006)]

L = TestSpan

P, = Peak Load

P; = First-Peak Load

fo = Peak Strength

fy = First-Peak Strength

5, = Net deflection at Peak Load

&; = Net deflection at First-Peak Load

Piosose OF Pysyps = Residual Load at Span /600
fioonso ©OF Frsgnzs = Residual Strength at Span / 600
Pioszo OF Prseap = Residual Load at Span / 150
fspozo OF frsg3e = Residual Strength at Span /150
Tioez0 OF Tisgap = Areaunder L-D curve 0 to Span /150

L7600

L/150

Figure 2.21: Definition of toughness Indices in the ASTM C1606thod

[Adapted from Skazlic & Bjecovic (2009)]



2.2.7.1.2 JSCE SF-4 method

This test method uses the same setup used in thi&ASL018 method but uses a different
methodology to quantify toughness. When comparmmghe methodology in the ASTM
method, the JSCE method does not require the nazasat of the first crack deflection to
obtain toughness, therefore resulting in more semghdita interpretation. Using the load
versus deflection response (up to a deflectiorpahil50), a single flexural toughness factor
is obtained (se€igure 2.22. It is noted that the ASTM C1609 method whichlaeps the
ASTM C1018 method uses a similar procedure to giyaioighness.

However this test has some disadvantages incluthegfact that the toughness is size
dependent as compared to the relative toughnesgesiaFurthermore, the test doesn’t
distinguish between the pre-crack and post cradkawieur so different mixtures with
different behaviour may theoretically have the sameghness values (Banthia & Trottier,
1995).

Load

Midspan-deflection

&= L/150

Figure 2.22: Flexural toughness values according to JSCE SFtdade
[Adapted from Banthia & Trottier (1995)]
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2.2.7.1.3 ASTM C1399 method

Some researchers have found that the ASTM C1018e=urit in difficulty in accurately
measuring the post-peak behaviour of SFRC commodite to instability after first-crack,
particularly with higher strength SFRC. To overcommés problem, the ASTM C1399
method has been proposed. In the method the beamated on a steel plate in order to
prevent the complete failure of the beam aftert-firack. After cracking, the plate is
removed and the beam is reloaded again; the cuntaned from this experiment represents
the reload stress and deflection response. The idat@en used to quantify the residual
strength of the beam for different deflection valueFigure 2.23 shows a schematic
comparison between the previously mentioned teshmds as well as the analysis model
used in each method (Banthia & Mindess, 2004).

STANDARDS | ASTM C 1018.97 I JSCE SF-4 ASTM C 139998

Test
Specimen

= Firm Crack
-]
Typical Curve afr" ’ . :_
[ i | ! 5 - Paloading Curve (Pre-crached Bem)
g | i ! - g ek
L] l.ﬁ? m.;h fl..,J=L|'15[l /m!":l Pu Py Pum
Het Deflection, mm HNet Celiection, mm
TOUCHNESS INDICES | Flamt
1= Area OABG e aeaoam | Averge Residual Suengt
L]
T e pyeButRutByvBy) L
ANALYSIS A OAF FT =(%, - Lif(8, -b-d') 4 b
1= Awa QAD! Re T 100 ‘
At OAF "o RSTO8) = -2 w100
RESIDEAL STRENGTH MOR = Mosuha of Repture MOR
FACTORS b= Breadth of he baam
Ry = 2004 jyedsh
Rz = 10ty byl

Figure 2.23: A schematic comparison between different toughtestsmethods
[Adapted from Banthia and Mindess (2004)]
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2.2.7.2 Round Panel test

One of the recent methods to quantify the postkangcbehaviour of SFRC is the round
panel test which was standardized by ASTM Commi@e8 in 2002 in the ASTM C1550
standard (ASTM, 2010a). This test permits a rediadosld economical estimation of the post
cracking response of SFRC. In the test, a platenga diameter of 800 mm and a thickness
of 75 mm is placed on three pivots and loaded waittoncentrated compressive load until
failure (seeFigure 2.24). The data can then be used to obtain a loaddigftecurve which
can be used to quantify the tensile behaviour efdbmposite. An average crack rotation
angle/ can be estimated for a given central deflecticer(@rd, 2003).

The advantage of using this test is the relativepicity of the test method, the relatively
low variability between test results and the apitid use standard forms (segure 2.24).
Disadvantages include the large specimen sizes @®0diameter) and the need to use

specialized testing equipment.

Figure 2.24: The round panel under test and the panel forms
[Adapted from Bernard (2003)]
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2.2.7.3 Double Punch test

It is noted that most of the current standardizedhwods to quantify the tensile strength of
SFRC, are based on flexural loading. In additiodiasussed in the previous section there is
some concern over the variability/scatter of resuhliat often result when using these
methods. On the other hand the flexural tests arg simple to perform when compared to
direct tensile test methods.

Another relatively new indirect tensile method witie simplicity of the flexural tests is the
Double Punch Test (DPT), also known as Barcelosia(kolins et al., 2009). This test is an
adaptation of the Brazilian test which is used tasure the tensile strength of plain concrete
which has been adapted to quantify the tensileoresgin FRC samples.

As shown inFigure 2.25 the test sample consists of a vertical cylindrg@ecimen, with
identical height and diameter (150 mm) and two e circular punches placed at the top
and the bottom surface of the specimen (punches adaameter equal to 0.25 of the overall
cylinder diameter). The mechanism of the test ciasof compressing the cylinder by a
concentrated load applied directly on the punchesulting in radial cracking in three
dimensions. Using the test data a relationshipvéen the crack width and the load is
obtained, from which the tensile strength can bienaged.

Table 2.2 summarizes the various test methods that can bd ts study the tensile

properties of SFRC.

Figure 2.25: Barcelona Double Punch sample dimensions and tlveg@rack mechanism
[Adapted from Molins et al. (2009)]
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Table 2.2: Different indirect tensile tests for SFRC
[Adapted from Mddiet al. (2009)]

Ted Layout [Mmensions Weight  Failure suface  Specilic Tailuse CwE

{cm) {N) fem) s face (%)
ASTM C-1018 I 35 % 10 % 10 8400 10600 00286 15
NEN B 15-238 i o4 (B0-75) = 15 % 15 4050 1250 00133 12- ¢
EFMARC beam ok S5 % 75 % 125 1237 938 0182 20"
A-poant bending test E 55 0w V5w 125 1237 938 (b 82 1

T H
RILEM 3-paant bending wa f (-« 15 = 15 290 1875 (52 10252
EFMARLC panel i 1 A 60 % 60 % 10 B 25970 D022 @
Round detenminate panel —— V5 = HRD QS G010 (U238 a-1F
S

Croubde Punch Test 15 = 415 636 308 1274 13"
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2.2.8 Behaviour of SFRC in compression

Many researchers have shown that the influencetesdl dibers to the peak compressive
strength of concrete is not substantial (Mineld03). However the addition of fibers will

improve the descending branch of the compressiesststrain curve. Under compressive
loading, as lateral expansion takes place due iesBws effect, the fibers restrain and
control cracking and lateral expansion and thusiog@nt improvement in toughness results.
Several investigators have proposed models to ¢reitie compressive stress strain
behaviour of SFRC. Although not used in the subeetichapters of the thesis, for

completeness some of these models are descriltbd gections that follow.

2.2.8.1 Nataraja et al. model

Natarja et al. (1999) proposed an empirical modeptedict the complete compressive

stress-strain curve based on experimental tesitsesn specimens having fiber volume

fractions of 0.5-1%. The distinguished parametehisymodel is the steel fiber reinforcing

index (RI) which can be obtained from equation 31

Rl =w, Lo (2-11)
Df

The following equations are then used to estimh& rhaximum compressive stress and

strain of SFRC using the Rl value:
f. =f., +21604RI) 2-12)

e, =e,, +0.0004qRI) (2-13)
Where f is the ultimate compressive strength of fiber fimiced concrete, and_,is the

ultimate compressive strength of plain concretgand e, represent the ultimate strain for

fiber reinforced and plain concrete respectively.
The equation shown below is then used to obtainctiraplete compressive stress-strain
curve for SFRC:
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Where b, represents the material parameter that contrelstiiess-strain diagram shape, and
it's value can be calculated from equation (2-15):

b, = 05811+ 193RI 7% (2-15)

Natarja et al. also proposed an equation to quetiité steel fiber toughness rafiB, , where
TR is the plain concrete toughness ratio:

TR, =TR. +0.097&RI -18)

2.2.8.2 Hsu and Hsu model
To arrive at their model, Hsu and Hsu (1994) testederies of high strength SFRC
cylindrical specimens with hooked end steel fibatsa volume fraction of 0.25% -1.0%.

Using the experimental results they proposed engliexpressions to evaluate the ratio of

cf

compressive stress in SFRC to that of plain coadrat fibers), - expressed as.

cu

p=—S=_ % FOD £ X £ X, (2-17)

e
h=—S=hexp -k, —- x, Forx, £ X (2-18)
e

Where 6, and n are material parameters which representrigssstrain curve shape.

The resulting expressions can then be used torolit@ entire compressive stress-strain
curve of SFRC.

2.2.8.3 Mansur et al. model
Mansur et al. (1999) proposed a model to predietdiiness-strain relationship based on an
experimental program on high strength concretead7ZA20 MPa) reinforced with hooked end

steel fiber with volume fractions of 1.0%-1.5%.
33



The following equations describe the ascending liraf¢he stress-strain curve:

bl cf
fcf = fcu C; b1l
b1-1+ ¢
ecu
b, = 1f‘
1- : cu
e E

(2-19)

(2-20)

Where f, and f_, are the ultimate compressive strength of fibeénfoeced and plain

concrete respectivelyg, and e,, are the ultimate strain for fiber reinforced aniimp

concrete respectively, is a parameter which controls the shape of tlesststrain curve.

For the descending branch of the curve the follgwdguations are used, whekeg andk,,

are parameters to reflect the use of fiber in thess-strain curve. These parameters are

function of fiber volume fraction and fiber aspeatio.

k b ecf
_ ‘ f1™1 e(':u
f= 1:cu e kf 261
Kb, -1+ —2
eCU
30 v 25
K, = S0 o5 it
fcu f
0 13 v 11
K, = f— 1- 011
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2.3 Combined Use of SCC and Fibers
2.3.1 Introduction to Self-Consolidating Concret&CC)

Self Consolidating Concrete (SCC) is a highly flimeaconcrete with the ability to compact
under its self weight and was first proposed byeaeshers at the University of Tokyo in
1986. ACI Committee 237 defines SCC as a cemeusitinaterial with high flowability and
non-segregation characteristics which allow thecoete to spread into place, fill formwork,
and flow around reinforcement without exhibitingyablocking (Liao et al., 2006).
Furthermore using SCC in pre-cast and cast-in-plmalications can result in reduced
construction times and labor costs (Liao et alQ&)0

SCC has several properties that make it attra@s/@an alternative to traditional concrete,
these include:

(@) Filling ability: SCC can flow and fill formworkwithout vibration or compaction.
Common tests to measure the filling ability for S{DGresh state are: slump flow, V-funnel,
U-Box, and L-Box tests.

(b) Segregation resistance: despite being higlolwdble, SCC has the ability to maintain a
cohesive matrix during mixing and casting. Somdstdbat can be used to measure
segregation resistance are: V-funnel test and h&hservation during the slump flow test.

(c) Passing ability: SCC can flow through narrovetgms without blocking, or loss in
homogeneity. The tests that can be used to detertha passing ability of SCC are: the V-

funnel test, J-ring in combination with slump floest, L-Box and U-Box tests.

2.3.1.1 Slump flow test

The slump flow test is one of the simplest and nwastely used tests for determining the
fresh state properties of SCC. The test has sitgiarto the ASTM standard slump test of
fresh concrete, but instead of measuring the halgfdrence of the spread concrete, the
diameter of the spread in two directions is meakuhe the test the SCC is placed in a
standard slump cone on a horizontal table. The @nken lifted and the diameter of the
spread sample is measured (Ségure 2.29. In addition, the time at which the concrete
spreads to 500 mm diameter is recorded. The tess gn indication of the flowability and
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filling ability of the SCC (Curjar, 2004). Visuahspection can also give an indication of the
segregation resistance of the SCC.

slump cone

flow table
700 x 700 mm

/ 500 mm l

Figure 2.26: Slump flow test set up
[Adapted from Curjar (2004)]

final
diameter

2.3.1.2 V-funnel test

The V-funnel test can be used to evaluate the S€€jsegation resistance. During the test a
V- shaped funnel is filled and the time the SCCetako exit the funnel is recorded (see
Figure 2.27). After the first trial, a second V-funnel time riscorded after first letting the

concrete remain in the funnel for a period of 5 ué@s before opening the lid (Curjar, 2004).

490 nm

Figure 2.27: V-funnel shape and dimensions
[Adapted from Curjar (2004)]

2.3.1.3 L-Box test

The L-Box test can be used to measure the pasbility af SCC (sedrigure 2.28. The test
consists of using an L- shaped box with a slidiategand some vertical steel rebars to
simulate the reinforcement obstruction to the cetgcrAt the start of the test the concrete is
poured in the vertical part and the gate is clo$ée. gate is then opened and the concrete is

allowed to flow and time the SCC takes to reachkexhdistances is recorded (200 mm and
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400 mm point on the horizontal box). After the cate settles, the ratio between the heights
at both ends of the box is also measured (Curf@4p

. 100 mm

—e

~7 200 mm

3 rebars 12 mm

Gap 34 mm ; 200 mm
—:f"r-—'_

H1

iz 150

Figure 2.28: L-Box apparatus shape and measurements
[Adapted from Curjar (2004)]

2.3.2 Self Consolidating Fiber Reinforced ConcrgeCFRC)

Although fibers can improve many of the propertadstraditional concrete, the addition
fibers in volumes greater than 1.0% can resuli@ement problems in the fresh-state. One
solution to this problem is the combined use of S&l fibers. Due to SCC’s high

flowability, higher fiber contents can be used withcompromising workability.

2.3.2.1 Factors influencing properties of SCFRC
Even in the case of SCC, the addition of fibersroups performance only within a limited

range of fiber properties L( /D,) and volume fractions \{;), with researchers

demonstrating that higher aspect ratios and volinagtions can result in reduced flowability
and the eventual loss of SCC properties (Liao .e28I06). Although flowability and filling
ability of SCC typically decrease gradually as feare added to the SCC matrix,
researchers have found that some flowability cambetained at moderate fibers contents.

Higher fiber contents (typically, >2 % result in loss of SCC properties (Grunewald,
2004).

Other factors that can affect flowability of SCGeahe maximum aggregate size and the

percentage of the coarse and fine aggregate iodherete. The use of larger aggregate size
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can result in fiber "balling" and eventually leadldss of SCC properties (Swamy & Mangat,
1974; Johnston, 1996; Grunewald, 200&)gure 2.29 shows the effect of maximum
aggregate size on fiber "balling”. In addition, re&sing the coarse aggregate content also
results in reduced workabilityFigure 2.30 shows an example of a recommendation on
maximum fiber contents as a function of coarse eggfe content.

Therefore, to maintain acceptable performance ofFFBCT in the fresh-state it is of
importance to limit the fiber content, the maximaggregate size and the coarse aggregate

content (by increasing the fines-to-aggregate yatio

Maximum Grain Size, Dmax

40 mm
Fiber Length

Figure 2.29: The relationship between fiber orientation and aggte size
[Adapted from Johnston (1996)]

¥
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b2
I

___,___O______,____
__,_____,_Q_,_____,

Max Fiber Content (Volume

1 | | |
0 10 20 30 40

Coarse Aggregate Content (Volume - %)

Figure 2.30: The relationship between coarse aggregate comentaximum fiber content
[Adapted from Swamy & Mangat (1974)]
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2.3.2.2 Tests for measuring fresh-state propertiesf SCFRC

Just as with traditional SCC, it is also importamtneasure the fresh state properties of self-
consolidating fiber-reinforced concrete (SCFRC).wduer, to date there are no standard
fresh-state tests that have been specially adajolec5SCFRC. Most researchers have
therefore used traditional SCC tests such as tbhesiflow, J-ring and V-funnel tests to
measure the fresh-state properties of SCFRC. Sesaarchers have also proposed changing
some of the detailing in standard SCC tests for BCFfor example increasing the bar
spacing to two times the fiber length in the J-riegt and changing the spacing of the rebars

in the L-box test as a function of fiber aspedioras shown iTable 2.3(Groth, 2000).

Table 2.3: Recommended bar spacing for different fiber aspizis
[Adapted from Groth (2000)]

c/L. L/d, M, m;,
[ fieg/m’]
=3 a0 30
65 a0
=2 65 30
45 (518}
=1.5 45 30

2.3.3 High Performance Fiber Reinforced Concrete RHRC)

Research initiated by Naaman & Reinhardt has letth¢éodevelopment of a new generation
of fiber reinforced concretes which have enhancedhanical properties when compared to
traditional SFRC. The main distinguishing featuretween traditional SFRC and High
Performance Fiber Reinforced Concrete (HPFRC) ihénimproved post cracking response
under tensile stresses (Naaman & Reinhardt, 2006).

In traditional SFRC, the behaviour under tensiorcharacterized by a "strain-softening”
response after first-cracking. As shown kigure 2.31, the response iBnear until first
cracking and then a descending branch will follgwta failure. In the case of HPFRC, the

post cracking performance is enhanced due to nhltpacking and results in a "strain-
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hardening" response after first-cracking which impadditional toughness and ductility in
tension and flexure.

The behaviour of HPFRC in tension can be descriipethree stages as shownhigure
2.32 The first stage OA is similar to that of norm&R8C prior to cracking, however after
first-cracking significant strain-hardening behawiaccurs (this is shown as stage AB in
Figure 2.32. The last stage after B results in crack locéilraand a descending branch as
pullout of the fibers occurs. It is noted that gtein-hardening behaviour is accompanied by
multiple cracking with cracks having smaller widtla®d spacing when compared to
conventional SFRC (Naaman & Reinhardt, 2006).

In addition to enhanced behaviour in the hardertatesit is now possible to produce
HPFRCs which have flowable properties in the frette (Liao et al., 2006). This is
achieved through careful mix design, limitationsomarse aggregate size (typically less than
13 mm), the use of moderate fiber contents (1.562.@nd the use of superplasticizers,
viscosity modifying agents and mineral admixturiély @Ash).

Uni-axial response

N
Strain hardening
HPFRC
Multigle | Flexural response
w 7
0 I crackin . .
o : Matrix gl > \ Deflection hardening
n - 1
|  cracking I Localization \ ——————— JETRETI))
|
I
| I Multiple | FRC &
I ) = g cracking | HPFRC
Strain / Deformation s I
Matrix |
~ cracking |
Tension softening |
A £ — single Deflection
| crack
0 I Localization / Deflection softening
' )
= | Single crack
7] I FRC >\ Matrix cracking C 5
Concrete
l \ ( © FRC
— . m
) > S \
Strain / Deformation

Concrete
J N

Deflection

Figure 2.31: Comparison between the behaviour of convention& BRd HPFRC showing
strain-softening behaviour in FRC and strain-haimgbehaviour in HPFRC
[Adapted from Lofgren (2005)]
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Figure 2.32: Stages in the tensile response of HPFRC
[Adapted from Liaoatt (2006)]

2.3.4 Examples of SCFRC and HPFRC mix designs

2.3.4.1 SCFRC mix designs proposed by different rearchers

Several research studies have been performed arothbined use of steel fibers and SCC.
This includes studies performed by Sahmaran ands¥wen (2005); Grunewald and
Walraven (2001); Dehn (2005); Bui et al. (2003, 200A summary of the mixture
proportions proposed in some of these studies alasldted by Liao et al. (2006) and is
reproduced herein imables 2.4 &2.5 To indicate the effect of fiber volume fraction thre
mixture properties, the studies are divided into voups: the first group for fiber content
less than 1.5%, and the second group for fibermeléraction greater than 1.5%.

It should be noted that SCC is more sensitive txingi time and procedure than
conventional concrete. The sequence of mixingss ahportant and therefore special care is

required. Typically the aggregates, cement and ralragmixtures are dry-mixed first, then
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water and superplasticizers is slowly added folidwey the fibers. SCFRC mixing

procedures are described in more detail in Grurdsvalork (Grunewald, 2004).

Table 2.4: SCC mix designs in previous research studigs< 1.5%)

[Adapted from Liao et al. (2006)]

Author(researcher) Sahmaran et al|
Sahmaran et al. 2006 Grunewald 2001 Dehn 2005
kg/rh 2007
C1 500 500 500 250 250 250 382 490
Cement
C3 362 386 386 1044 982
Fine
0.15-4mm o977 or77T 97¢ 977 977 9Y7 641 676 676 4895 |74
aggregate
Coarse
4-16mm 578 578 578 578 578 578 942 855 855 183 |157
aggregate
Water 200 200 200 226 205 205 1b4 171 171
Dramix ZP
60 30 60| 30
305
OL 6/16 30| 60 30| 60
. Dramix-RL
[aT) 100 100
-f% 45/30
Ko Arbed/Euro
Q 100
n steel 50/50
Dramix
60
65/60 BN
F 60/30 78
V; (%) 0.76 08| 0.84 076 0.8 084 127 17 127 076 01L.0
Comp. strength (MPa)| 49.5 56.3] 58.9 19.6 228 225 539 569 56.9 NAAN
Slump flow (cm) 62 61.5| 67.5 66| 63 70 64 58 60 NA N|IA
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Table 2.5: SCC mix designs in previous research studigs’( 1.5%)
[Adapted from Liao et al. (2006)]

Author(researcher) | Grunewald

V.K. Bui (2003) | V.K.Bui (2005)

kg/m® 2001
C1 592 574 480 480
Cement
C3 386
. 0-2mm 1184 1149
Fine
aggregatd 0-4mm 676
sand 819 819
4-16mm 855
Coarse
aggregate ~ C0arse 546 546
aggregate
Water 171 355 373 214 214
Dramix-RL
120
45/30
o F1 37.5/6 140 140
Q
= length
3 J 156
7 60mm
length
g 156
35mm
V, (%) 1.53 2 2 2 2
Comp. strength (MPa 56.9 N/A N/A 75 64
Slump flow (cm) 59 N/A N/A N/A N/A
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2.3.4.2 HPFRC mixtures proposed by University of Mihigan researchers

Liao et al. (2006) proposed several HPFRC mixtwhbih exhibit the high flowability and
segregation resistance of SCC and the improved grasking response of HPFRC. In this
study six mixtures with compressive strength vagyimom 35 to 64 MPa were proposed and
validated using SCC fresh-state tests as well adehad-state tests to assess behaviour in
tension and compression. The proposed mixtures meeltrate steel fiber contents (1.5 and
2%) and five of the mixtures used high-strength keoleend fibers (details are shown in
Table 2.6) The mix proportions by weight of cement and weigf HPFRC mix are shown

in Table 2.7 and Table 2.8 All mixtures used Type lll Portland Cement andnemal
admixtures (fly ash) to achieve high early strendgthaddition to using a low coarse-fine
aggregate ratio, to ensure flowable properties@esient segregation, superplasticizers and
viscosity modifying admixtures (VMA) were used.

Based on the test results, it was found that "Miari@d "Mix 6" were most optimal in terms

of combined fresh-state and hardened-state perfarena

Table 2.6: Steel fiber types used in the uMichigan study
[Adapted from Liao ¢t @006)]

Fiber . Specific | Diameter Length Aspect T?nsile
Product Material Shape oravity (mnm) Rati Strength
D = i {:]II].'I].) atlo {hmﬂ}
Dramix®
SF1 RC-B0/30- Steel Hooked 7.85 0.38 30 79 2300
BP
SF2 D;ﬁz‘g@ Steel | Hooked | 7.85 0.55 30 50 1100
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Table 2.7: Mixture Proportions by weight of cement in the ulgan study
[Adapted from Liao et al. (2006)]

Mix Proportion by weight of cement

Series ID Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6
Cement 3= 1 1 1 1 1 1
Mineral . _ ns e e - ae
Admixture FA 048 0.5 0.5 0.875 0.67 0875
Fine Silica Sand - - - " -
Aggregates (Flint)*** L L7 1 = 21 ==
Crushed - "
Coarse Limestone + 1 ! ! 1.25 12
Aggregates Pea gravel ++ 1.1
Water Water 0.45 0.6 0.6 0.84 0.67 0.8
ADVAR Cast | 057 | o015 | o001 0.013
530
Chemical Glenium® ez 0.005
Admixture I200HES ., 1| T )
FRHEOMACE . R - .
0.012 0.0005 0.065 0.013 0.038
WA 362
SF1 0.325 0.244 031 0280 0315
Steel Fiber
SF2 0.325
Total Weight 5.082 5.152 5.0635 6.8455 5871 6433
V_,- (%) 196 192 1.47 1.38 1.50 1.50

Note: * ASTM Type III Portland cement.

** fly ash class C.

#Ex ASTM 50-70.

+ max size about 12mm.

++ max size about Bmm.

* these three chemical admixtures are typically added with the initial mix water and their
concentration could be seen as 1.0; that is, 1f is not necessary to consider the amount of water in
these chemical admixtures while calculating the total amount of water needed.
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Table 2.8: Mixture proportions by mix weight in the uMichigatudy

[Adapted from Liao et al. (2006)]

Mix Proportion by weight

Series ID Mixl | Mix2 | Mix3 | Mix4 | Mix3d | Mix6
Cement C3* 0107 | 0104 | 0107 | 0146 | 0170 | 0155
Mineral FA®* 0004 | 0007 | 0000 | 0128 | 0114 | 0136
Admixture ‘ ' ' : 1 ' :
Fine Silica Sand _
|ﬂ| 33 ™~ 1 3 3 5 2 A%
Ageresatcs vy~ 033 330 | 0336 | 0365 | 0360 | 034
Crushed - | - . -
Coarse [ouehed 0216 | 0104 | 0197 | 0.183 0.187
Aggregates Pea gravel += 0.180
Water Water 0080 | 0116 | 0119 | 0123 | 0114 | 00.124
ADVA® C: )
ADVA® Cast | o005 | 00020 | 0.0020 0.0022
530
Chemical Glenium® . .
et — 0.0008 0.00078
RHEOMAC® ] )
: 00023 | 0.0019 | 00005 | 0002 | 00050
VMA 362
SF1 0063 | 0048 | 00453 | 0040 | 0040
Steel Fiber
SF 2 0.064
Total Weight 1.00
V, (%) 1.96 1.92 1.47 1.38 1.50 1.50

*% fly ash class C.
*EE ASTM 30-70.

Note: * ASTM Type III Portland cement.

+ max size about 12mm.

++ max size about

® these three chemical admixtures are typically added with the initial mix water and their

Smm.

concentration could be seen as 1.0; that is, it is nof necessary to consider the amount of water in

these chemical admixtures while calculating the total amount of water needed.
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2.3.4.3 University of Michigan mixing procedure

As mentioned before the sequence of adding therialstés an important factor to obtain the
desired properties of SCFRC. The importance of mgixéequence and procedure applies
(even more so) to HPFRC. Based on their resedutty,sLiao et al. (2006) proposed the
mixing procedure described below:

(1) The cement, fly ash, and sand are mixed iryadndition for 30 seconds;

(2) The water and chemical admixtures are premiketially %2 of the total amount of liquid
is poured to the mixture and mixed for 1 minute;

(3) Thereafter, another ¥4 of liquid is added, fatadl by 1/8 of the liquid and 1/16 of liquid
with one minute of mixing accompanying each additio

(5) The remaining liquid is then poured and mixed I minute after which all the coarse
aggregates are added with mixing for 2 minutes;

(6) The steel fibers are added slowly to the mextand mixing continues for about 3

minutes.
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2.4 Shear Behaviour and Modeling of Reinforced Comete Beams
2.4.1 Introduction

Catastrophic failures such as the collapse of |&@ebeams in the 1950s at US Air-force
warehouses as well as more recent failures sudheasollapse of the “de La Concorde
Bridge” in 2006 (sed-igure 2.33 have emphasized the importance of properly adaayn
for shear in the design of reinforced concretecstmes. These failures have shown that
beams without shear reinforcement can fail suddanty without warning prior to reaching
their flexural capacity.

Beams without web reinforcement typically fail ihesr shortly after the formation of
inclined cracks (diagonal shear cracks). For théson, it is important to accurately quantify
the shear resistance of concrete. This concretéilsotion to resistance is a function of
several parameters (including cross-sectional gagméeam dimensions, loading, and
material properties) and is not fully understoodnéf the concrete contribution to shear
resistance is deemed inadequate, modern codegeaethpeai provision of additional shear

resistance in the form of transverse steel reigfiment (or stirrups).

(@) Beams failed in shear at the US Air-force (b) The collapse of de La Concorde Brldge

warehouses due to shear failure

Figure 2.33: Examples of brittle shear failures in RC beams authweb reinforcement
[Adapted from Sherwood (2008)]
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2.4.2 Shear behaviour of RC beams

2.4.2.1 Classification of RC beam behaviour in flaxe

As shown inFigure 2.34the failure of a rectangular reinforced concretarbevithout web
reinforcement is strongly influenced by the beaspsn-to-depth ratioa(d). The constant
line in Figure 2.34 (b)represents the nominal momeng,Mnd the shaded area indicates the
strength loss due to shear (Wight & Macgregor, 20@0& seen inFigure 2.34 (b) the
behaviour can be grouped into three categoried@asction of thea/d ratio:
Deep Beams: Beams with short spans &ld& <2.5). In these load is carried by a
combination of redistribution of internal forcesdaarch and strut action;
Slender Beams: Beams having a span-to-depth mati®tween 2.5 to 6 are termed
slender. In slender beams without web reinforcemir@ development of inclined
cracks affects the equilibrium between internalstasce and applied load, and the
beam will fails soon after the formation of thexilee-shear cracks;
Very Slender Beam: Beams having a span-to-depity wdtich exceeds 6. In these

beams failure may occur in flexure before the fdramaof inclined shear cracks.

It is common for researchers to describe failurehmaisms based on the primary failure
crack patterns shown Figure 2.35and listed below:

Flexural failure;

Shear-Tension failure;

Diagonal-Tension failure and;

Shear-Compression failure.
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Figure 2.35: Beam failure modes
[Axtad from Dinh (2009)]
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2.4.2.2 Shear resistance mechanisms in beams witheeeb reinforcement

Over the past few decades, extensive researchelda® limportant advancements in our
understanding of the shear behaviour of reinforcedcrete beams. That being said, the
shear behaviour of RC beams is yet to be complaiatjerstood, partly because of the
various mechanisms involved. As showrFigure 2.36 the contribution to shear resistance
in a RC beam without web reinforcement is funcodiseveral mechanisms: shear stresses in
the uncracked concrete, aggregate interlock (oerfeate shear), dowel action of the
longitudinal reinforcement, arching action and desi tensile stresses that are transmitted

across the cracks (Minelli, 2005).

B4—| Aq—l

C

(a) (b)
Figure 2.36: (a) Shear resistance mechanisms (b) Contributiarangverse reinforcement
[Adapted from Brzev and Pao (2006)]

2.4.2.3 Factors affecting shear resistance mechams in beams without web
reinforcement

In slender beams without web reinforcement faili@iees place soon after the initiation of
inclined shear cracks. The shear capacity of sweamis is thus governed by the inclined
shear cracking load. This capacity is influencedsbkyeral factors including compressive
resistance of the concrete, amount of longitudieaiforcement, shear span-to depth ratio,

beam size, axial load, etc.
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2.4.2.3.1 Concrete Compressive Strength

One of the factors affecting the shear strengtliRGf beams is compressive strength. The
concrete contribution to shear resistance is dyreictfluenced by the diagonal tensile
capacity of the concrete. When shear forces argeptediagonal tension and compression
stresses result, and when diagonal tension exctweddensile capacity of the concrete
diagonal cracks form. It is noted that in the casenormal-strength concrete, since the
concrete strength is lower than the aggregate mrgs$trength, cracking will typically go
around the aggregates; thus the shear resistanogisved due to the rough and uneven
surface at the crack. In the case of high-strewgticrete, the cracks may go through the
aggregates rather than going around them; thidtseisua smoother crack surface reducing
the contribution due to aggregate interlock and mesult in a lower shear capacity
(Sherwood, 2008).

2.4.2.3.2 Longitudinal Reinforcement

The longitudinal reinforcement ratior () is another factor which has an influence on the
shear capacity of beams without web reinforcemi@atearch has shown that an increase in
longitudinal reinforcement ratior() leads to an improvement in shear capacity of R&his
(see Figure 2.37. When compared to an equivalent beam with higlegitudinal
reinforcement ratio, a reduced amount of results in larger tensile strains, wider crack
widths and a drop in shear capacity. This redubediscapacity is likely due to reduction in

aggregate interlock ags reduces (Sherwood, 2008). In addition as the oeteiment ratio

increases an increase in dowel action and a deepgpression zone may result, leading to a

higher shear capacity (Dinh, 2009).

2.4.2.3.3 Shear span-to-depth ratio

As discussed previously the shear span-to-deptb (atd) has a strong influence on the
mechanisms governing the failure of reinforced cetecheams. In deep beama/d < 2.5),
redistribution of stresses occurs and results @ development of arch action and the
transmission of larger shear stresses to the stgppgrthe compression struts (Wight and
Macgregor, 2009). Due to the complex nature of type of failure mechanism, such beams
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are best modeled using strut and tie models or @thalysis technique&igure 2.37shows
the influence ofa/d ratio on shear capacity. As shown in the figurearbs with smalb/d
ratio can carry significantly higher shear stressben compared to slender bearag (>
2.5). The figure also shows that th&l ratio has less influence on shear capacity in lseam

with a shear span-to-depth ratio greater than 2.5.
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Figure 2.37: The relationship between the ultimate shear stada/d ratio
[Adapted from Park and Paulay (1975)]

2.4.2.3.4 Beam Size

As shown inFigure 2.38,for a beam without web reinforcement, increasing diepth has
the effect of decreasing the shear stress at éaifuall other properties are left constant.
Increasing beam depth results in an increase iokcvdadths which in turn reduces the
maximum concrete shear stress which is transfexceolss the crack by aggregate interlock,
thus reducing shear capacity (Wight and Macgregod9). Studies have demonstrated that
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the size effect has less of an impact on the steamgth in beams with web reinforcement or
containing well distributed longitudinal reinforcent along the depth. In such case the size

effect will be more related to the spacing betw#enlayers of longitudinal reinforcement
rather than the beam depth.
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Figure 2.38: the effect of the beam size on shear failure
[Adapted from Wight and Macgregor (2009)]

2.4.2.3.5 Axial Force

In case of the absence of transverse reinforcerstrties have shown that the shear strength
is influenced by the application of axial load. Tdygplication of external compressive axial
load or prestressing reduces longitudinal straimd Bence prompting less crack widths,
which in turn can lead to an increase in sheara@gpaOn the other hand the application of
additional axial tension forces directly increalse stress and longitudinal strain resulting in
increased crack widths and a reduction in sheaagp(sed-igure 2.39.
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Figure 2.39: The effect of the axial load on the shear capacity
[Adapted from Wight and Maegor (2009)]

2.4.2.3.6 Other Parameters

Other parameters which may have an influence oshbkar strength of RC beams, include:

Load Condition (e.g. concentrated load, uniformiyon-uniformly distributed load);

Cross Section Shape;

Longitudinal Reinforcement Distribution along thealn’s depth;

Use of reduced aggregate size;

Use of lightweight aggregate concrete.

2.4.2.4 Shear resistance of beams with web reinfenment

To ensure a ductile flexure failure mode (and pmevérittle shear failure), steel
reinforcement in the form of transverse stirrupsften added to provide an additional shear
resistance mechanism (déigure 2.36 (b). After cracking, the stirrups (which intercepéth
inclined cracks) provide additional shear resistaas shear is transferred by tension in the
stirrups. If sufficient web reinforcement is progdithe shear failure due to inclined cracking
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can be prevented and the full flexural capacitytted beam can be developed. In the
presence of stirrups as shownBguation 2-24, the shear capacity of a beam can be taken

as the sum of the contributions of the concr&tg énd the steel web reinforcemelt ):

V, =V, +V, (2-24)

2.4.3 Models for the shear behaviour of RC beams

2.4.3.1 Early truss models

Truss analogy was first introduced by Mérsch (19@5)model the shear behaviour of
reinforced concrete beams. In this model the retaftd concrete beam is idealized as a truss
where the "vertical tension members" are represebtethe transverse reinforcement, the
"diagonal members" by the inclined compressive petecstresses, and the "bottom and top
cords" are represented by longitudinal reinforcetmeemd the concrete compression zone
respectively. In this model the post cracking tiensiresses in concrete is conservatively
ignored, and due to the complexity of determinimg inclined concrete compressive stresses
angle, the angle of diagonal cracking is consevegtitaken as 45Aoude, 2008).

A more accurate approach can be made by modifyiegM6érsch model through a more
accurate estimation of the angle of inclinatiorthe diagonal concrete compressive stresses.
As seen infigure 2.40 the free body diagram has four variables (thegyoial compressive
stress, the tensile forces in the longitudinal figitement, the stress in the stirrups, and the
inclination of the principal compressive stressesile there are only three equilibrium
equations, therefore the diagonal compressivesstmgle must be estimated before starting
the analysis (Collins and Mitchell 1997).
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Figure 2.40: The modified Morsch truss model and the equilibrieonditions
[Adapted from Collins and Mitchell (1997)]

2.4.3.2 Compression Field Theory

Mitchell and Collins (1974) proposed the Compressioled Theory (CFT) to solve the
equilibrium equations in the Mérsch truss modelthiis model, Mitchell and Collins ignored

the tensile stress in concrete after cracking @sdraed that the shear stresses are resisted by
the diagonal compressive stresses. Using Mohrtdecihe stress-strain relationship of the
different materials, and the strain compatibly kestw the concrete and the reinforcement can
be obtained. The inclined compressive stress aagéken as a function of those strains (see
Figure 2.41). Although the CFT neglected the post crackingitenstresses in concrete, it

allows for a reasonable prediction of the shegvarse of reinforced concrete members.
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Figure 2.41: Different criteria in the CFT method
[Adapted from Collins and Mitchell (1997)]

2.4.3.3 Modified Compression Field Theory

Vecchio and Collins (1986) developed the Modifiednpression field theory (MCFT) which
further refines the CFT model, by accounting fag tontribution of the tensile stresses of
concrete after cracking. To arrive at the relatps used in the MCFT, numerous tests were
performed on reinforced concrete panels under giear loading. Based on the equilibrium
equations, stress-strain relationship, and thenstampatibility relationships, a practical
analysis of the complete shear load-deformatiopaese can be obtained (degure 2.42.
The development of user-friendly computer prograsaeh as RESONSE 2000 have
facilitated the practical implementation of the MICRo predict the shear capacity and

complete load-deformation response of RC beam#tZ32000).
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[Adapted from Sherwood (2008)]

2.4.4 ACI 318 shear design provisions

The simplified 48 truss model proposed by Morsch formed the basisadfy shear design

guidelines in North America. The model, which asesrshear cracks form at an angle df 45
permitted engineers to quickly estimate the sheangth of a reinforced concrete member
with web reinforcement. This simplified model sfitirms the basis of the expressions for
shear resistance provided by stirrups in severalgdecodes, including the current ACI
expressions (Sherwood, 2008). However, as notediqudy, this model assumed shear
resistance to be provided solely by transversdagiament and ignores the contribution of
the concrete to shear resistance. Research wadresinitiated to quantify this concrete
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contribution. Based on these research efforts,napirecally derived working shear stress of
0.0F'c (psi) was proposed to “safely” account for theasheontribution provided by the
concrete V.. (Sherwood, 2008). Combined with the simplifiedss model of Mérsch, this
empirically derived concrete contribution formede tibasis of the ACI shear design
provisions in the 1950s. However, the 1955 collagfshe Air Force Warehouse roof beams
(seeFigure 2.33 (a) indicated the unsafe nature of these early sttesign provisions. The
large beams had been designed without web reinfeene based on the assumption they
could resist the “safe” working shear stress oBOcO(Sherwood, 2008). As a result of this
incident, significant research was initiated toelep a safe and reliable model to account for
the shear resistance provided by concrete. Basedlamge database of experimental data, a
simplified expression for predicting concrete shesgpacity was proposed for use in the 1963
ACI code Equation 2-25, 2-26. The equation, along with the 194 experimenth ghints
used in the curve-fit of the expression is ploitedigure 2.43(Sherwood, 2008).

Y/ . r.vd . .
c =19/f +2500"" £35/f  (psi) (2-25)
b.d M
V ‘
c = f. f. (2-26)
b,d
E.Oi A
|
Foi_
? 4ob - }
'-E sop o .'-""
£ N A PLY
; -~":!-'5“f"1 ) |I
" ""“’I—l—
[z 30-*':"-?": v/t =19+ 2500pva/MITL <36
1.0
— inverse scale e
o 0z 04 08 o8 10 1520 5 =

1000 pVd /A 1,
Figure 2.43: Plot showing derivation of ACI 318 shear equation
[Reproduced from ACI Committe2631962)]

60



For most practical beam configurations valued@d0r Vd/M \/Tc are located to the left of

Figure 2.43 and thereforeEquations 2-25, 2-26can be simplified to the following
expression, which is the simplified formulation dsa the current shear provisions of the

ACI 318 code (ACI Committee 318, 2008).

Vv, =2,/t.b,d (psi) (2-27)
V, =0.167/f.b,d (MPa) (2-28)

It is also noted that the ACI 318 Code requires fhrevision of minimum shear
reinforcement in the form of stirrups in RC flexunaembers when the factored shear force,
V., exceeds one-half the shear strength provided bgretsV, (AClI Committee 318, 2008).
This minimum area of shear reinforcement can beutated using the flowing expression:

Aun = 075122 (psi 2-29)
~b,s
A i = 006 f, == (MPa) 32)

2.4.5 CSA shear design provisions

2.4.5.1 Overview

In the last few decades the Canadian shear desuyisjpns have evolved several times in
order to better predict the shear strength of cea#fd concrete flexural members. In the early
1980s the Canadian provisions relied generally rapiecal relationships. A more rational
approach was introduced in 1984 based on the CasipreFiled Theory (CFT). Later on in
1986, Vecchio and Collins have developed the MedifiCompression Field Theory
(MCFT). This method was the backbone of the gergealgn method adopted in the 1994
CSA shear design provisions. However using the gérshear design method presented in
the 1994 edition of the CSA A23.3 standard wagtikedly complex due to the way in which

factors such as the inclination angée, and 6 factor had to be calculated. The 2004 edition

of the CSA A23.3 standard introduced a set of giiedl analytical relationships that can be
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used to accurately predict the shear resistancR®fmembers based on the Modified

Compression Field Theory (MCFT), making the Canadilaear design method independent
from the ACI provisions (Bentz and Collins, 200B).order to satisfy the CSA A23.3 2004

shear design requirements the factored shearaesesfor an RC membey;, has to exceed

the factored external applied shear lo& {V,,). V, can be found usingquation 2-24

(V, =V, +V,), while V;andVscan be calculated respectively using the equabefsy:

V, =f,Ib [ f.b,d, (2-31)
f.A f,d, cot
Vs - SA/ yh™v q _:{2)
S

Whereb,, and d, represent the web width and the shear depth obé#aen;/ is a factor

which accounts for concrete typg€,and f are material reduction factors for the concrete

and the steel respectiveld, is the cross sectional area of the transversé rei@éorcement;

fyn is the yield strength of that steel asds the spacing of the transverse reinforcement.

2.4.5.2 Simplified and general shear design methods

In the general shear design method the angle gériheipal diagonal stresseg, and theb
factor need to be computed in order to predicfalctored shear resistance.

The b factor represents the ability of the concrete toycsiresses in between cracks and is
a function of the aggregate interlock mechanisnis Tactor is computed using a simplified
equation developed based on the MCFT. As shoviEgumtion 2-33 both the strain effect

and size-effect are incorporated in theequation (Bentz and Collins, 2005):

,-_ 040 . 1300 (2-33)
(1+1500e,) (1000+S,,)

S is the effective cracking spacing in the membat isna function of the member’s depth

and the aggregate size, represents the longitudinal strain at mid deptthefmember and
can be calculated using the following equation:

M
a0

& = (2-34)
2" E,C A
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WhereMg andVE are the factored applied moment and shear respiGtEs and As are the
modulus of elasticity and the cross sectional ak#he longitudinal steel reinforcement
respectively.

Equation 2-35can be used to calculate the angle of inclinatibthe diagonal compressive
stressesq :

g =29° +7000Ce, (2-35)
The simplified shear design method is considerec asodification of the general shear
design method where some assumptions are madeoid #ne iteration procedure. In the

simplified method the longitudinal strain at midotie of the membee, is taken to be equal
to 0.85 x 10. After substitutinge, in Equation 2-33 and Equation 2-35the 6 value will

be 0.18 andg will be 35’. Moreover to use this method the yield strengththef steel
reinforcement should not be greater than 400 MRhtha concrete compressive strength

must be less than 60 MPa.

2.5 Shear Behaviour and Modeling of SFRC and SCFRBeams
2.5.1 Previous research on shear behaviour of SFB&amMs

One of the possible applications of SFRC is in be#mat are shear critical. Research over
the past three decades has shown that the useebfibers in reinforced concrete beams can
be used to enhance shear resistance. Adding stesk fto a concrete beam without
transverse reinforcement improves shear behavioearta the ability of SFRC to resist and
redistribute diagonal tensile stresses after crackin addition, the fiber crack-bridging
capabilities delay and control the developmentratks. Thus, very much like traditional
transverse reinforcement, the use of fibers result@n increase in the overall shear
resistance of the beam and can promote flexurkiréaand ductility. If added in sufficient
guantities, the use of steel fibers can replacditiomal transverse reinforcement and
promote flexural failure and ductility. Parra-Mositgos (2006) presented a large database of
SFRC beam test results which included results fi@nstudies. The results showed that all
SFRC beams in the database hawhg 0.5% exhibited shear stress at failure greatar tha
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017/f." , equivalent toV, as defined in the ACI-318 code (ACI, 2008) withabes having

V;  0.75% failing at shear stresses not less tlﬁ)@q/?. Based on the experimental

Cc
evidence reported in the literature, the use oélstibers in flexural members is now

permitted in several international design codes &ection 2.6).

2.5.2 Models for predicting the shear resistanceSFFRC beams

Over the past two decades several researcherspnapesed equations to predict the shear
resistance of SFRC beams (sBable 2.9. These include models proposed by Sharma
(1986), Ashour et al. (1992), Narayanan and Darwikd87), Mansur et al. (1986) and
others. It is noted that the majority of the modetsount for the contribution of SFRC to
shear resistance using the so-called fiber fadtpmhich as shown ifEquation 2-36 is a
function of fiber content\{;) and fiber aspect-ratid{D;). Other models use material tests to

guantify the improvement in tensile resistance #w@denhancement in shear capacity.
F=V,— (2-36)

Most of these models are from empirical formulaeiveel from regression analysis of
limited experimental data. Therefore the resultsainled from these models can’t be relied
on in many cases to evaluate the shear capacit8HRC beams (Minelli, 2005). In
particular, it is noted that the model proposedSiyarma (1986) and initially recommended
by ACI Committee 544 shows very poor accuracy. Tiedel proposed by Minelli and
Plizzari (2006) modifies the shear capacity formgikgen in Eurocode 2. In this formulation,
a toughness parameter is used to adjust the |ahg#lureinforcement ratio; the rationale
being that fibers improve shear capacity and ductin the same way longitudinal
reinforcement uniformly distributed along the depfta member improves shear capacity.

In addition to the empirical models discussed absegeral researchers have proposed more
rational models to predict the shear response d@CGSBbeams. Models in this category
include the Variable Engagement Model (VEM) propbbg Foster and Voo (2003) and the

strain-based shear strength model developed by &hali (2007). These two models have
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been shown to result in more accurate predictidrshear resistance when compared to the
empirically-based equations, though more computatieffort is typically required.

Table 2.9: SFRC beam models for calculating the shear resistan

Researcher Predictive model for ultimate shear stregth [MPa]
Kwak et al. y d % L,V,d,
u, = 37ef? r9 7 1og oar SV1%
(2002) a D,
Sharma (1986 .d*®
u, =kf, —
a
Li et al. (1992) 3 g i
Uge = 125+ 47 (f, f,)a r d
Khuntia et al. _ 0167 +025Lfdf \/?
(1999) b, = Dlbia D, ¢
Imam et al.
(1995) u, = 06w (1) +275 [
@d)
Cucchiara et 167, f,
al. (2004) u,=083xr-ct Ity
c
Mansur at al.
(1986) u, = 016\/>+172’—VOI +041 8V, D—
f
Narayanan & d L:Vid;
Darwish =] 0'24fspfc 80r— +041t D
(1987) a f
Ashour et al. d
= 07 7/t LVid, 17.2r =
(1992) U= OTYf+ 9417278
Cassanova | v =09bd>s, (w)+VS
(1996)
Minelli & 018 f 13
Plizzari (2006)| u, = ——k 100r, 1+ 25 e‘*]ﬁ“ 9 f, +015s,
gc ct

Note: e is a function of the g/d) ratio; f is the split cylinder strength/ is the longitudinal steel

spfc
reinforcement ratiod is the beam effective depth;is the shear spart is the fiber bond shear strength;
L,,V,,D; are the fiber length, fiber volume fraction, aittef diameter, respectivelyd, is a factor which
accounts for the fiber geometiy;is a factor that refers to the type of the tesdusedetermine the concrete
tensile resistance;fSp is the split cylinder strength ( a different exgsien is used foa/d < 2.5); fc' is the

concrete compressive strengtlf; is the size factor defined by Imam et aly; is a function of the fiber
propertiesa/d is the shear span-to-effective depth ratid;is a function of the concrete strength and tie)(

ratio; VIM is shear-moment ratios_p (w) is the residual post-cracking strength of SFRCratlk widthw;
g, is the unit weight of normal concrete
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2.5.3 Design Guidelines for use of SFRC in Beams

The utilization of steel fiber as complete replaeemfor shear reinforcement remains a

matter of debate, and this returns to the compleaitd lack of full understanding of the

shear contribution of the steel fiber in beams watid without stirrups. Another reason

returns to the absence of reliable and accurate-baded equations for predicting the shear

resistance of SFRC beams. Nonetheless, severas codeurope and North America now

permit and give guidelines for the use of SFRCaarhs (se&able 2.10Q.

Table 2.10: Summary of some design guidelines for the she@staese of SFRC beams.

Design Guideline

Design Equation

Fiber contribution is ...

-separate term that is additional [to

the concrete contribution

an

1%

=

TCI?::.IéEMFDF V, =V, +§pd (Wm)>bz -function of mean residual post
hod cracking stress obtained from stregs-
-w metno crack opening (-w) relationship
-obtained using uni-axial tension tejst
RILEM V, =V, + 0.7kf k1[ N bwd -separate term tha_t is_additional to
TC-162-TDF the concrete contribution
- method wheret = 012f,,, -function of a fraction of the residua
_ t-cracking strengthf(,, )
V, =V, + 0.7k kit 4b,d pos ‘
DaftStb German | u ™ Yed frr T -obtained from bending test
Guidelines wheret , = ()37fRfk
Swedish V =V_. +V
Betongrapportnr4 "4 “cd @ T
-similar to above, except residual
Norwegian — + post-cracking strength is used
Recommendations Vi =Veg + 081 14,,,d directly in equation
-obtained from bending test
-not a separate term; taken as
addition to the effect of th
018 ¢ us longitudinal reinforcement ratior( )
[talian V,= —k 100, 1+75-2% f ~ +015%_, hd| -function of residual post-cracking
Recommendation & otk strength ()
-obtained from uni-axial tension ¢
bending test
ACI 318 (2008) | No equation
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2.5.3.1 ACI 318 code

The 2008 edition of the ACI-318 code was the fietth American code to permit the use of
SFRC as shear reinforcement in beams. In partithéacode allows the limited use of steel
fiber as a replacement for the minimum shear reggiment under certain conditions (ACI

Committee 318, 2008).

In terms of the fibers, clause 3.5.8 specifies that steel fibers should have a length-to-
diameter ratio of not less than 50 and not greaser 100.

At the material level, ACI 318 clause 5.6.6.2 preg® that SFRC shall be considered
acceptable for shear resistance if the followingditoons are satisfied:

(a) The weight of steel fibers per cubic yard shouldybeater than or equal to 100 Ibjyd
(60 kg/nt, which is equivalent to a volume fraction of 0.75%

(b) In accordance with the ASTM C1609 four point begdiast, the residual strength
obtained at a midspan deflection of 1/300 of thendength should be greater than or
equal to 90% of the first peak strength measureunh fthe flexural test, or 90% of
value which is calculated usifiguation 2-37, whichever is greater; and

(c) For the same flexural test and at mid span defleatf 1/150 of the span length, the
measured residual strength should be greater thaqual to 75% of the first peak
strength obtained from the same test, or 75% cdlculated usindequation 2-37,

whichever is greater.

f, =75/t (2-37)
In terms of using SFRC as a replacement for themmuim shear stirrups, clause 11.4.6.1(f)

allows using hooked or crimped steel fibers on doodthat:

(a) The concrete strengtH, does not exceed 60 psi (41 MPa);

(b) The beam depttn, does not exceed 24 in (610 mm); and

(c) The ultimate shear stre¥s does not exceedz\/fT b,d
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2.5.3.2 RILEM TC-162-TDF Method

Also known as thes - ¢ method, the RILEM TC-162-DF method uses the regighost-
cracking strength of FRC to determine the sheangth of a FRC member. Crack-mouth-
opening displacements (CMOD) or deflection-conellbending tests are used to obtain
residual load valued-g;) at pre-determined CMOD or deflection values (Bepire 2.44).
These load values are then used to determine sidusg post-cracking strength of the FRC
material at the various CMOD/deflectiorigi)

The design shear strength of the FRC beam is takehe shear resistance of a traditional
concrete member without shear reinforcemd®pt,plus an additional contribution provided
by the fibers. The contribution of the fibelgq, is taken as a fraction of the residual post-
cracking strength of the FRC (sEquations 2-38& 2-39).

V, =V, + 0.7k, Kt b, d (2-38)
t = 012fg, (2-39)

It is noted that the RILEM guidelines also prop@ssecond method for estimating shear
design strength based on the RILEM uni-axia test method (seEable 2.10.
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Figure 2.44: RILEM TC-162-TDF post-cracking residual strength

[Adapted from Jansson (2007)]
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2.5.3.3 German, Swedish and Norwegian guidelines

Other design guidelines for SFRC include the SwedBetongrapport nr4), German
(DAfStb) and Norwegian\eiledning stalfiberarmert betong@commendations. Just as in the
RILEM method, in these recommendations the shesisteaice provided by the fibers is
accounted for by an additional tefly which is taken as a fraction of the residual post-
cracking strength of FRC as obtained from bendasgst(sedable 2.10

2.5.3.4 Italian guidelines

The Italian guidelines differ from the previouslyentioned guidelines in that the shear
resistance provided by the fibers is not accoumbedising a separate term. The method,
which is based on the previously mentioned fornmaproposed by Minelli and Plizzari
(2006) modifies the shear strength formula foun&hM1992-1-1 and modifies it with regard
to the residual capacity of the FRC material (Egeation 2-40. The residual strength of
FRC is obtained from standard uni-axial tensiobending tests.

1/3

. f
Vegr = 228K 1007, 1475 P § 40155, b,d (2-40)
g

c ctk

2.5.4 Shear behaviour of SCFRC beams

As discussed previously, the addition of steelrBhe traditional concrete mixes can cause
problems in workability and placement, particulantizen high fiber contents are used. The
use of self-consolidating concrete (SCC) has beepgsed to reduce these problems and
facilitate placement. SCC can flow into place undgrown weight without vibration and

without exhibiting segregation or bleeding. Studmewe shown that by utilizing a highly

flowable SCC mix, self-consolidating properties ¢c@nmaintained at low or moderate fiber
contents, while adequate workability can be mam@diat higher fiber contents (with some

loss of self-consolidating properties) (Aoude, 2008
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2.5.5 Previous Research on Shear Behaviour of SCHR&amMs

While there has been several studies focusing erdévelopment of SCFRC mix designs,
there is limited data in the literature relatedthe structural use of SCFRC in beams.
Greenough and Nehdi (2008) performed a study osld3der SCFRC beams haviaf
ratios equal to or greater than 3 and having fitmrtents ranging from 0.5-1.0%. Three
different fiber types were used including: hookedkeflat-end and wavy type fibers. The
authors noted that SCC is particularly well suifed fiber addition due to its improved
rheological properties. The authors found thatatidition of steel fibers improves the shear
behaviour of SCC slender beams, with results shgwhiat addition of 1.0% fiber content
results in a 128% increase in shear capacity. Thieas also proposed an empirical equation
which modifies the traditional ACI shear equatieedEquation 2-41). The authors of this
study also proposed a second equation that modifipseviously developed equation for
shear capacity of RC slender beams developed bgah®e authors (séequation 2-42).

V= 0167/t +aFr +09nF b,d (2-41)
a
04
V= 0351+ ,/4700 fO%+ (1+ F)rE +094,tF b,d (2-42)
a

Where is taken as 1 N/mmF is the fiber factor , is the fiber orientation factor, is the
reinforcement ratiob,, andd are the beam width and depth, respectively. ltoea, as in
previous models, the fiber contribution to sheaistance is taken into account empirically
using the previously mentioned fiber factor (F).

Finally, there is limited published data on the debr of plain SCC beams in shear.
Lachemi et al. (2004) tested a series of 18 nocuoatrete (NC) and SCC beams and found
that a decrease in aggregate size from 19 mm torb2resulted in a reduction in ultimate
shear capacity. Similarly a comparison betweenktbleavior of the NC and SCC series
showed the SCC beams had reduced shear capacity conepared to the NC beams. In
both cases the behaviour was linked to the redaoattibution of aggregate interlock when

smaller aggregates or lesser aggregate contensacke
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Chapter Three: Experimental Program

3.1 Introduction

Although there has been extensive research focuminthe shear behaviour of traditional
steel fiber reinforced concrete (SFRC) beams, tisdimited research in the literature on the
behaviour of beams constructed with self-consdhgdatoncrete (SCC) and steel fibers. The
main objective of the experimental phase of thieaech program was to study the structural
shear strength, flexural ductility and crack cohtod self-consolidating fiber reinforced
concrete (SCFRC) beams. A secondary objectivetva&xamine if the use SCFRC could
substitute for traditional shear reinforcement iainforced concrete beams. The
experimental program involved the construction desting of twelve simply-supported
beam specimens constructed with SCC and steekfibéis chapter summarizes the details

regarding specimen and material properties.

3.2 Description of Test Specimens

The experimental program involved the testing oflt® reinforced concrete beams
constructed with SCC and steel fiberszigure 3.1 shows the geometry for a typical

specimen. All of the beams were 125 mm wide, 250 deep, and had a length of 2.8 m.
The beams where simply-supported over a span ofmi2ahd had a shear span of 800 mm
resulting in a shear span-to-depth ratadd, of 3.8. Each beam was reinforced with two
longitudinal reinforcing bars and a 30 mm clear @wete cover was provided in each

specimen. In addition none of the beams containgdransverse reinforcement. The details

regarding the cross-sectional properties are givdrable 3.1
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As shown inTable 3.1the experimental program included four seriespaeicenens grouped
based on longitudinal reinforcement ratio and cetectype. The M15-KING series consisted
of 6 beams reinforced with two 15M longitudinal edtébars, and constructed using a
traditional self-consolidating concrete (SCC) miamuafactured by KING materials (see
details in section 3.3.3). The series includedmtrol beam without fibers (specimen M15-
0.0%) and five other beams with varying fiber comdeand types. Specimens M15-0.5%,
M15-1.0% and M15-1.5% contained normal strengthkbdeend steel fibers with a fiber
content, Vs, of 0.5%, 1.0% and 1.5%, respectively. Specimersdl5%H and M15-
0.75%H were reinforced with 0.5% and 0.75% of hggrength hooked-end steel fibers,
respectively. The M20-KING series consisted of 2arhe reinforced with two 20M
longitudinal steel bars and constructed with sar@€ $nix used in the M15-KING series.
Specimens M20-0.75% and M20-1.0% contained norrimahgth hooked-end steel fibers
with V; of 0.75% and 1.0%, respectively.

The final two series of beams (M20-CustomA,B) wenstructed with two different
customized SCC mixes (designated as Custom SCCAvixd Custom SCC-Mix B; see
section 3.3.3 for details) and reinforced with nafnstrength hooked-end steel fibers.
Specimens M20-1.0%A, M20-1.0%B had a fiber cont®htof 1.0% whereas Specimens
M20-1.5%A, M20-1.5%B had ¥%; of 1.5%.

E W

foo - foo ' foo ‘

e
| |
—200 ] 2400 J l—ﬂj—l

COVED = 30 Mm

2800

Figure 3.1: Typical Beam Specimen
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Table 3.1: Design properties for beam specimens

Shear Fib
Transverse span to 1ber
. Concrete Cross- . . content
Series Beams - Reinforcement . depth | Fiber type o
Type section reinforcement ratio (% by
(a/d) volume)
M15-0.0% ZP-305 0.0
M15-0.5% ZP-305 0.5
M15-1.0% _ ZP-305 1.0
M15-KING KING SCC 2_11555|\4 N/A
M15-1.5% ( =1.55%) ZP-305 1.5
M15-0.5%H BP80/30 0.5
125 mm
M15-0.75%H x 38 | BP80/30 0.75
M 20-0.75% 250 mm ZP-305 0.75
M20-KING KING SCC
M 20-1.0% ZP-305 1.0
M 20-1.0%A Custom . ZP-305 1.0
M20-CustomA scc G N/A
M 20-1.5%A (Mix A) ( =2.33%) ZP-305 1.5
M 20-1.0%B Custom ZP-305 1.0
M20-CustomB SCC
M 20-1.5%B (Mix B) ZP-305 15

3.3 Material Properties

3.3.1 Reinforcing Steel

Two sizes of deformed reinforcing bars were usedhis experimental program. The

longitudinal steel reinforcement consisted of 15Mthe first series of beams, while 20M

bars were utilized to reinforce the specimens i@ tbmaining beams. Standard tensile

coupon tests were performed on two samples of baclsize using a 600 kN MTS testing

machine located at the University of Ottawa Strregu_aboratory (seBigure 3.2). Figure

3.3showstypical stress — strain relationships for eachdiee andlable 3.2summarizes the

properties of the reinforcing steel bars, includiyigld strengthf(), ultimate strengthfy), as

well as yield, strain hardening and ultimate s8&ip sn, o, respectively).
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Figure 3.2: MTS testing machine for testing steel coupons
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Figure 3.3: Stress — strain responses for 20M and15M reinfgrbars

74



Table 3.2:

Properties of reinforcing bars

fy e, (= f, e,
Bar Area
description | (m) (MPa) (mm/mm) | (mm/mm) (MPa) (mm/mm)
[std. dev.] [std. dev.] [std. dev.] [std. dev.] [std. dev.]
441 0.0022 0.0034 643 0.1475
20M 300
[0.6] [0.000003] [0.00024] [0.0] [0.0162]
15M 200 474 0.0023 0.0063 663 0.1947
[0.1] [0.0000005]|  [0.00516] [2.9] [0.0368]

3.3.2 Steel Fibers

Two types of steel fibers were used in this expental program. Nine of the twelve
specimens contained Dramix ZP305 fibers, whereasafithe specimens (M15-0.5%H and
M15-0.75%H) contained Dramix BP80/30 fibers. Theseo types of fibers were
manufactured by Bekaert Cooperation. Both typeBbefrs were 30 mm long with hooked
ends and collated into bundles by dissolvable ghishown irFigure 3.4

The Dramix ZP305 fibers are made of normal strerstiel wire with a tensile strength of
1100 MPa, have an aspect-ratig/l)s) of 55 and are likely the most common type of fibe
studied in previous research and used in practice.

The Dramix BP 80/30 fibers have a higher tensitergth of approximately 2300 MPa and
have a higher aspect-ratibi/Ds) of 80. It is noted that this fiber type has bemsed to a
lesser extent in previous research and is more @teployed in high strength concrete or
extreme load applications (earthquake and blast).

Different amounts of fibers were used in reinfogcihe specimens in order to examine the
effect of varying fiber content on shear resporfse@FRC beams. The fiber contents varied
from 0.5 % (38.4 kg/f) to 1.5% (115.2 kg/M by volume of concrete. The properties of

both steel fibers are summarizedliable 3.3
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Table 3.3: Properties of hooked-end steel fibers used in xpergmental program

Length| Diameter| Aspectratio| Tensile strength
Fiber type L+ Ds L#/Ds fy

(mm) (mm) (mm/mm) (MPa)
Dramix ZP-305 30 0.55 55 1100
Dramix BP80/30 30 0.38 80 2300

(a) Dramix ZP305 (normal strength) (b) Dramix BP80/30 (high strength)

Figure 3.4: Dramix hooked-end steel fibers used in this study

3.3.3Concrete

The concrete for all beam specimens was produc#gtedbniversity of Ottawa’s Pomerleau
Concrete Laboratory. As discussed earlier, threegyof self-consolidating concrete (SCC)
mixtures were used in this experimental progranN&Iself-consolidating concrete was
used in eight of the tested specimens, while thefaur beams were constructed using two

different customized SCC mixtures.

3.3.3.1 KING-SCC Mix
The KING-SCC mix consisted of a pre-packaged, seiffsolidating concrete mix with a

specified strength of 50 MPa (MS Self-Consolidat@gncrete, KING Packaged Materials
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Company). The mix contained a maximum aggregate siz 10 mm with a sand-to-
aggregate ratio of approximately 0.55 and a watenent ratio of approximately 0.42. An
air-entraining admixture, a superplasticizer andsaosity modifying admixture (VMA) are
incorporated into the mix in the form of dry powd€able 3.4lists the composition of this
concrete as specified by the manufacturer. As meatl in Chapter Two, SCC can be used
to reduce the potential of low workability when Ilhigpercentage of fibers are added
(typically at fiber contents greater than 1.0%) &acllitate the placement of concrete. This
mix was utilized in eight of the specimens usedha experimental program. The first
"control" batch contained no fibers, while the filmentents of the remaining batches ranged
from 0.0% to 1.5% and included two fiber types (DraZP305 and BP80/30).

Table 3.4: Self-Consolidating Concrete composition

Component Content
HSF Cement 500 (kg/n

Water-cement ratio 0.42
Coarse Aggregate 765 (kgim
Fine aggregate 915 (kgfn

Ratio Fine/Total Aggregate 0.55
Mass Density 2300 (kgffn

Air Content 7 (%)

3.3.3.2 Customized SCC Mixtures

The last four beams in this experimental prograner&hconstructed using two different
customized SCC mixtures. The objective was to preduregular-strength SCFRC mixture
with good workability at high fiber contents (1.08ad above). This was accomplished by
limiting coarse aggregate size, using cement wiitenal admixtures (Fly Ash) and the use
of chemical admixtures (superplasticizer & viscpsitodifying agent).

Both mixtures contained Type 10 cement and clallg &h. The coarse aggregate size was

limited to 12 mm while silica sand was used as figgregate. In addition, a superplastizer
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(ADVA CAST 575) and viscosity modifying admixtur&{MAR 3) were used in order to
improve workability and prevent segregation. The< iproportions were selected using a
series of trial batches and were based on an exéeresiew of mixtures proposed by other
researchers. Both mixtures incorporate normal-gtrernooked-end steel fibers (Dramix
ZP305) at fiber contents that varied from 1.0% t&6%. Table 3.5 summarizes the

composition of both customized mixtures.

Table 3.5: Properties of customized SCC mixtures

Component Content (Mix A) Content (Mix B)
Cement 473 (kg/f) 350 (kg/m)

Fly Ash 238 (kg/m) 307 (kg/m)
Water-cement ratio 0.33 0.36

Coarse Aggregate 439 (kghm 439 (kg/n)
Fine Aggregates (silica) 806 (kgim 876 (kg/m)
Mass Density 2400 (kgffn 2400 (kg/m)
Superplastizer

ADVA CAST 575 292 ml/100 kg 380 ml/100 kg
GRACE Concrete Products

Viscosity modifying admixture *

V-MAR 3 52.8 ml/100 kg 76 ml/100 kg
GRACE Concrete Products

Steel Fiber (1.0-1.5)% (1.0-1.5)%

Superplastizer and VMA gquantities are measured.p@rkg of cementitious materials

3.4 Mixing and Casting of concrete
3.4.1 Effect of mixer type

Different mixers were used in the study to asskssetfect of mixer type on the fresh-state
properties of the mixes (s€éégure 3.5. The first type of mixer was a portable gas-pater
rotating drum mixer. The mixing action in this typeémixer was provided by small ledges
on the interior of the drum that would lift the r@aél to a certain point, and then allow it to
be dropped to the base of the drum. However, ffi@emcy of this mixer was limited due to
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its slower mixing rate (30rpm) and its smaller mix capacity. Although tmger type was
found adequate for the KING SCC mix even at highieer contents, it was much less
effective in mixing the customized SCC mixtureghis study. The second mixer was a 420
volt electric multiflow pan mixer that uses 3 fixpdddle blades that are arranged in such a
way as to create a forced mixing action as therpaalves at high velocity. A side scraper
blade is also used to ensure that material doeduitet up on the side of the pan. When
working properly, this mixer was the ideal mixer tmoth the KING and customized SCC
mixtures due to its ability to force material aghivelocity into defined flow path and

resulted in an excellent distribution of steel fljeand excellent mix uniformity.

(a) Drum Mixer (b) Pan Mixer

Figure 3.5: Concrete Mixers used in the experimental program

3.4.2 Mixing procedure

The KING-SCC mix was prepared by adding the desigamaount of prepackaged materials

to the mixer and pouring the water in several sgdey-mixing for 30 seconds, adding half

of the mix water and mixing for 1 minute, adding tlemaining water in 4 steps at 60 second
intervals). After the initial SCC mixing steps, altdibers were added gradually and mixed
until uniform distribution was attained.

The customized SCC mixtures were essentially pegply adapting the mixing procedure

proposed by Liao et al. (2006). Initially, the dmyix (cement, fly ash, silica sand) was
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thrown into the mixer and the materials were mix@d30 seconds. Thereafter half of the
liquid (water pre-mixed with the chemical admixtsirgvas poured into the mixer and mixing
continued for 1 minute. Subsequently half of theaing amount of liquid was added in 4
steps at 60 second intervals. This was followedhleyaddition of the coarse aggregates and
two minutes of mixing. The steel fibers were thelded gradually to the mixture and after
all fibers were added, mixing continued for 2 masito ensure uniform fiber distribution. It
is noted that following the proposed sequence xingiwas crucial in order to achieve the

desired workability in both mix types.

3.4.3 Casting and Curing

At the time of casting the specimens in this experital program the Pan mixer was initially
not available. As such all the beams which conthie KING-SCC mix were cast using a
pair of gas-powered rotating drum mixers ($egure 3.5 (a). The last four specimens
which contained the customized SCC mixtures west @sing a Pan mixer (s&egure 3.5
(b)).

The mix procedures detailed in the previous seatiere used to mix the concrete used in all
the specimens. After mixing, concrete was pouredctly into wooden forms (sdeéigure
3.6) layer by layer. Vibration was required in the e&ad using high strength and/or high
percentage of fibers (1% and above) to ensure prap&rete consolidation. At the end of
casting, the concrete surface was leveled in dadebtain a fairly smooth surface.

After completion of casting, all beam specimenseanaired and covered with plastic sheets
and a layer of moist burlap. Curing of the beamstioaed for seven days and then they
were demolded and air-cured in the laboratory uhélday of testing.
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Figure 3.6: The form work used to cast all the beam specimens
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3.4.4 Fresh-State Concrete Properties

As mentioned in Chapter Two, SCC in the fresh sshteuld maintain fair workability and
segregation resistance. Workability was examinedguihe slump flow test, whereas visual
inspection was used to observe if segregation oeduilhe slump flow test was carried out
for each mixed batch. The diameter of the spreadcrete was measured in two
perpendicular directions and recorded as slump.fligure 3.7 lists measured slump flow
diameters for each batch associated with the tym®mcrete and the steel fibers properties
used in each mixture. It is noted many factors govke flowability of SCFRC such as the
concrete type, aggregate size, and steel fibergptieg. In this study the type and the content
of steel fibers were the driving parameters affegtivorkability as observed in the slump
flow test results. As expected, increasing therfibentent reduced the workability of the
KING-SCC mix. Results from a previous test serissg the same concrete mix indicated
that the 1.5% fiber content is an upper limit fosemi-workable self-consolidating mix
(Aoude et al., 2009). In this test series, althoselfconsolidation was no longer possible at
a fiber content of 1% ZP305 fibers, the mix wadisigntly workable. During casting of the
specimens no vibration was required at a fiber exnbf 0.5% or 0.75%, while slight
vibration with a small 25 mm (1 in.) vibrator wasquiring at a fiber content of 1%. The
flowability was also significantly influenced bybgr type, with recorded slump flow values
declining in the case of using steel fiber withgkr aspect ratioL{ /D;) such in case of
Dramix BP 80/30. For example while good workabilitas attained when normal strength
fibers were used at moderate fiber contents, the afs0.75% of high-strength fibers
significantly reduced workability owing to the higthaspect ratio of this fiber, and required
vibration during casting (some segregation was mesefor this mix). Observations made
during this test program indicate that a fiber eantof 0.5-0.75% BP80/30 may be an upper
limit for the mix used in this study. Similar wotkty results were observed for the
customized SCC mixtures, and although slump flovesewreduced, placement of these

mixtures was quite improved based on visual inspeauring casting.
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Figure 3.7: Slump Flow Properties
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3.4.4 Hardened- State Concrete Properties

A series of lab cured cylinders and flexural beamese prepared during the mixing of the
concrete. Three cylinders, taken from each batche wested to determine the concrete
properties used in the beams. The concrete conpeestsengths were obtained by testing
standard cylinders having a diameter of 100 mmaahdight of 200 mm at the day of testing
(seeTable 3.6. The cylinders were tested using a hydraulic aress machine located at the
University of Ottawa Structures Laboratory (sEegure 3.8 (a). Another series of
compressive strength tests were carried out omgasiset of cylinders to plot the full stress-
strain relationship of SCFRC material under congices The second series was tested by a
hydraulic pressure machine (MTS) located at theidson Structures Laboratory at McGill
University (sedrigure 3.8 (b). The stress-strain plots are shown in the lele sif Figures
3.9and3.10 As expected increasing the fiber content imprdatespost-peak behaviour and
ductility observed in the stress-strain responses.

As elaborated in Chapter Two, steel fibers are tpaised to enhance concrete toughness
properties, and several methods to estimate thighttzess were described in the Literature
review. In this experimental program the third-gdoanding test method described in ASTM
C1609 was used. The flexural toughness tests vaer@ucted on specimens which were 100
mm by 100 mm by 400 mm in size and were subjeadtlitd point loading over a span of
300 mm (seeFigure 3.8 (c). The rate of loading was 0.2 mm/min and the tgat
conducted with a hydraulic pressure machine (MTdgpted at the University of Ottawa
Structures Laboratory. Full load-deflection redaships for each specimen are presented in
the right side ofFigures 3.9and3.10 As expected, one can see that the addition efdib
has significantly improved toughness propertiesjctvhcould be clearly noted by the
significant improvement in the post-peak stagehef $CFRC specimen responses. It is also
noted that the deflection-hardening behaviour seobed at a fiber content of 1.5% for both
the KING SCC and customized SCC mixtures.

A full analysis of the results was performed usiagghness parameters defined in ASTM
C1609 and JSCE SF-4 standards {&agle 3.7).

84



Table 3.6: Concrete Properties

_ Compressive
_ Fiber strength at day Mlgdulus of
Concrete Type Fiber type  Content, of testing, upture,
(V1) % fi-(MPa) Jr(MPa)
SCC - 0 51.94 5.93
SCC ZP305 0.50 59.43 7.02
SCC ZP305 1.00 51.52 6.72
SCC ZP305 1.50 55.78 7.70
SCC BP 80/30 0.50 49.56 6.46
SCC BP 80/30 0.75 45.94 5.74
SCC ZP305 0.75 44.70 6.96
SCC ZP305 1.00 45.00 6.72
Customized (A) ZP305 1.00 54.49 8.45
Customized (B) ZP305 1.00 52.58 8.22
Customized (A) ZP305 1.50 50.51 7.25
Customized (B) ZP305 1.50 51.54 7.28

SCC beams in the second series in which two 20® stinforcing bars were used

(a) Cylinder testing machine  (b) Cylinder testing machine(c) Flexural beam testing machine

located at uOttawa Laboratory located at McGill University located at uOttawa Laboratory

Figure 3.8: Hydraulic pressure machines used to test concyditeders and flexural beams
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Table 3.7: Flexural toughness parameter according to the AETMO09 and JSCE SF-4

standards
JSCE
Mixture ASTM C1609
SF-4
Name
Pl 1 Pp p fl fp P600 f600 P150 f150 T150 FT
KING-SCC
0.0% - - 1939 - | - 5.93 ; ; ; - ; -
KING-SCC |
0.5% ; - | 23.88| 0.068 - 702 1721 506 570 1.68 23.4000®
KING-SCC ‘ I _
1.0% ; - | 23.08| 007 - 6.72| 18.06 526 888 259 27,23004.
KING-SCC
1 6% 20.38 | 0.05| 2564 0208 611 7.70 049 0.5 15.5867 4. 40.44| 0.008
KING-SCC | |
0.5%H 21.97 | 005| 2002 128 646 589 17/8 504 14.93 7 557.68| 0.005
KING-SCC | ]
0.75%H | 19.14 | 0.07| 19.07 048 574 572 1907 5[F2 13.9920 4. 32.18| 0.005
Custom- | 45435 | 006| 2818 0577 491 845 2785 8p1 204714 6 48.43| 0.007
SCC 1.0%A | ~° : : : : : : : A7 . .

Custom- A ) | A A
SCC 1.0%B 24.77 0.23| 27.94 0.472 7.29 8.22 2454 7.2 12.7074 3. 40.13| 0.006

Custom- L 4 L
SCC 1.5%A 20 0.18 | 25.14 0.836 5.7 726 23.09 6.66 2051 59.47| 0.006

Custom- | 16,94 | 0.05 )
SO 1.5%B 2452| 0.385 5.03/ 7.28 2161 6.42 1681 484 39.640080

L = Span Length (300 mm), (L/600 = 0.5, L/150 =2)
P,= First-Peak Load (kN)

1= Net Deflection at First-Peak Load (mm)
P,= Peak Load (kN)
o= Net Deflection at Peak Load (mm)
f;= First-Peak Strength (MPa)
fo= Peak Strength (MPa)

Psoo= Residual Load at net deflection of L/600 (kN)
feo= Residual Strength at net deflection of L/600 (MPa
Pis0= Residual Load at net deflection of L/150 (kN)
Fis= Residual Strength at net deflection of L/150 (WPa
T1s0= Area under load vs. net deflection curve (0 tbSl0)
FT = Flexural Toughness Factor ={FL)/(L/150 *b*d?)
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Figure 3.9: Results from compression tests & toughness testhdoKING-SCC mix
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3.4.5 Load setup and Instrumentation

The setup shown ifigure 3.11was used to test all of the beam specimens moivaibn
under four-point bending load. All the beams wearepsy supported over a length of 2400
mm and subjected to two central loads, spaced 8@0apart, to ensure a constant moment
region in the middle of the beam. The shear spas 8 mm (resulting in shear span-to-
effective depth ratia/d, of approximately 3.8). The loading was appliedaldyydraulic jack,
mounted on a circular load cell, and both restech amall rigid steel assembly in order to
obtain a uniform load transfer to the beam. Thel laad support details are showrFigure
3.12

The tensile strains in steel reinforcement were itoogd using electrical resistance strain
gages, glued to one reinforcing bar in each spetimidéese gages were located in the
midspan and at the point-load locations. Beamedglins were recorded at midspan and the
two point-load positions using three displacemeathle transducers (DCT)igure 3.13
shows the locations of the tensile strain gagesiatid to the steel bar, and the position of the
DCT’s. The load cell, the three strain gage waed the three DCT’s were hooked to a data
acquisition system programmed to record loadingdefdrmation readings.

3.4.6 Testing Sequence

All the specimens were subjected to the same |gaskigiuence. Initially the specimens were
tested under load-control and an interval of 2.5v&& left between load stages. The load
interval was increased to 5 kN once the load reddtaekN (corresponding to a shear, V, of
7.5 kN) and testing continued until failure in sheathe onset of yielding. After yielding,
loading was switched to deflection-control (withntm left in between load stages) and
continued until the load dropped below 85% of tleakp value or when the maximum
deflection reached 70 mm, which represented thveltiapacity of the loading apparatus.
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Figure 3.11: Beam specimen just prior to testing

Figure 3.12: Loading device and support details

Figure 3.13: Locations of the strain gages and the DCTs
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Chapter Four: Results of the Experimental Program

4.1 Introduction

In this chapter the behaviour of the twelve beagstet in the experimental program is
discussed. The results of each specimen in termshefr load-deflection response,
reinforcement strains, cracking behaviour, majergs during testing and failure modes are
presented. All the specimens were subjected tedhee loading sequence. Initially loading
was applied under “load control”, with intervals2b & 5 kN between stages. This mode of
testing continued until shear failure or the orsefiexural yielding at which point loading
was switched to “deflection control”, with 5 mm feen stages. Testing continued until the
load dropped below 85% of the peak value or whemtaximum deflection reached 70 mm.
While this chapter presents the detailed respohsaah beam, the results are compared and

discussed in Chapter 5.

4.1.1 Beam M15-0.0%

This specimen was the first beam to be testedankKiNG-M15 series. The beam was the
“controlled” specimen in this series and was carcdrd with a traditional self-consolidating
concrete (SCC), and contained neither steel fiberdransverse shear reinforcement.
The first hairline cracks in the form of flexuratacks occurred at an applied load of
approximately 12.53 kN (V = 6.27 kN) and occurréthe center of the beam in the constant
moment region. As the load increased, flexural ksastarted to propagate outside the
constant moment region. The first flexural-sheackrtook place on the east shear span of
the beam at load of 35.24 kN (V = 17.62 kN). Thésra further flexural-cracks were
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observed on the west shear span of the beam abfda®l25 kN (V = 27.63 kN). At a load
of approximately 59.7 kKN (V = 29.35 kN) a suddeeahcrack formed on the west side of
the beam and was immediately followed by a brdtiear failure with a sudden loss in load
carrying capacityFigure 4.1 (a) shows a plot of the shear load that was appliethéo
specimen versus the corresponding mid-span deftectihe maximum deflection recorded
in the mid span of the beam just before failure W@&§7 mmUFigure 4.1 (b)shows a plot of
the measured strains in the steel reinforcemens. fibted that the steel didn’'t exhibit any
yielding. As expected, the brittle failure occurnedll before the flexural capacity could be
reached due to the lack of transverse shear regrioent in this specimehkigures 4.1 (c) &
(d) show the growth of shear and flexural crack widihsa function of load. The maximum
flexural crack width prior to failure was 0.3 mmig noted that the crack that caused failure

occurred suddenly and without warning. The majeméy are summarized Figure 4.2
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Figure 4.1: Experimental results for Beam M15-0.0%
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Load stage V (KN) Mid-span (mm) First hairline cracks
L5 6.27 1.63 appear in the constant
moment region
Load stage V (kN) Mid-span (mm) First cracks appear
L7 10 3.26 outside the constant
moment region
Load stage V (KN) Mid-span (mm) Cracks at the center
L9 15.2 5.39 propagate and reach 0.2
mm in width
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L10 17.6 6.40 beginning to form on the
E-side of the beam
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L14 27.63 9.96 beginning to form on the
W-side of the beam
Cracks at the center rea
0.3 mm in width
Load stage V (kN) Mid-span (mm) Specimen fails: brittle
Failure 29.35 10.77 shear failure on the W-

side of the beam

Figure 4.2: Major events for specimen M15-0.0%
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4.1.2 Beam M15-0.5%

This beam had identical properties to the prevepecimen with the exception of addition of
steel fibers at a fiber content of 0.5% by voluniee@ncrete. The fibers used in this beam
were Dramix ZP305, normal strength hooked-end dileets. The objective of adding this
guantity of fibers was to study the effect on ulibe shear capacity and to examine the
potential enhancement in crack control.

The same loading sequence used in the testing efildpn M15-0.0% was used in the
testing of this specimen. The first hairline cragks observed in the middle of the beam at a
load of 12.55 kKN (V = 6.27 kN). Multiple flexuralracks formed outside the constant
moment region at load of 30.16 kN (V = 15.08 kN).léad of 40 kN (V = 20 kN) a flexural-
shear crack started to develop on the east shear @pthe beam. As loading continued
another flexural-shear crack appeared on the wesdrsspan of the beam when the load
reached 75.26 kN (V = 37.63 kN). The east sideuilakshear crack eventually developed
into a shear crack which led to a brittle shedufaiat a load of 86.66 kN (V = 43.33 kN)
and corresponding mid-span deflection of 17.85 mm.

Figure 4.3 (a)shows a plot of the shear load that was applietthéaspecimen versus mid-
span deflection.Figure 4.3 (b) shows the measured strains in the longitudinaél ste
reinforcement, with failure occurring prior to tielding due to the brittle shear response.
Due to the presence of fibers, the ultimate shapacity of this specimen was increased by
47% when compared to the control specimen. Howeler guantity of fibers used in this
beam wasn't sufficient to transform the shear failto a ductile flexural response.

The maximum flexural crack width was 0.4 mm befiaiture, and the largest diagonal crack
width was also 0.4 mm (sdégures 4.3 (c) & (d). The major events during testing are

summarized irFigure 4.4
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Figure 4.3: Experimental results for Beam M15-0.5%
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Load stage V (KN) Mid-span (mm) First hairline cracks
L5 6.27 1.51 appear in the constant
moment region
Load stage V (KN) Mid-span (mm) First cracks appears
L9 15.08 4.47 outside the constant
moment region
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L11 20 6.41 beginning to form on the
E-side of the beam
Crack at the center
become 0.3 mm wide
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L18 37.63 12.42 beginning to form on the
W-side of the beam
Load stage V (kN) Mid-span (mm) Shear crack suddenly
L20 42.52 16.8 forms on the W-side of
the beam
Load stage V (kN) Mid-span (mm) Specimen fails: brittle
Failure 43.33 17.85 shear failure on the E-

side of the beam

Figure 4.4: Major events for specimen M15-0.5%
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4.1.3 Beam M15-1.0%

This specimen was built in the same manner as B4850.0% but included steel fibers at a
fiber content of 1.0% by volume of concrete. Iniéidd to improving the shear capacity of
the beam and crack control, it was expected thatfiber content would be sufficient to
transform the failure mechanism of the specimemfi@ brittle shear failure to a ductile
flexural failure.

The same loading sequence used in the previous she@s followed in testing this
specimen. The first hairline crack formed at lodd$.10 kN (V = 7.55 kN) in the constant
moment region. It is noted that the load requiea@duse first cracking was slightly higher
than that observed in the control specimen. Whendad reached 50.06 kN (V = 25.03 kN),
in addition to the formation of new flexural craakstside the middle region, a flexural-shear
crack began to form on the west shear span of ¢laenb For the east shear span, the first
flexural-shear cracks started to appear at load0o48 kN (V = 35.24 kN). With further
loading, “forking” cracks (secondary cracks growog of primary cracks) began to develop
in the tensile face of the member. This was fodldvby the sudden appearance of a diagonal
shear crack on the east shear span of the beainad af 90.16 kN (V = 45.08 kN). Despite
the occurrence of the shear crack, the crack waisaited and there was no observed drop in
load carrying capacity. This can be attributed he improvement in diagonal tension
capacity provided by this quantity of steel fibeFie increased shear capacity allowed the
beam to reach its full flexural strength, with asated yielding of the longitudinal
reinforcement. After yielding occurred, testing toned under deflection control. As the
mid-span deflection increased the concrete in tmepression zone started to show signs of
crushing when the load approached 91.78 kN (V 8%%&N). Subsequently, crushing of
concrete continued and when the deflection at mahkseached 41 mm the load started to
drop steadily (maximum sustained load was 96 kN; 48 kN). Testing was stopped when
the capacity of the beam dropped to 85% of peadkteese at a mid-span deflection of 55.12
mm. Figure 4.5 (a)shows a plot of the shear load that was appliethéospecimen versus
the mid-span deflectiorkigure 4.5 (b) shows the measured strains in the longitudinall ste

reinforcement. The largest shear crack width wdsn@m, while the flexural cracks in the
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center of the beam exceeded 4.0 mm EBgare 4.5 (c) & (d)). Figure 4.6 summarizes all
the major events that occurred during the test.

The major observation in this test is that additdri.0% steel fibers resulted in an increase
in shear capacity, and transformed the brittle sFalure observed in the control specimen
(and Beam M15-0.5%) into a ductile flexural resmonghe flexural failure allowed the
specimen to carry large deflections prior to falwvith the recorded maximum deflection
corresponding to approximately four times thatiedrby Beam M15-0.5%.
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Figure 4.5: Experimental results for Beam M15-1.0%
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Load stage V (KN) Mid-span (mm) First hairline cracks
L7 10.11 2.99 appear in the constant
moment region
Load stage V (kN) Mid-span (mm) Crack at the center
L13 2503 8.33 become 0.2 mm wide
Flexural-shear crack
beginning to form on
the W-side of the beam
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L17 35.24 11.20 beginning to form on
the E-side of the beam
Load stage V (kN) Mid-span (mm) Forking cracks
L21 45.08 17.17 beginning to form
Web shear crack
suddenly forms on the
E-side of the beam
Load stage V (kN) Mid-span (mm) Cracks at the center
L24 45.89 29.18 reach 2.0 mm in width
Signs of crushing on th
compression side of the
beam at mid-span
Load stage V (kN) Mid-span (mm) Flexural cracks (>4.0
Failure 40.8 55.12 mm)

Failure of specimen
(capacity drops to 85%
of peak value)

Figure 4.6: Major events for specimen M15-1.0%
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4.1.4 Beam M15-1.5%

This beam was the fourth specimen in the M15-KINGt tseries and contained 1.5% of
normal-strength hooked-end fibers by volume of cetec The main objective of testing this
specimen was to study the enhancement in flexaadhaty and crack control which could
be gained from adding such an amount of steeldiber

The first flexural crack appeared on the constamnent region of the beam at load of 15.18
kN (V = 7.59 kN). Soon thereafter, more flexuradaks developed outside the middle of the
beam at load of 20.06 kN (V = 10.03 kN). Flexuraéar cracks started to occur in both the
east and the west shear spans of the beam simulislgevhen the load approached 35.45
kKN (V = 17.73 kN). Prior to reaching the beam fleducapacity flexural cracks were
propagating, whereas their widths remained relptisemall (0.3 mm) due to the ability of
this relatively high amount of steel fibers to aohtracking. Once yielding occurred and the
flexural capacity was reached, the loading waschei to deflection-control. With further
loading, concrete started to exhibit crushing ia thiddle top portion of the beam when the
deflection reached 25 mm at mid-span with a cooedmg load of 92.18 kN (V = 46.09
kN) and. As testing continued the load startedrtgpcand continued until the deflection at
mid-span reached 70 mm as shownFigure 4.7 (a) (it is noted that the beam capacity
dropped near 85% of peak capacity at this loade3tdathe peak recorded load was 93.4 kN,
corresponding to a shear load of 46.7 Kigure 4.7 (b) shows yielding of the longitudinal
reinforcement strains as recorded by the gages.

As shown inFigure 4.7 (c) the largest shear crack was 0.4 mm. The flexareadks in at the
center of the beam exceeded 5.0 mm in width ag¢tigeof testing (sekigure 4.7 (d). This
specimen showed a slight improvement in controléregcks when compared to the previous
specimen that failed in flexure (Beam M15-1.0%)sththe additional amount of fibers
efficiently bridged the crack openings beyond theet of flexural yielding. It is also noted
that concrete crushing was better controlled ia sijiecimen when compared to the specimen
with 1.0% fibersFigure 4.8 shows a summary of the major events which tookeptiuring

testing.
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Figure 4.7: Experimental results for Beam M15-1.5%

102



Load stage V (KN) Mid-span (mm) First hairline cracks appear
L6 7.59 229 in the constant moment
region
Load stage V (KN) Mid-span (mm) Flexural cracks start to form
L7 10.03 3.14 outside the middle region
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L10 17.73 5.7 beginning to form on the E-
side & W-side of the beam
Load stage V (KN) Mid-span (mm) Extension of Flexural-shear
L17 35.31 11.09 crack
Cracks at the center reach Q.
mm in width
Load stage V (kN) Mid-span (mm) Initiation of concrete
L22b 46.09 25 crushing in compression
zone
Forking cracks
Cracks at the middle reach
2.0 mm in width
Load stage V (kN) Mid-span (mm) Further concrete crushing
L27 44.80 50.20 Multiple cracking and
slightly reduced spacings
Flexural cracks exceed 5.0
mm in width
Load stage V (kN) Mid-span (mm) Failure of specimen (capaci
Failure 39.7 70.5 drops to 85% of peak value

Figure 4.8: Major events for specimen M15-1.5%
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4.1.5 Beam M15-0.5%H

The main new feature in this specimen in compartsdie previous specimens in the M15-
KING series is the use of Dramix BP 80/30 fibers dibber content of 0.5%. To recall these
fibers have higher tensile strength and a greafeed ratio when compared to the Dramix
ZP305 fibers used in the previous specimens. hoied that while the use of this fiber
caused a reduction in SCC workability in the fretdte, the two aforementioned fiber
properties were expected to lead to some improvemanember response in terms of shear
capacity and crack control. To investigate the mrpments in behaviour a comparison can
be made between the response of this specimenesard B15-0.5% which was reinforced
with normal-strength Dramix ZP305 fibers.

Similar to the two previous SCFRC specimens in te& series, the first hairline crack
formed at a load of 14.67 kN (V = 7.33 kN). Whee tbad reached 20.04 kN (V = 10.02
kN) additional flexural cracks started to form adésthe middle region of the beam. The
first flexural-shear crack was seen on the easrséigan of the beam at a load of 30.16 kN
(V = 15.08 kN), and at the same stage some of fearacks had a width of 0.2 mm. As the
applied load was increased, the flexural cracksextdo widen until they reached 0.3 mm in
width, along with the appearance of first flexuskar crack on the west side of the beam at
a load of 55.26 kN (V = 27.63 kN). A very visibleetorshear crack formed on the west shear
span of the beam at a load of 75.20 kN (V = 3780 Bubsequently the specimen started to
show some flexural response with significant deiters at mid-span. Nevertheless, the
previously formed web-shear crack continued todase in size with the beam failing in
shear at a load of 90.35 kN (corresponding to shasd of 45.17 kN). The maximum
deflection in the mid-span of the beam was 39.88 comesponding to more than 2.2 times
the maximum deflection in Beam M15-0.5% ($agure 4.9 (a). It is noted that the gages
attached to the longitudinal steel reinforcement how some yielding before failure (see
Figure 4.9 (b). During testing, after the main shear crack faintecould be clearly seen
that the fibers at the crack interface were briggthe crack. However as the loading
continued the fibers eventually were pulled out #mtlire occurred resulting in a sudden

loss in load carrying capacity. While the maximulexéiral crack width was 0.3 mm at
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failure, remarkably the largest shear crack befaiere was over 1.0 mm in width which
allowed for some warning prior to the brittle cplée of the beam (séggure 4.9 (c) & (d)).
The major events for this beam are summarizédgare 4.1Q

It can be concluded that the use of Dramix BP 8G@i#3€rs in this mixture has allowed the
specimen to exhibit a more ductile response whempaoed to Beam M15-0.5% due to the
enhanced fiber characteristics.
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Figure 4.9: Experimental results for Beam M15-0.5%H
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Load stage V (KN) Mid-span (mm) First hairline cracks
L5 7.33 2.05 appear in the constant
moment region
Load stage V (KN) Mid-span (mm) First cracks appears
L7 10.02 2.98 outside the constant
moment region
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L9 15.08 11.20 beginning to form on
the E-side of the beam
Flexural crack in the
middle reaches 0.2 mn
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L14 27.63 8.68 starting to appear on
the E-side of the beam
Flexural Cracks at the
center are 0.3 mm widg
Load stage V (kN) Mid-span (mm) Formation of web shear
L18 37.60 12.36 crack at the W-side of
the beam
Some shear cracks
become 1.0 mm wide
Load stage V (kN) Mid-span (mm) Brittle shear failure on
Failure 45.17 39.88 the W-side of the beam

Figure 4.10: Major events for specimen M15-0.5%H
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4.1.6 Beam M15-0.75%H

As indicated in the previous test, the addition00%5% Dramix BP80/30 wasn’t quite
sufficient to develop a fully ductile flexural resgse in Beam M15-0.5%H. The objective of
testing this specimen is to verify the optimum #ddal content of Dramix BP80/30 fibers
required to avert a brittle shear failure. Thiscpen was designed with the same details as
the previous specimen but was reinforced with 0. 06®P80/30 fibers. It was expected that
the additional 0.25% of fibers would allow the be&mexhibit a more ductile flexural
response. However, this was the last beam in the-KING test series.

The tensile face of the concrete showed the fiagtihe cracks at a load of 20.23 kN (V =
10.12kN), corresponding to a higher cracking lolaant observed in the previous beams.
Soon thereafter multiple flexural cracks formedsalg the constant moment region at a load
of 25.24 kKN (V = 12.62 kN). Some of the flexurahcks reached 0.3 mm in width, along
with the appearance of flexural-shear crack onetd shear span of the beam at a load of
55.40 kN (V = 27.70 kN). When the load started xoe2d 70 kKN (V = 35 kN) cracking in
the shear span was well controlled and behaviourlsed to a flexural response along with
the yielding of the longitudinal steel reinforcerheAs loading continued in deflection
control, the flexural cracks continued to extend anlarge. The concrete started to show the
first signs of crushing at a load of 93.27 kN (\M6.64 kN) and a deflection near 40 mm.
When the specimen reached a mid-span deflecti&@®.68 mm the load dropped to 85% of
the peak load which is similar to the failure defien recorded in beam M15-1.0%. The
peak load for this beam was 95.66 kN (V = 47.83.KNNis noted that testing continued until
deflection reached 70 mm to allow for a compariaith the response of Beam M15-1.5%.
Figure 4.11 (a)shows the shear-deflection response wikiigure 4.11 (b) shows the
measured strains in the longitudinal steel reirdorent for this specimen. The growth in
shear and flexural crack widths as a function adl@are shown ifrigures 4.11 (c) & (d)
The maximum shear crack was 0.2 mm, while the fleixeracks in the middle region of the
beam were over 2 mm in width at failuFegure 4.12 summarizes the most important test

stages for this specimen.
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From the results of this test it is concluded ttiegt additional 0.25% of Dramix BP80/30

fibers was the optimum amount to let the beam imttst series fail in flexure.
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Figure 4.11: Experimental results for Beam M15-0.75%H
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Load stage V (KN) Mid-span (mm) First hairline cracks
L7 10.12 3.18 appear in the constant
moment region
Load stage V (kN) Mid-span (mm) Flexural cracks start to
L8 12.62 4.03 form outside the middlg
region
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L14 27.70 8.67 beginning to form on
the E-side of the beam
Cracks at the center
becomes 0.3 mm wide
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L17 35 11.20 beginning to form on
the W-side of the beam
Load stage V (kN) Mid-span (mm) Cracks at the center
L21 45.10 16.90 reach 0.5 mm in width
Hairline shear cracks
continue to grow
Load stage V (kN) Mid-span (mm) Flexural cracks exceed
L22b 46.64 25 2 mm in width
Onset of concrete
crushing in the
compression zone
Load stage V (KN) Mid-span (mm) Failure of specimen
Failure 40.6 50.78 (capacity drops to 85%

of peak value)

Figure 4.12: Major events for specimen M15-0.75%H
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4.1.7 Beam M20-0.75%

This beam represented the first specimen in thengkeseries of this experimental program
(M20-KING series). As mentioned earlier the keygmeter to be investigated in this series
is the effect of increasing the ratio of longitualineinforcement and the corresponding shear
strength required to cause flexural failure. Talgtthis effect the two 15M bars used in the
previous series were replaced with two 20M reirifagcsteel bars. All other parameters
remained unchanged, including the use of the KINE& $nixture. In this specimen the SCC
was mixed with Dramix ZP305, normal-strength hooked steel fibers at a fiber content of
0.75% by the volume of concrete.

In terms of response, the first hairline crack whaserved when the load reached 15.06 kN
(V = 7.53 kN). With further loading multiple haine cracks appeared outside the constant
moment region at a load of 25.23 kN (V = 12.62 KN)e first flexural-shear crack formed
on the east side of the beam at a load of 35.30w& 17.65 kN), followed by the formation
of another flexural-shear crack on the west shpan ©f the beam when the load reached
45.08 kN (V = 22.54 kN). This was followed by suddappearance of an inclined shear
crack on the west side of the beam when the logdoaphed 60.13 kN (V = 30.07 kN).
Consequently this diagonal crack started to develug it reached 1.75 mm in width at a
load of 85.08 kN (V = 42.54 kN). Soon thereaftez thagonal tension capacity of the fiber
reinforced concrete was exceeded leading to theesuthilure of the beam in shear at a load
of 88.06 kN (corresponding to shear load of 44.083. Klhe maximum mid-span deflection
recorded just before failure was 14.61 migigure 4.13 (a) shows the shear-deflection
response for this beam; whikegures 4.13 (b)shows that no yielding was observed in the
20M reinforcing steel bars. Although the ultimateear capacity was higher than that
observed in Beam M15-0.5% due to the 0.25% incr@ader content, this increase in
strength was modest and a higher ultimate capactyd have been expected.

Figures 4.13 (c) & (d)show the cracking response. The largest flexusadkcwas 0.2 mm in
width while the critical diagonal shear crack exdme 1.0 mm in width at failureFigure
4.14shows all the major events observed during thentesf this beam.
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Figure 4.13: Experimental results for Beam M20-0.75%
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Load stage V (KN) Mid-span (mm) First hairline cracks
L5 6.27 1.51 appear in the constant
moment region
Load stage V (KN) Mid-span (mm) First cracks appears
L9 15.08 4.47 outside the constant
moment region
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L11 20 6.41 beginning to form on the
E-side of the beam
Crack at the center
become 0.3 mm wide
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L18 37.63 12.42 beginning to form on the
W-side of the beam
Load stage V (kN) Mid-span (mm) Some forking cracks
L20 42.52 16.8 beginning to form
Shear crack suddenly
forms on the W-side of
the beam
Load stage V (kN) Mid-span (mm) Specimen fails: brittle
Failure 44.03 14.61 shear failure on the E-

side of the beam

Figure 4.14: Major events for specimen M20-0.75%
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4.1.8 Beam M20-1.0%

This is the second specimen in the M20-KING seaied the last beam where KING self-
consolidating concrete was used in a combinatidh steel fibers. The beam had the same
details as the previous specimen but had an inedefiser content of 1.0%. It was expected
that this specimen would show higher capacity tRaam M20-0.75%, and the objective of
the experiment was to estimate the optimum amoftiibers required to allow the M20
beams to fail in flexure.

As in previous specimens, the first flexural crackshe tension zone of the beam started to
appear when the load approached 15 kN (V = 7.56 KNg first hairline cracks outside the
constant moment region began to form at a loadddBkN (V = 15.02 kN). Thereafter the
first flexural-shear crack occurred on the westnspdien the load reached 35.14 kN (V =
17.57 kN). A sudden formation of multiple flexusiear cracks took place on the east shear
span of the beam at a load of 55.08 kN (V = 27.8). Kwo large diagonal shear cracks
formed on the east and the west side of the beamltsineously at a load of 75.18 kN (V =
37.59 kN), and at the same stage the flexural drattke middle of the beam were 0.2 mm in
width. Both diagonal cracks developed rapidly as kbad increased, and when the load
reached to 110.12 kN (V = 55.06 kN) their width eded 0.75 mm. After a slight increase
in the load the shear crack on the west side ob#@n suddenly propagated to cause failure
of the beam and a sudden drop in load-carrying@gpads shown inFigure 4.15 (a),at
failure the maximum deflection measured at mid-span waS416hm with an associated
ultimate capacity of 115 kN (corresponding to aasHead of 57.5 kN). As expectegigure
4.15 (b) shows that strains in the longitudinal steel mioément remained below vyield
values due to the onset of the brittle shear failtigures 4.15 (c) & (d)show the growth of
shear and flexural crack widths in this test specimThe widest flexural crack was 0.2 mm,
while the diagonal crack on the east side of thenbéas exceeded 1.75 mm. The main
events for this specimen are listed-igure 4.16

Comparing to beam M20-0.75%, the shear capacityi2®-1.0% has increased by nearly
30%, along with a relatively higher mid-span ddilat at failure. It is also noted that

although beam M15-1.0% was constructed with SCCthadame amount and type of steel
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fibers, this beam failed in flexure. This can belamed by the higher shear demand required
to reach flexure in Beam M20-1.0% due to the c@wesing increase in longitudinal
reinforcement ratio. For this reason the beam$iéencustomized series were designed with
fiber contents of 1% and 1.5%.

The result puts into evidence the importance ofettging rational and accurate equations
for predicting the shear capacity of SFRC beams.
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Figure 4.15: Experimental results for Beam M20-1.0%
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Load stage V (KN) Mid-span (mm) First hairline cracks
L6 7.56 213 appear in the constant
moment region
Load stage V (KN) Mid-span (mm) Formation of flexural
L9 15.02 4.26 cracks outside the
constant moment region
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L10 17.57 4.88 beginning to form on
the W-side of the beam
Load stage V (kN) Mid-span (mm) Sudden formation of
L14 2754 7.64 multiple flexural-shear
cracks on the E-side of
the beam
Load stage V (kN) Mid-span (mm) Development of web
L18 37.59 10.31 shear crack on both
sides of the beam
Cracks in the middle
reach 0.2 mm in width
Load stage V (KN) Mid-span (mm) Diagonal shear crack at
L25 55.06 17.17 the E &W-sides of the
beam reach 1.5 mm and
0.75 mm in width
respectively
Load stage V (kN) Mid-span (mm) Sudden shear failure on
Failure 575 19.54 the E-side of the beam

Figure 4.16: Major events for specimen M20-1.0%
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4.1.9 Beam M20-1.0%A

The final two series of beams were constructed with different customized SCFRC
mixtures (Custom SCC Mix A & Mix B) and reinforcadth normal strength hooked-end
steel fibers. The main objective from testing théme beams was to study the effect of
using a customized SCFRC mix on member response.
Beam M20-1.0%A had identical properties to the spens in the M20-KING series but
was constructed with the first of two customizediaete mixtures (Mix A) and reinforced
with Dramix ZP305 steel fibers at a fiber contehtldd% by volume of concrete. It was
expected that this specimen would have a similspaese to that observed in Beam M20-
1.0%, although it was expected that the improvetsite properties of the customized
mixture would lead to improvements in crack control
As in the previous tests the first hair line cragipeared at a load of 15.25 kN (V = 7.62 kN),
and after the load reached 20.20 kN (V = 10.10 &&leral hairline cracks started to form
within and outside the constant moment region. exudtal-shear crack formed on the west
shear span of the beam at a load of 35.38 kN (V.82 kN). With further loading a new
flexural-shear crack then formed on the east sidbeobeam at load of 45.26 kN (V = 22.63
kN) followed by the formation of multiple inclinectacks on the west side of the beam at a
load of 75.20 kN (V = 37.6 kN). As the load increddo 115.18 kN (V = 57.59 kN), one of
the inclined cracks on the west-side of the beagabeo propagate and increase in width at
a rapid rate, reaching a width of 1.25 mm. This aeasompanied by yielding of the flexural
reinforcement (sekigure 4.17 (b) with the specimen sustaining significant deflectafter
reaching its peak capacity. Nonetheless with furtherease in mid-span deflection the
specimen failed suddenly in shear. At failure thienate capacity reached 118.04 kN (V =
59.02 kN) and was associated with a maximum micspeflection of 30.66 mm (see
Figure 4.17 (a). Comparing to Beam M20-1.0%, this specimen depedoa slightly higher
shear capacity but showed a noticeable enhanceimeahictility, with a 50% increase in
mid-span deflection before failure.
Figures 4.17 (c) & (d)show the growth of shear and flexural crack widththis specimen
while Figure 4.18summarizes the major events that occurred duriedgdst. It is noted that
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when compared to Beam M15-1.0%, this specimen sthi@sdightly more diffused cracking

pattern.
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Figure 4.17: Experimental results for Beam M20-1.0%A
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Load stage V (KN) Mid-span (mm) Hairline cracks appear
L6 762 271 in the constant momen
region
Load stage V (kN) Mid-span (mm) Extension of the
L7 10.10 3.45 flexural cracks and
: : formation of new crack$
outside the constant
moment region
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L10 17.69 558 beginning to form on
the W-side of the beam
Load stage V (KN) Mid-span (mm) Flexural-shear cracks
L12 22 63 6.9 forming on the E-side
of the beam
Flexural cracks reach
0.2 mm in width
Load stage V (KN) Mid-span (mm) Formation of multiple
L18 37.60 11.13 web shear cracks on the
: : W-side of the beam
Middle cracks reach 0.3
mm in width
Load stage V (KN) Mid-span (mm) Web shear crack on thg
L26 57.59 26.70 W-side of the beam
: : exceeds 1.25 mmin
width
Load stage V (kN) Mid-span (mm) Brittle shear failure on
Failure 59.02 30.66 the E-side of the beam

Figure 4.18: Major events for specimen M20-1.0%A
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4.1.10 Beam M20-1.0%B

This specimen had identical cross-section proggettghe previous specimen and contained
the same quantity of fibers (1.0% by volume of cete) with the only exception being that
this specimen was constructed with the second ouséal mix (Mix B). It was expected that
this specimen would show similar response to thatoved in Beam M15-1.0%A.

The load at which the first flexural cracks occdrmgas 15.20 kN (V = 7.60 kN). With
increasing load the flexural cracks started to mktand more began to form outside the
middle region at a load of 20.70 kN (V = 10.35 kNhe first flexural-shear crack was
observed on the west shear span of the beam aidaofo33.62 kN (V = 16.18 kN). A new
flexural-shear crack formed on the east side ofbbem at a load of 65.04 kN (V = 32.52
kN), and at the same stage the largest flexurakcaa the center of the beam reached 0.3
mm in width. Thereafter, a large web-shear crackném on the east side of the beam at a
load of 85.08 kN (V = 42.54 kN). Just as in thevpzas specimen, this web-shear crack
began to propagate and increase in size rapidlyeached 0.75 mm in width when the load
approached 95.54 kN (V = 47.77 kN) and was follovibgda brittle shear failure shortly
thereafter. Just before failure the load reacheshgimum value of 102.92 kN (V = 51.46
kN) with a corresponding mid-span deflection ofSll6mm (sed-igure 4.19 (a). It is noted
that the shear capacity has dropped by 13% whepad to the ultimate capacity recorded
in Beam M20-1.0%A, and this beam did not show agpiBcant ductility before failure
(Figure 4.19 (b)shows that no yielding was recorded in the steefascement).

Figures 4.19 (c) & (d)summarize the cracking behaviour recorded durisgng. Figure
4.20illustrates all the main events that occurred rythe testing of this specimen. It is
noted that the cracking pattern at the end ofrtigstias less diffused in this specimen when
compared to the companion beam constructed withAix
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Figure 4.19: Experimental results for Beam M20-1.0%B
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Load stage V (KN) Mid-span (mm) Multiple hairline cracks
L6 7.6 244 appear in the constant
moment region
Load stage V (KN) Mid-span (mm) Extension of flexural
L7 10.35 3.53 cracks outside the
constant moment region
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L9 16.81 527 beginning to form on
the W-side of the beanm
Load stage V (kN) Mid-span (mm) Flexural-shear cracks
L16 32.52 9.46 appear on the E-side of
the beam
Crack widths at the
center approach 0.3 min
Load stage V (kN) Mid-span (mm) Formation of 0.4 mm
L20 42 54 12.71 web shear crack on the
E-side of the beam
Load stage V (kN) Mid-span (mm) Web shear crack
L22 47.77 14.23 reaches 0.75 mmin
width
Load stage V (kN) Mid-span (mm) Beam fails in shear on
Failure 51.46 16.51 the E-side of the beam

Figure 4.20: Major events for specimen M20-1.0%B
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4.1.11 Beam M20-1.5%A

As observed in the previous four beams in the M&tes the addition of 1.0% ZP305 fibers
was not sufficient to result in a ductile flexuralsponse. The last two beams in this test
program were therefore reinforced with 1.5% fibbysvolume of concrete. Beam M20-
1.5%A had identical details and the same concrexéune used in Beam M20-1.0%A but
contained an additional percentage of 0.5% of dilkets. It was expected that this quantity
of fibers would be sufficient for the beam to dexelts full flexural capacity.
The first hairline crack in this beam as in thevivas tests occurred in the middle region of
the beam at a load of 15.04 kN (V = 7.52 kN). Thés, at a load of 20.30 kN (V = 10.15
kN) multiple flexural cracks occurred outside thenstant moment region. Flexural-shear
crack started to initiate on the west shear spahebeam when the load reached 55.04 kN
(V = 27.52 kN). The cracks in the constant momeagian continued to propagate and
reached 0.2 mm in width at a load of 65.02 kN (\8Z51 kN), along with the sudden
formation of a visible inclined shear crack on thest side of the beam. Diagonal shear
cracks started to develop on the east side ofe¢henkand reached 0.5 mm in width when the
load approached 119 kN (V = 59.50 kN). At this stagelding was recorded in the
longitudinal steel reinforcement (it is noted thia¢ strain gages failed right after reaching
yielding (sedrigure 4.21 (b) with the specimen reaching its flexural capaciiye mid-span
deflection measured at this stage was 25.45 mnsh@svn inFigure 4.21 (a)loading was
then continued under deflection control. Multiplaecking and “forking” type cracks started
to occur as further loading was applied. When tsl lreached 120.04 kN (V = 60.02 kN)
concrete in the compression zone started to shgms sif crushing and the load began to
drop steadily. The peak load was 123.70 kN (V 86XkN) and associated with a maximum
mid-span deflection of 38.84 mm. Loading continwedil the load dropped below 85% of
the peak value at a deflection of 56.6 mm. At faluhe largest flexural crack was
approximately 2.5 mm in width while the maximum gbaal crack width was 0.5 mm.
Figures 4.21 (c) & (d)summarize the growth in crack widths as a functétoad in this
specimen, whild=igure 4.22 summarizes the major events during testing. Wimmpared
to Beam M20-1.0%A, this specimen showed a 5% imgmeent in flexural capacity but
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resulted in a ductile flexural failure with the rsgan deflection at failure recorded as being

significantly high when comparing to the failurefldetion in beam M20-1.0%A. Therefore

it can be concluded that the inclusion of 1.5%te€kfibers was sufficient to carry the extra

load required to reach flexural failure in the M&fries. An interesting observation is that the

beam showed a significantly more diffused crackuagtern when compared to the other

beams tested in this experimental program.
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Figure 4.21: Experimental results for Beam M20-1.5%A
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Load stage V (KN) Mid-span (mm) First hairline crack
L6 7.52 271 forms in the constant
moment region
Load stage V (kN) Mid-span (mm) New flexural cracks
L7 10.15 3.49 form outside the
constant moment regio
Load stage V (kN) Mid-span (mm) Flexural-shear crack
L14 27.52 8.10 beginning to form on
the W-side of the beam
Load stage V (kN) Mid-span (mm) Sudden formation of
L16 3251 9.30 web shear crack on the
W-side of the beam
Flexural cracks width
become 0.2 mm
Load stage V (kN) Mid-span (mm) Diagonal crack width
L27 59.50 24.54 on the E-side of the
beam becomes 0.5 mm)
Onset of concrete
crushing
Load stage V (kN) Mid-span (mm) Formation of Forking
L30 60.02 42.6 cracks and multiple
cracking
Flexural crack at the
center reaches 1.75 min
in width
Load stage V (kN) Mid-span (mm) Flexural Failure
Failure 52.6 56.6 (capacity drops to 85%

of peak value)

Figure 4.22: Major events for specimen M20-1.5%A
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4.1.12 Beam M20-1.5%B

This beam was the last specimen tested in thisrempetal program and had identical
properties as the previous beam (Beam M20-1.5%#)was constructed with the second of
the two customized SCC mixtures used in the exparial program. When compared to
Beam M20.1.0%B this beam had an increased fibeleadof 1.5%, and it was expected that
the increased quantity of fibers would permit thémm to fail in flexure. It was also expected
that the response of this specimen would be sirtol#éine response of Beam M20-1.5%A.
The first hairline cracks in this beam occurreg dbad of 18.58 kN (V = 9.29 kN) close to
the center of the beam. More flexural cracks stiatteextend outside the constant moment
region when the load approached 30.40 kN (V = 1%R. Flexural and inclined shear
cracks began to form on the west side of the betasnl@ad of 60.12 kN (V = 30.06 kN).
Soon thereafter a new flexural-shear crack formedhe east shear span of the beam at a
load of 65.06 kN (V = 32.53 kN). Loading continuedtil the beam reached its flexural
capacity with corresponding yielding observed ie tongitudinal steel reinforcement. As
loading continued under deflection-control the gete in the compression zone began to
show signs of crushing when the load reached 11kNB8v = 58.99 kN). After reaching a
maximum capacity of 119.36 kN (V = 59.68 kN) anchia-span deflection of 22.37 mm, the
load began to drop with increasing deflections tsting continuing until the load dropped
below 85% of the peak value corresponding to a sp@h deflection of 45.08 mrkigures
4.23 (a) & (b) shows the load-deflection response and recordathstin the longitudinal
steel reinforcement. This test result demonstrébadl the additional amount of steel fiber
used in this specimen when compared to M20-1.0%&Bwas adequate to transform the
brittle failure into a ductile flexural responsethvithe mid-span deflection before failure
increasing by 173% comparing to specimen M20-1.0%B.
Figures 4.23 (c) & (d) shows the load-crack widths responses while then regents
recorded during testing are summarizedrigure 4.24 At failure the maximum crack width
recorded in the flexural zone was over 2 mm witike largest diagonal crack was 0.4 mm in
width. Just as with the previous specimen it iddhat this beam showed multiple cracking
and reduced crack spacing.

125



-
S

~

S

—M20-1.5% B —S center
60 60 —1 S-E point
50 | [/ S-W point
z z
< 40 <40
3 3
% 30 % 30
20 20
10 10
0 0
0 10 20 30 40 5 60 70 0 2000 4000 6000 8000 100001200014000
Mid-span deflection (mm) Microstrain
(a) Shear load versus mid-span deflection (b) Tensile strains in longitudinal steel bars
70 70
—M20-1.5%B —M20-1.5%B
60 60
50 50
£ 40 Zw
T T
830 8 30
- )
20 20
10 10
0 0
0 010203040506070809 1 0 05 1 15 2
Crack width (mm) Crack width (mm)
(c) Maximum crack width (shear) (d) Maximum crack width (flexure)

Figure 4.23: Experimental results for Beam M20-1.5%B
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Load stage V (KN) Mid-span (mm) First hairline cracks appear
L7 9.29 3.06 in the constant moment
region
Load stage V (kN) Mid-span (mm) Flexural cracks form outsid
L9 15.20 4.30 the middle region
Load stage V (KN) Mid-span (mm) Flexural-shear crack
L15 30.06 8.02 beginning to form on the W-
side of the beam
Web crack forms on the W-
side of the beam
Load stage V (KN) Mid-span (mm) Appearance of flexural shegr
L16 32.53 8.64 crack on the E-side of the
beam
Cracks in the middle reach
0.2 mm in width
Load stage V (KN) Mid-span (mm) Concrete crushing starts in
27 58.99 20.58 compression zone
Forking cracks and multiple
cracking
Cracks at the middle reach
0.5 mm in width
Load stage V (kN) Mid-span (mm) Further concrete crushing
L30 53.13 35.12 Further development of
secondary cracks
Diagonal crack width
approaches 0.4 mm
Load stage V (kN) Mid-span (mm) Flexural Failure (capacity
Failure 50.74 45.08 drops to 85% of peak value

Figure 4.24: Major events for specimen M20-1.5%B
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Chapter Five: Discussion of the Experimental Resudt

5.1 Introduction

This chapter compares the results from the twel®ERC beams tested in the experimental
program. The response of the beams in terms ofr stagacity, load-deflection behaviour,
ductility and crack control is discussed. Furthemea discussion is provided on the concept
of “critical fiber content”, and the ability of stk fibers to replace the minimum shear
reinforcement required by the ACI-318 code is itigaged.

5.2 Shear Capacity, Load-Deflection Response & Faile Mode

This section compares the ultimate shear capdo#g-deflection response and failure mode
of the various specimens tested in this experinhg@méggram. Comments are made regarding
the effect of various parameters including: fibeontent, fiber type, longitudinal

reinforcement ratio and concrete type.

5.2.1 M15 series — Effect of Fiber Content

To recall, the six beams in the M15-KING series htmhtical cross-sectional properties and
were cast using a traditional SCC. The series deduone control beam (Beam M15-0.0%)
and five beams having varying fiber contents (raggrom 0.5% to 1.5%) and fiber types
(Dramix ZP305 normal strength fibers and Dramix BRB8 high-strength fibersY.able 5.1
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andFigures 5.185.2 compare the shear capacities, deflections (at imaxi and at failure)
and the load-deflection responses of the varioasiseested in this series.

In terms of shear resistance, as has been repinachditional SFRC beams, one can see
that the addition of steel fibers in SCFRC bearagdeto improvements in shear capacity. In
addition, as the fiber content is increased so doeselative increase in shear strength. For
example, as shown ihable 5.1 the addition of 0.5% fibers in Beam M15-0.5% ewsed
the shear capacity of the beam by 47% when congé#oithe strength of the control beam.
A further increase in fiber content to 1.0% has ted3% improvement in shear strength
when compared to the control beam. The use of 1il%8fs did not lead to a further increase
in capacity when compared to the companion bearh W% fibers. It is noted that both
beams failed in flexure and the result demonstridiasaddition of steel fibers does not have
a significant influence in increasing moment capeitci beams failing in flexure.

In terms of member response and failure modes,xpsceed, the control beam, which
contained no shear reinforcement or fibers, failedshear at relatively low load and
deflection (sedrigure 5.1). The use of 0.5% fibers did not result in a tfamsation of
failure mode, and this beam also failed in shebhe tise of 1.0% fibers in Beam M15-1.0%
was sufficient to transform the brittle shear feslinto a ductile flexural failure and allowed
the beam to carry large deflections prior to falgapproximately 5.5 times more than the
control specimen). A further addition of 0.5% fibein Beam M15-1.5% led to further
improvements in ductility allowing the beam to sust28% larger deflections prior to failure

when compared to the companion beam with 1.0%diber

5.2.2 M15 series — Effect of Fiber Type

In addition to the effect of fiber quantity, two tife beams in this series were constructed
with high-strength BP80/30 steel fibers. A compamiof the results fronTable 5.1 and
Figure 5.2 shows the beneficial impact of using high-strendtibers. Besides the
improvement in shear capacity, the use of highagtite fibers has contributed to an

enhanced post-peak response and ductility. Justtag case of the normal strength fibers,
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the use of high-strength fibers was shown to imeraltimate shear capacity and member
response. When compared to the control beam, isesem strength of 54% and 63% for
Beams M15-0.5%H and M15-0.75%H were observed. Espanse of Beam M15-0.5%H
shows that the use of high-strength fibers allotiedbeam to sustain significant deflections
before failure when compared to the control spenin®milarly, although both Beams M15-
0.5% and M15-0.5%H failed in shear at similar feeluoads, a comparison between the
deflections at failure (sedable 5.1) and the member responses (déigure 5.2
demonstrates an improved level of ductility for ttemm reinforced with high-strength fibers
(with Beam M15-0.5%H experiencing 200% increasal@flections before failure). The
results also show that an increase in high-strefiiggin content to 0.75% resulted in a further
increase in strength and was sufficient to prodaichictile flexural failure in Beam M15-
0.75%H (compare the response of Beams M15-0.75%HMib-0.5%H). It is noted that
the structural response of Beam M15-0.75%H is ragimilar to the response of Beam M15-

1.0% in terms of flexural ductility.

Table 5.1: Summary of results for beams in the M15-KING series

: Increase in .
Maximum Shear at Deflection at| Deflection
Beam Shear :
Load Max. Load Peak at Failure
specimen Voo - Vo )
Paup(kN) Veo(kN) | =50 —% | Dy (mm) | Dy (mm)
exp

M15-0.0% 59.70 29.85 10.77 10.77
M15-0.5% 86.66 43.33 47% 17.85 17.85

M15-1.0% 96.00 48.00 63% 41 55.12

M15-1.5% 93.40 46.70 60% 24.3 70.5
M15-0.5%H 90.35 45.17 54% 39.88 39.88

M15-0.75%H 95.66 47.83 63% 37 50.78

*Beam failed in flexure
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5.2.3 M20 series — Effect of Fiber Content

Beams M20-0.75% and M20-1.0% were constructed wittnaditional SCC mix, normal
strength hooked-end steel fibers and fiber contefit®.75% and 1.0% by volume of
concrete, respectively. It is noted that no corbedm was tested in this test series. To allow
for a comparison of shear capacities, the expesitedr strength of a reinforced concrete
beam having identical properties but without fibevas predicted using the program
RESPONSE-2000 (the program, which was developetheatUniversity of Toronto can
accurately predict the shear response of traditioeanforced concrete beams). The
calculated shear capacity of this beam was founet@34 kN.Table 5.2 compares the
maximum shear capacities of the two beams in #nies with the expected capacity of the
hypothetical beam without fibers. The addition tfefs results in an increase in capacity
when comparing to the case of a beam with no fibersaddition, the results show that
increasing the fiber content from 0.75% to 1.0%adésompanied by a relative increase in
peak capacity. As shown iRigure 5.3 despite the enhancement in shear capacity, the
failure pattern for both beams in this series waitld and the beams failed in shear with a

sudden loss in load-carrying capacity at failure.

5.2.4 M20 series — Effect of Longitudinal Reinfonceent Ratio

The beams discussed in the previous section war®rreed with two 20M bars, whereas all
other properties including concrete type remainedhanged from the M15 test series. A
comparison of the responses of Beams M15-1.0% a2@-M0% inFigure 5.4 shows that
while 1.0% of steel fibers was sufficient to traorsfi the brittle shear response in the M15
series beam, the use of 1.0% fibers in the beaim 2@M reinforcement was not sufficient to
avoid a brittle shear failure. The reason retumghe higher flexural capacity in the beams
with larger reinforcement ratio. That is to saytttte additional shear capacity provided by
1.0% steel fibers was not sufficient to “make upé tshear required to reach the beam’s

flexural capacity and cause flexural failure in theam with larger reinforcement ratio. The
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result clearly puts into evidence the importancdeifeloping accurate and reliable equations
for predicting the shear resistance of steel fiberforced concrete beams.

5.2.5 M20 series — Effect of Concrete Type

In addition to the two beams constructed with tiadal SCC, the M20 series also included
four beams constructed with two different custordizencrete mixtures (SCC-Custom Mix
A and Mix B). In comparing the results irable 5.2Beams M20-1.0%A and M20-1.0%B
have shown a 74% and 51% higher shear capacityectgply when compared to the
expected capacity of the hypothetical companiombeéhout fibers.

A comparison of the responses of Beam M20-1.0% ftioenM20-KING series and Beams
M20-1.0%A and M20-1.0%B allows for an investigatiomo the effect of concrete type on
response. All beams were reinforced with 1.0% néstrangth hooked-end fibers and had
identical properties with the exception of concreix type. In comparing the results in
Figure 5.50ne can see that while the capacities of all tbesens was similar and failure in
all cases was in shear, the beam constructed hetfirst customized SCC mix (Beam M20-
1.0%A) showed an improved level of ductility whesmpared to the two companion beams.
This may be linked to the improved concrete tengiteperties of this SCFRC mixture and
the fact that yielding was initiated in the longiitoal reinforcement before the brittle failure
in this specimen.

Based on the observations made in section 5.24jlbr content used in the remaining two
beams of this test program was selected to be fitEfs by volume of concrete. As shown
in Figure 5.6 while 1.0% fibers was not sufficient to prevent a brigleear failure in the
previous two beams in this series (Beams M20-1.@hAhe use of 1.5% fibers in Beams
M20-1.5%A,B was adequate to transform the failate a ductile flexural response.

One can also note that the beam with the firstorngted mix (Mix A) showed a more
ductile response when compared to the beam cotstrueith the second customized
mixture (Mix B) due to the differences in mix desig
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Table 5.2:

Summary of results for beams in the M20-KING andOM2ustom series

Maximum Shear at Increase in Deflection | Deflection
Beam
Load Max. Load Shear at Peak at Failure
specimen Voo = Vern, )
Pexp(kN) Vexp(kN) % L Dexp(mm) Dmax (mm)
expy
Control-0.0% 68.00 34.00

M 20-0.75% 88.06 44.03 30% 14.61 14.61
M 20-1.0% 115.00 57.50 69% 19.54 19.54
M 20-1.0%A 118.04 59.02 74% 30.66 30.66
M 20-1.0%B 102.92 51.46 51% 16.51 16.51

M 20-1.5%A 123.70 61.85 82% 38.84 56.6

M 20-1.5%B 119.36 59.68 76% 22.37 45.08

"No control beam was tested in the M20 series, gipacity indicated is the shear strength predicgiuguhe

program RESPONSE for an RC beam having identicasesectional properties arﬂ' of 50 MPa.
*Beam failed in flexure
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Figure 5.6: The effect of fiber content on shear-deflectiorpmsse in the Custom series

5.3 Shear and Flexural Crack Widths

As expected the utilization of steel fibers in 8@FRC beams had an important influence on
shear and flexural crack widths.

Figure 5.7(a)andFigure 5.8(a) compare the growth in shear crack widths as atiomof
load for the beams in the M15 and M20 series, &smdy. For the M15-series, the control
specimen (Beam M15-0.0%) as well as the beams WhPo normal strength and high-
strength fibers (Beams M15-0.5% and M15-0.5%H, eetpely) failed suddenly in shear.
For the control beam the failure was accompanigt wery little warning of the imminent
shear failure with the crack width just before sluelden failure remaining at around 0.3 mm.
Beam M15-0.5% which also failed under shear, wde &b resist a slightly larger crack
width of approximately 0.4 mm before failure, andnsequently gave a slight warning
before collapse. The use of high-strength BP 8@if3€rs in Beam M15-0.5%H permitted
this specimen to show a remarkably larger critsfaar crack width (exceeding 1.0 mm)

136



prior to failure (seéigure 5.9). This enhancement is linked to the higher terstilength and
increased aspect-ratio of this fiber type, whiclsutes in enhanced pullout behaviour
allowing the BP 80/30 fibers to more effectivelydge the critical diagonal shear crack.

A comparison of the growth in shear crack widthshiea M20-series beams with 1.0% fibers
(Beams M20-1.0%, M20-1.0%A and M20-1.0%B), showat thlthough all three beams
failed in shear, the inclusion of fibers allowed fbe bridging of large shear crack widths
(over 1.0 mm) prior to failure.

Beams M15-1.0% and M15-1.5% of the M15-series aedns M20-1.5%A and M20-
1.5%B of the M20 series failed in flexure and tlel®wed a good control of shear crack
widths at equivalent load stages when comparetidaontrol and shear-critical specimens.
The results also show that increasing the fibertertnresults in further improvements in
crack control.

A comparison of the flexure crack widths in the rbeathat failed in flexure in the M15
series (se€&igure 5.7(b) demonstrates that increasing the fiber contehfi.0% to 1.5%
results in a better control of flexural crack wisltat equivalent load stages (compare the
plots for Beams M15-1.0% and M15-1.5%). The rasalso show that using 0.75% high-
strength BP80/30 fibers results in a better contfotrack widths when compared to the
companion specimens with 1.0% and 1.5% normal gtirefibers (compare the plots for
Beam M15-0.75% H with that of Beams M15-1.0% andbM15%). Finally a comparison of
the growth in flexural crack widths in the M20 s shows that the use of 1.5% fibers in
the first customized mix results in improved cohtvbcrack widths when compared to the
second customized mix (compare the results of Bédats1.5%A and M20-1.5%B).

In addition to the above observations, examinatdrthe diagonal shear cracks in the
SCFRC beams reveals that the fibers pullout rattem fracture across the cracking plane
when shear failure occurs. An interesting obseowvais that the hooked-end fibers deform

and straighten during pullout (sEgure 5.10.
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Figure 5.9: The influence of high-strength fibers on crack Wwidt

Figure 5.10: Pullout and straightening of hooked-end fibersragteear failure
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5.4 Cracking Patterns

In addition to the improvements in controlling drawidths, the use of steel fibers had a
noticeable influence on crack patterns in the bei@sted in the experimental program.
Figures 5.11and5.12show the crack patterns for the various specimetiseeaend of testing

in the M15 and M20 series, respectively.

For the M15 series the crack patterns for the obriieam and the SCFRC beams were
noticeably different. Comparing the inclined crad&s the beams that failed in shear, the
control specimen (Beam M15-0.0%) exhibited a singtdined crack followed by a brittle
shear failure. On the other hand the SCFRC beanthvidiled in shear showed at least two
diagonal shear cracks before failure (Beams M15%60amd M15-0.5%H). Comparing the
same three beams it can be seen that use of Ode¥s finas reduced the spacing between
cracks when compared to the control specimen. pheimen with 0.5% high-strength fibers
shows further reductions in crack spacing when @ing to the control beam and the
companion specimen constructed with normal-strefigéns.

When comparing the control beam with the specintbas failed in flexure (Beams M15-
1.0%, M15-1.5%, M15-0.75%H) one can see that tleealiigher fiber content (greater or
equal t01.0%) led to both reductions in crack wsd#md spacing. In addition, the higher
fiber contents resulted in a more diffused crackmagtern with the formation of “forking”
cracks with secondary cracks growing out of primengcks. This is particularly evident in
the failure photo of Beam M15-0.75%H which contaiiégh-strength fibers.

Similar observations can be made in comparing ¢iselts of the M20 series beams. When
examining the failure photos of the four beams fage¢d in shear it is noticed that the beams
have reduced spacing of cracks when compared tMie0.0% beam of the previous test
series. It is noted that the beam constructed Wi@¥6 fibers and the first customized mix
(Beam M20-1.0%A) showed significant reductions rack spacing with multiple flexural
and inclined shear cracks despite having failecshear. The results of the two beams
constructed with 1.5% fibers and the customizedumes (in particular, Beam M20-1.5%A)

showed greatly reduced crack spacings, multiplekeng and very diffused cracking
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patterns when compared to the other beams in the $¢#es and Beam M15-1.5% of the

previous test series.

M15-0.0%

Single shear crack
Large crack spacings

M15-0.5%

Two shear cracks
Reduced crack spacings

M15-0.5%H

Shear crack 1.0 mm
Reduced crack spacings

M15-1.0%

Forking cracks
Diffused cracking pattern

M15-1.5%

Forking cracks
Diffused cracking pattern
Reduced crack widths

M15-0.75%H

Multiple cracking
Forking cracks
Diffused cracking pattern

Figure 5.11: Crack patterns for the beams in the M15 series
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M20-0.75%

Two diagonal cracks
Large crack spacings

M20-1.0%

Sveral diagonal cracks
Reduced crack spacings

M20-1.0%A

Shear crack 1.0 mm
Reduced crack spacings

M20-1.0%B

Similar to M20-1.0%

M20-1.5%A

Very diffused pattern
Multiple cracking
Forking cracks

M20-1.5%B

Multiple cracking
Forking cracks

Figure 5.12: Crack patterns for the beams in the M20 series
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5.5 Discussion on Critical Fiber Content

One of the most fundamental observations from ¥peemental program is the importance
of selecting the most efficient fiber quantity figiven beam, which we may refer to as the
“critical fiber content”. As has been demonstraiedhis experimental program using fibers
in a quantity lower than the critical content wolddd to a beam that fails in shear and does
not show a ductile failure response (e.g. in thst tseries 1% fibers was sufficient to
transform failure mode into flexure in the M15-gssri but was not sufficient in the M20
series). On the other hand, adding fibers beyorsd dfitical content will not result in
significant enhancements in capacity since fibéag p minimal role in increasing flexural
strength (e.g. compare beams M15-1.0% and M15-1.8¥)ough the addition of fibers
beyond this limit could lead to improvements inxfleal ductility and crack control. That is
to say adding fibers up to the critical limit hasienportant effect on the ultimate capacity in
beams failing in shear, however once the flexuaglacity is reached, the effect on nominal
moment capacity is minimal. Hence, for design pecadt is important to be able to select the
most appropriate fiber content in order to provisi@fe design while simultaneously
optimizing material costs. Moreover, in certainuattons the shear demand is too large to be
accommodated by using steel fibers, due to thddiions on the amount of fibers which can
be added without affecting workability. It is impant to note that this “critical fiber content”

is governed by many parameters such as materigegres (of both the concrete and the
fibers) as well as beam properties. These paramsteuld be considered in prediction and

design equations used to select fiber requirenfents given application.

5.6 Discussion on Minimum Shear Reinforcement in #n ACI-318 Code

5.6.1 Ability of fibers to replace minimum shearirdorcement - SFRC

As previously discussed in the literature revielwg ACI-318 Code permits the use of steel

fibers to replace the minimum shear reinforcemenfuired in beams subjected to shear
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forces ranging from OV to V. (V.= 0.17\/f7c'bwd, MPa). In order to qualify as an

alternative to traditional shear reinforcement, 8&RC must have a minimum fiber dosage
of 60 kg/nt (0.75% by volume of concrete). This recommendativas based on a
parametric study conducted by Parra-MontesinosR060 a large database of SFRC beam
test results reported in the literature. The stsiggwed that all SFRC beams in the database

having a fiber content greater or equal to 0.5%iletdd shear stress at failure larger than
0.17\/f76' (MPa) which corresponds the shear stress attdbigsteconcrete). , in the ACI-

318 code. The study also showed that beams haxirfg 0.75% had shear stresses at failure

not less than0.3,/ f. (MPa), which can be considered as a lower bourdevior beams

having this quantity of fibers (sefeigure 5.13. Based on this result Parra-Montesinos
recommended that a minimum steel fiber content G6% in order to substitute for
minimum shear reinforcement. This minimum fiber uegment was implemented in the
2008 edition of the ACI-318 code, which permits tise of SFRC to replace minimum shear

reinforcement in flexural members meeting certaatanal, dimensional and loading limits.

Figure 5.13: The influence of fiber content on the normalizedaststress
[Adapted from Parra- Montesinos (2006)]
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5.6.2 Ability of fibers to replace minimum shearinrdorcement - SCFRC

Although there is much data to support the useFiRG as a replacement for minimum shear
reinforcement in traditional reinforced concreteatns, it is important to examine if this
statement is also valid for beams constructed wéh-consolidating concrete and steel
fibers. The data plotted iRigure 5.14shows the shear stress at failure for all the beams

tested in this experimental program (it is notedt thll beams had, 2 0.5 % Although

there is limited data in the literature on SCFR@rbs,Figure 5.15shows the shear stress at
failure for all the beams that failed in shear Imstexperimental program along with the
failure stresses of SCFRC beams from two otheriessuith the literature (Greenough and
Nehdi (2008), Zighuo et al. (2010) ). The properti the SCFRC specimens in these two

studies are summarizedTable 5.3 The analysis shows that all the SCFRC beamsdést

this study and reported in the literature failed shear stresses greater tbam/f»c' :
Considering this limited set of SCFRC beam testltesthe estimated lower bound value is

found to be025,/ f_ for beams havingV, 3 075 %seeFigure 5.19. This value is found to

be somewhat lower than the value @1;\/TC reported for SFRC beams. Nonetheless, the

above analysis, though limited to a few beams, ctcbel considered preliminary evidence to
support the use of steel fibers as a replacememiimum shear reinforcement in SCFRC

beams haviny, = 075%. However further research is required to validate statement.

It is also interesting to note that the shear stegdfailure for the control SCC beam in this

study was lower than the nominal shear stress soreding tov/. in the ACI code.

Table 5.3: The parameters of the specimens tested by the bearchers

Beam Designation P d f Dy Vi Vexp
g (mm) | (mm) d | vpay | mmy | SP | o6y | (kN)

S-HE-50-0.5* 200 265/ 0.017 3.0p 40 1.00 5( 0J50 800.
S-HE-50-0.75* 200| 265/ 0.017 3.02 40 1.00 50 0{75 5.40
S-HE-50-1.0* 200 265/ 0.017 3.0p 40 1.00 5( 1,00 .9@3
SFSCCB50-** | 200 | 260 | 0.028| 3.00 56 0.5% 64 0.50 13750

* tested by Greenough and Nehdi (2008)
** tested by Zighuo et al. (2010)
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Chapter Six: Models for Predicting Shear Behaviourof
SFRC and SCFRC Beams

6.1 Introduction

Research over the past three decades has showthéhase of steel fibers in reinforced
concrete beams can be used to enhance shearnesistad promote flexural failure and
ductility. Adding steel fibers to a concrete beafthaut transverse reinforcement improves
the shear strength due to the ability of SFRC wisteand redistribute diagonal tensile
stresses after cracking.

This chapter begins with a parametric study ingesing the effect of various factors on the
shear strength of SFRC beams. In addition, existioglels proposed by other researchers
for predicting shear strength of SFRC beams argewed. A simple analytical model for
predicting the shear capacity of SFRC beams is pteposed. The proposed model and
empirical models presented in the literature afgdated against a database of SFRC and
SCFRC beam test results. Finally, the chapter caolesl by an equation and guidelines for
predicting the design shear strength of SFRC beams.

6.2 Parametric Study: Parameters Affecting Shear ttength of SFRC

Beams

Despite the large amount of research data, thevimlreof SFRC beams remains a problem
whose complexity is not completely understood. Tomplexity returns to the fact that the

behaviour of SFRC beams is a function of seveigbfa both at the material and structural
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level. These factors are related to the geometdythe cross-section of the member, the
material properties, and the fiber characteristics.

This section presents a parametric study that enesnihe effect of various factors on the
shear response of SFRC beams, including effectepthd shear span-to-depth ratio,
longitudinal reinforcement ratio, concrete matrikeagth and fiber properties. Included in
the study is a database of 173 SFRC beams havitgnglar cross-section reported in 19
research studies. It is noted that several of thdiess come from a previously published
database compiled by Parra-Montesinos (2006). ddtabase includes test results from
SFRC beams having effective depths (d) ranging fd@8-570 mm, shear-span to depth
ratio @/d) ranging from 1.0-6.0, compressive strengthi, Y between 18-104 MPa,

longitudinal reinforcement ratios ) ranging from 0.4%-5%, fiber volume fraction¥)(
ranging from 0.25%-2% and having straight, hookedrimmped fibers.

Table 6.1 summarizes the different parameters investigatedhen 19 research studies
reported in the database. The properties of thewsbeams are summarized in the appendix

section of the thesis (s@able Al).

6.2.1 SFRC compressive strength

At the material level, the post-cracking resistaot&FRC is directly dependent on the fiber
type, volume, and the bond strength developed legtvtiee fibers and the concrete matrix.
This last parameter has a direct influence on fpadlout strength and is a function of the
concrete matrix strengthrigure 6.1 presents research data from seven series of bmams
three different studies. The beams in each sedgs ldentical properties but have different
concrete matrix strengths. The figure shows thateiasing the compressive strength of the
matrix produces larger SFRC beam shear resistarmn vall other properties are kept
constant. Kwak et al. (2002) has previously suggk#tat doubling the concrete strength of

a beam increases shear strength by 20%.
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6.2.2 Fiber volume fraction

Figure 6.2 presents data from 5 studies and 7 series of bhamisg the same properties but
having varying fiber contents. As expected incregghe fiber content improves the shear
resistance of an SFRC beam. However it should bednihat many other factors related to
the fibers themselves can also have a significfiecteon shear response; this includes
factors such as the type of fiber, and the fibergjth.

As discussed previously, Parra-Montesinos (2006)draposed that using a minimum fiber
content ofV; 0.75% produces an average shear stress not Esshé conservative lower

bound of 0.3,/ f, MPa. Para-Montesinos found that in cas#&/oless than or equal 0.5% the

shear stress value approaches the ACI-318 code w&lO.lR/fT MPa which represents the

concrete contribution to shear resistance.

It is worth mentioning that although fiber contdras an important effect on the ultimate
capacity in beams failing in shear, once the flakwapacity is reached the effect of
increasing fiber content on nominal moment capaigtyninimal. Thus, using fibers as a

supplement to traditional longitudinal reinforcerheray not be effective (Minelli, 2005).

6.2.3 Fiber aspect ratio 4D

As noted in the literature one of the key paransetdfecting the performance of fibers in
SFRC in general is the aspect ratig};). Figure 6.3plots the effect of aspect-ratio on shear
resistance in six series of beams from studiesopedd by Adebar et al. (1997) and Dinh
(2009). The figure shows that the use of fiber whilgher aspect-ratio can result in a
improvement in shear capacity. It should be noted tising a higher aspect-ratio can impact

workability and placement of concrete when higlileerf contents are used.
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6.2.4 Longitudinal reinforcement ratio

Another parameter related to cross-sectional ptigsethat can affect shear response is ratio
of longitudinal steel reinforcement. As shownFigure 6.4 when all other properties are
kept similar, increasing the reinforcement ratisules in an increase in shear resistance. As
noted in the literature review, this same effed &lso been reported in the case of traditional
reinforced concrete beams without fibers. This dmesk to the fact that increasing this ratio
results in an increase in dowel action and a deepearpression zone which results in

increased shear capacity (Dinh, 2009).

6.2.5 Shear span-to-depth ratio

Several researchers have studied the effect ofr ségan-to-depth ratioa(d) on the
behaviour of SFRC beams. Based on the researchtdaa be concluded that decreasing
thea/dratio leads to an increase in SFRC shear resistdinis effect is shown iRigure 6.5
where test data (from 5 studies, 13 series) shbwas using beams with a shear span-to-
depth ratio less than 2 can result in a signifiaantease in ultimate shear strength (Dinh,
2009). The figure also shows that as tbd ratio increases beyond 3.0 the effect of
increasing the/d ratio is present but less pronounced.

It is noted that mechanisms governing shear regpamseams with smal/d ratio is
different than in slender beams (due to strut-am@dtion). It should also be mentioned that
many of the studies reported in the literature imedeams with aa/d ratio less than 2 (see
Figure 6.6). This should be kept in mind, since the sheangfth of such SFRC beams is

strongly influenced by arch and strut action.
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6.2.6 Effective depth

Research has shown that the shear stress at fali(R€ beams without web reinforcement
reduces as the size increases (Collins and Mitch@87). Some researchers have postulated
that this “size effect” is eliminated in SFRC bearffowever, Gustafsson and Noghabai
(1999) tested a series of SFRC beams with varyemhs and observed that as the beam
depth increased the ductility decreased. The asitheed fracture mechanics to show that as
the ratio of stored elastic energy to dissipateattiire energy increases, the brittleness
increases. Hence, the larger the beam, the gribatenergy release, and thus the more brittle
the behaviour.

There is limited data in the literature comparihg behaviour of smaller and larger SFRC

beams, howevdFigure 6.7 shows a plot of normalized shear stre@s/g/fi) as a function

of beam effective depth from four studies repoitedhe literature. It can be seen that the
specimens show a drop in ultimate shear stredsedsstam depth is increased.

It should be noted that the large majority of thet tdata available in the literature (more than
85%) has dealt with SFRC beams with small effedti®pths d < 280 mm) (se&igure 6.9).
Thus, the statement above has not been fully edrifind there is a need for further

experimental research on the effect of size inda&FRC beams.
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Table 6.1: Summary of the database results of SFRC beamssipahametric study

Range of main parameters

Author Beams| Cross | b, h d fd a/d r Fiber | L; d; \2
# sec. | (mm) | (mm) [ (mm) | mpa) ) [ WP | (mm) | (mm) (%)
('\eﬂtoarl‘.t(ezsggg? 10 R 152 | 457 | 381| 31-49 %Aé %‘_2207' H | 3060| 050 1015
(Al‘g%b?"’;r etal. 6 R 150 | 610 | 556| 4154 1.4 0.02 Hl  30%0 o 0.4-1.5
sins | o | 7 || ] ] @ [ ]os] 0 w0 [ ow] o
;‘j"?fgg;f‘ et 3 R 127 | 254 | 226 0| 29992 y 30 | 050 13
;”‘Egg&r;‘ et 4 R 150 | 250 | 218| 41-43 22'_%' 0019 | H 30 | 050 1.0-2.0
é"gg';)et al. 9 R 127 | 254 | 213| 31-6¢ i‘_%‘ 0015 | H 50 | 0.80| 0.5-0.74
'(-1' g; 26‘)' 2 R 127 | 229 | 203| 2324 30 0.02 Hl 3050 0.0 1
'(-l"gs‘;t)a" 12 R | 152 | 254| 221| 34| L7000 30 | 050 [ 0510
e [ o | w || | i [am] 6 | e o] s
wa s [ e [ m ] s nla] s [ee] s oo
s | o | e [ ] e ]em] o 0 [ o] o2
agasrga 1 R 152 | 305 | 277 49| 14 o004 H 50 0.6 0.9
32&21?18585) 6 R 175 | 249 | 211 35-4p 44 %‘_%i%’ c 50 | 050 04-12
(Sl"s‘;g';;y etal. | g R 56 | 305 | 264 32-4] 5O [ 0010 ¢ 50 | 050 1.0
(Tl""gnggga" 5 R 61 376 340 | 32-34 12% 0.034 H 30 050| 0.5-1.0
a0 [ r [ || o] oo bm] 0 [ || o
(Az%%%e) 2 R 150 | 250 | 202| 2021 39 0.01 H 34 0.5 0.5-1.0
?'l%rgg’)a”a“ 33 R 85 | 150 | 20 | 3664 | 5| 902 ¢ | 3040| 030 12534
(Fl”gg; 5 R 100 100 86 | 49594 3.5 Odc_)f' C 25-38( 0.20| 1.0-20
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6.3 Existing Models for Predicting the Shear Resiahce of SFRC Beams

As discussed in the literature review, severalaedeers have proposed empirical equations
for predicting the shear resistance of SFRC beaafsr(to Chapter 2). As shown irable

6.2 most of these models can be broadly classifienl twb categories. The first category of
models assumes that fibers improve the concretar stesistance directly due to the
improvement in tensile post-cracking resistanceesehmodels use material tests to quantify
the improvement in shear capacity. The second categonsiders that fibers provide a
separate shear contribution that is additionahédoncrete shear contribution. Many models
in this category account for the fiber contributiempirically using a “fiber factor't-, which

is a function of fiber volume ratio\( ), diameter D) and length ;) as shown in

Equation 6-1 This equation is often scaled by an additionahpeeter to account for fiber
typology. As discussed in the literature reviewd avill be shown in section 6.5, due to the
empirical nature of the expressions, the majoritfh@se models do not produce accurate
predictions for the resistance of SFRC beams.

L

F=V, - 6-1
D, (6-1)

Table 6.2: Various models to predict shear resistance of SB&ns (Category 1)

Category 1
Model Fiber contribution is ... Fiber effect accounted fo using ...
included in separate tern Split Fracture '
concrete (additional to cylinder mechamcs Fiber
contribution concrete strength /Bending | factor
contribution) | (or MOR) test

(Sharma, 1986)

025
d

u, =kf, —
a

(Li etal., 1992)

1
u =125+47 (f,1,)i 19 %a:
a

(Cassanova, 1996)
V = 09bd s ,(w) +V,

(Minelli and Plizzari, 2006)

f
u, = 018, 100r, 1+25-29039 ¢ +015s,,

(3 ct

1/3
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Table 6.3: Various models to predict shear resistance of SB&ns (Category 2)

Category 2
Model Fiber contribution is ... Fiber effect accounted fo using ...
included in | Separate term - Split Fracture [
concrete | (8dditionalto | cylinder | mechanics| Fiber
contribution concrete strength | /Bending | factor
contribution) | (or MOR) test

(Imam et al., 1995)

u, = 08YYw (i, )" +275 /éyf
d

(Mansur et al., 1986)

. L
u,= 016f, +17.2’VVd + 0411 %, D—’
f

(Narayanan and Darwish, 1987)

u, =e 024f

spfc
f

d L,
+80r — +041¢ %, —d,
a D

(Ashour et al., 1992)

: L
u, = 071, +7¥, D—fdf d
f

—+17.2r Q
a a

(Swamy et al., 1993)

Lf
u,=u,+ 037 t X/, o

f

(Shin and Oh, 1994)

L
u, = 019f,, +93 r9 1034t N, —-d,
a D;

(Khuntia et al., 1999)

u [

L :
u, = 0.167a+025>V,D—fd, Jf
f

(Kwak et al., 2002)

%
u, = 3.7ef% r d
a

spfc

L
+08 041V, D—f d,

f

6.4 Proposed Model for Predicting the Shear Resigtae of SFRC Beams

This section describes a procedure for predictiegshear resistance of SFRC beams without

web reinforcement. As noted previously, severaktaxy models and design guidelines

consider the fiber contribution to shear capa@tpé¢ additional to the concrete contribution,

much in the same way stirrups improve shear capa@iher models propose that the fibers

should modify the concrete contribution directly,the present model, the former approach
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is used and the shear resistance of an SFRC beamsssimed to be equivalent to the

expected shear strength of a traditional reinforcedcrete beam\{,,) plus the additional
shear resistance provided by the fibarg § as shown ifequation 6-2

Vie =V + Vi, (6-2)

6.4.1 RC contribution to shear resistance

In order to compute the RC contribution to sheaistance,V, , the general shear design

method of the 2004 CSA Standard can be usedHEgeation 6-3). This method which is
based on the Modified Compression Field Theory (MCRas been shown to provide
accurate estimates of the shear resistance ofitraali RC beams.

Vio =Ve +V (6-3)
Where, V, and V, are the concrete and transverse steel contriitiorshear resistance

respectively. The concrete contributiaf, is computed usingquation 6-4:

V, = f,byf.b,d, (6-4)
and in case of using transverse steel reinforcgnitsncontribution,V,, can be calculated
usingEquation 6-5

_ A f,d, cotg
S

Y/

S

(6-5)

Where b, d, is the effective shear area represented by the width multiplied by the
effective shear depth of the beam. The fadtoiis a material reduction factor for concrete

(can be taken as 1.0 for the purposes of analyEig).valueb accounts for the ability of the

concrete to transmit tensile stresses between thek< The angleg is the angle of
inclination of the diagonal compressive stressaldédongitudinal axis of the member. In the
general design method both these parameters arectdn of the longitudinal strain at mid-

depth of the cross-sectias),, as shown irEquation 6-6 and Equation 6-7. The effective

crack spacing parametes,, is a function of the maximum aggregate size.
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,—_ 040 . 1300
1+1500e, 1000+s,,

(6-6)

g =29 +7000, (6-7)
The longitudinal strain at mid-depth of the crosst®n, e, , is computed usingquation 6-

8 for the case of moment and shear:

+V

e =—Y 6-8
T2 E A (6-8)

To determine the shear strength, the sMeashould correspond to the expected maximum
shear resistance of the beam. The monMntrepresents the corresponding moment at the
critical section in the beam (for the beams in #mslysis the critical section is taken at a

distanced, from the loading point)A, and E, are the cross-sectional area and modulus of

elasticity of the longitudinal tension reinforcemenespectively.

6.4.2 Pullout strength of hooked-end fibers

As mentioned in Chapter 2, studies have shownahehorage properties play an important
role in improving the pullout resistance of hoolet steel fibers. Alwan et al. (1999)
suggested that the mechanical contribution of thakhDP', is a function of the cold work
needed to straighten the fiber as it is being putlat from the matrix. Usingquation 2-2

(refer to Chapter 2), the simplified expression Bt is shown inEquation 6-9:

_ 305 , b2y ]
~cod4s’” /180°) ' g (6-9)

DP'

The value fy, is the fiber yield strength (in psi) anB, is the fiber diameter (in inches). As
an example for a typical Dramix ZP305 fib&F is found to be 34 Ibs (152 N).
Therefore, in the case of hooked-end fibers, takimg account the hook contribution, an

estimate of the pullout strengttf can be made usinBquation 6-10 where the

pullout ?

contribution of the hook[P') is added to the load needed to cause debonditig diber:
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pullout

L.
Fouiout = Loona P D—2 +DP' (6-10)

The parametet is the length of the straight portion of the fiber

f ,straight

6.4.3 Pullout strength of crimped fibers

In order to take into account the enhancement lloyiustrength provided by the deformed
shape of a crimped fiber, the present model suggesing a "deformation contribution

factor", a,, which scales the expected pullout strength ofaigit smooth fiber as shown in

Equation 6-11 As shown inTable 6-4, using data on the pullout strength of crimpeerfi

in the literature a, was taken as the average of the ratio of the lsirehgth of the

deformed fiber (taken as measured pullout loaddédiby the surface area of the fiber) and

the expected bond strength of a straight smootér f(see section 2.2.4.2). Based on this

analysis, a,,, was estimated to be 2.84 for the case of crimieuid.

F =t POdy7 Le. a
2

pullout bond

(6-11)

m

6.4.4 Alternate expression for the pullout strengbih hooked-end fibers

In lieu of usingEquation 6-1Q the simplified approach used for crimped fibesig also be
used to predict the pullout strength of hooked-&hdrs by scaling the expected pullout
strength of a straight smooth fiber to accounttiier contribution of the anchorage as shown
in Equation 6-11 Using data on the pullout strength of hooked-#eks in the literature, it

was determined that,, can be taken as 2.0.
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Table 6.4: Several studies used to predef, for crimped fibers

Pullout ) Aspect Bond Bond )

Fiber _ fd deformed fiber

Author Load ratio Strength Strength o
type (MPa) coefficient
(N) (I—f/Df) straight(M Pa) deformed(M Pa)
Chanvillard & Aitcin (1996) 647 Crimpetii 50 29 2.42 8.23 3.41
Chanvillard & Aitcint (1996) 650 Crimpenii 50 49 3.45 8.27 24
Chanvillard & Aitcint (1996) 689 Crimpedl 50 78 4.72 8.77 1.86
Banthia & Trottier (1994) 675 Crimpef 40 40 3.01 .0 3.57
Banthia & Trottier (1994) 675 Crimpef 40 52 3.59 .0 2.99
a
" 2.84
(Average)

6.4.5 Bond-shear strength

The bond-shear strength, 4, is a function of the concrete matrix strengthd @ncan be
approximated using the valuesTiable 2.1(refer to Chapter 2). As discussed previously, the
values listed inTable 2.1are based on a literature review performed by iKgt£2000) on
the average bond shear strength from single fiblrout tests.

In the present work the simplified formula showrolaewas developed to estimate the bond-

shear strengtht,, . 4:

[bond = 111’ (fct)1'354 (6-12)
Where f is the tensile strength of concrete and can bedasmg the following equation:
f., =033/f. (MPa) (6-13)

Figure 6.9shows that the proposed formula provides a gddd the data imable 2.1
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Figure 6.9: Bond strength equation

6.4.6 Fiber contribution to shear resistance

In order to account for the influence of the fibersshear strength one can examine the free-
body diagram of an SFRC beam with a crack incloraty (seeFigure 6.10. The fiber

contribution to shear resistancé,,, can be related to the pullout strength of therSb

crossing this cracking plane as showgquation 6-14
Vi =V~ K’ (Nfibres' avaullout)' b,d, " cotg (6-14)

The above equation simplifies an iterative modelvmusly proposed by Aoude (2008).

As mentioned in Chapter 2, the effective numbefilérs per unit areaN,.., for fibers

randomly oriented in three dimensions can be catedlusing=quation 6-15

N fibers q ’ hl (6'15)

Vf ,
=—"a
Af
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Where A is the cross-sectional area of the fiber, and wher is the volume fraction of
fibers in the matrix. The orientation factmq, is used to account for the random orientation
of the fibers crossing any arbitrary cracking pland is taken as 3/8. The length factoris

used to account for the variability in the fiber mdment length across the cracking plane
and is taken as 0.5.

Figure 6.10: Fiber pullout resistance contributing to shearstesice

The pullout strengthF .., is valid for the situation of pure tensile puliotiowever in a

beam, the fibers will resist tension along the dre cracks while undergoing a shear
deformation (sed-igure 6.11). Hence, in the proposed model it is assumed ttiafibers
will have reduced pullout efficiency in the situati of combined tension and shear. Using
regression analysis, an empirically determined fcation factor “Pullout Reduction

Factor” of 0.8, a,, was used to reduce the pullout resistance offittexs (the pullout

reduction factor was previously proposed in the ehod Aoude (2008)).

Figure 6.11: Reduced pullout resistance in the case of combigrezion and shear
[Adapted from Aoude (2008)]
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As shown inFigure 6.5 thea/d ratio has a significant influence on the sheaistasce of
SFRC beams. In the proposed model a fadtorjs used to account for the effect of tid
ratio as shown irEquation 6-16 This expression was determined based on regressio
analysis using a large database of experimentaltsefsom the literature.

k=172 9 (6-16)
a

Figure 6.12shows the relationship between normalized sheasstndy/d ratio from four
different studies in the literature. It can bers#eat as the/d ratio increases, the normalized
shear stress reduces. It can be seen thatadtlaatio of 2.0, the normalized shear strength of
the beams approaches a value of 0.75. Assuminghbdiber participation is full at aavd
ratio of 2.0 and reduces beyond the poktjure 6.13 plots the relationship of normalized
shear strength divided by 0.75 as a functioa/dfratio. It can be seen that the empirically-

derived expression folK gives a reasonably good correlation to the expertal data
reported in the literature.
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Figure 6.12: Normal shear stress as a functioratf ratio

165



2.50

< Ashour et al.(1992) 2
o
% Kwak et al.(2002) 2
a 2.00
= ALim et al.(1987) 3
Lo
N~
S ¢ Mansur et al. (1995) 2
=1.50
>
)]
3 1.00
& K=1.72 dl/a
°
()
= 0.50
= 0.
= ‘ N .
o
prd

0.00

0.00 1.00 2.00 3.00 4.00 5.00

Shear span-to-effective depth ratia/d)

Figure 6.13: Correlation between normalized data and particypafactor, K.

Research has shown that the shear stress at faillR€ beams without web reinforcement
reduces as the size increase. Some researcherspbsaitdated that this “size effect” is
eliminated in SFRC beams. Although there is vemyited data on the shear behaviour of
larger SFRC beamssigure 6.7 indicates that there may be a size effect in lagERC
beams. In the proposed model this size effect kentanto account using the size effect

factor, y . The expression shown mquation 6-17 is the same expression suggested by

Zararis and Papadakis (2001) for accounting far sifect in traditional RC beams:
a
y = 12- O.Zad (6-17)

The various steps needed to determine the shastarese of SFRC beam¥ () as proposed

in the present model are summarizeigure 6.14
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Step 1:
- CalculateV,, using Equation 6-3
VnO =VC +VS
- CalculateV_,andV, using Equation 6-4 & 6-5

& B

- CalculateF using Equation 6-10 or 6-11:

m L i
F pullout = t bond p D f

pullout

f , straight i D P 1
2

. p Sl
Fpullout :tbond 1% Df T a,

- Calculatet ., using Equation 6-12

K- S e R

v
;. =N

- Calculate fiber contribution to shear resistantg,, using Equation 6-14:
Vi =y K’ (N “a,F ) b,d,  cotg

fibres v' pullout
Vv
- CalculateN, using Equation 6-15N :?f' a, h
f
- Compute the participation factd€, using Equation 6-16K = 172" d
a

\-Compute the size effect factgr,, using Equation 6-17% = 1.2- O.ZSd /
Step 4.

- Calculate the shear resistance of the beam ingutiie influence of the fibers
Vot =Vie + Vi

Figure 6.14: Proposed model procedure to calculate shear resesteéft SFRC beams
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6.5 Prediction of Shear Strength of SFRC beams

In this section, the models proposed by other rekees and the author are used to predict
the shear capacities of a large database of SFR@&hddrom the literature (the beam
properties are summarized Tmble Al). The database includes the results from 173 SFRC
beams (120 beams with hooked-end fibers and 53aniittped fibers), including 137 beams
that failed in shear.

It should be noted that many of the experimentstistavailable in the literature present the
results of beams that have smaldl ratio. Such beams carry load by strut and tieoaciind

in such cases the strength of the beams is stroamigjlienced by the details near the supports
(Collins and Mitchell, 1997). From the databasel@B beam test results taken from the
literature (seélfable Al), 129 beams hava/d ratio greater than 2.3 (with 97 beams in this
category failing in shear).

Figure 6.15shows the predictions of the beams using six iffemodels proposed in the
literature and considering all 173 beams in thelkde Figure 6.16 includes only those
beams having aa/d ratio greater than 2.3 (also shownTiable A2 for hooked-end fibers
andTable A3 for crimped fibers). With the exception of the Ngaaan & Darwish (1987)
and the Ashour et al. (1992) models, one can matiethe majority of the models proposed in
the literature show high scatter.

Figures 6.17 (a)6.18 (a)and6.19 (a)compare the experimental shear capacities of/al 1
beams in the database to those predicted usingrtaltical models for hooked-end and
crimped fibers proposed in this thedtsgures 6.17 (b) 6.18 (b)and6.19 (b)compares the
experimental and predicted shear capacities of tihrdge beams with/d ratio greater than
2.3 (also shown imables A2andA3). One can see that the predictions using the rsodel
proposed in the present study agree reasonably witil the actual capacities for the
majority of the beams for the case of slender be@es mean and standard deviation values
reported inTables A2andA3).
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Figure 6.15: Experimental vs. predicted shear capacities ugijogtons suggested by other

researchers and including all beams in the database
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Figure 6.16: Experimental vs. predicted shear capacities ugijogtons suggested by other

researchers and including only those beams afidhatio > 2.3.
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crimped fiber with pullout predicted using Equatiéiil

6.6 Prediction of Shear Strength of SCFRC beams

In this section the shear resistance of the spewnrethis experimental program that failed
in shear (beams M15-0.5%, M15-0.5%H, M20-0.75%, Ma%, M20-1.0%A, MZ20-
1.0%B) and four other SCFRC beams tested in tweratudies are predicted using various
equations proposed in the literature, includidggations 2-41and2-42 that were proposed
in the study of Greenough and Nehd@lable 6.5shows the properties of the beanigble

6.6 summarizes the results of the analysis. As cadldsly seen most of the SFRC models
show wide scatter. For the expressions propose@rbgnough and Nehdi (2008), the first
equation shows high scatter, while the second exjugtves better results although it over-
predicts the shear capacity of the beam testeaisrstudy and under-predicts the capacity of
the beam tested in the study of Zighuo et al. (2010

The model proposed in this study was also usedediqt the shear capacities of the SCFRC
beams. The results show that the model gives rah$praccurate predictions when

compared to the models proposed by other researdhés noted that for the majority of the
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beams, including all the beams tested in this studg model over-predicts the shear
capacity of the SCFRC beams.

It should be noted that the shear capacity of thm goncrete as represented in the t¥n
may be slightly over-predicted in the case of S@arnhs. There is limited published data in
the literature on the behaviour of plain SCC beamshear, however as discussed in the
literature review, Lachemi et al. (2004) testeceaes of beams to examine the influence of
SCC on shear behaviour. The authors of this stadpd that the SCC beams had reduced
capacity when compared to the companion reinforomacrete beams. The authors also
found that a decrease in aggregate size decredsethta shear capacity. Similarly the
authors found that an SCC with the same aggregaee lsit having a reduced coarse
aggregate content showed a reduction in ultimagarskesistance. The reduction in capacity
was linked to the reduced contribution of aggregaterlock (and therefore lower post-
cracking shear resistance) in beams having redaggdegate size and aggregate content,
which is typical in SCC (sefeigure 6.20which shows a more smooth and straight shear path
in the case of SCC having reduced aggregate $izenoted that further research is required
to study the effect of these two parameters on-p@&king shear transfer mechanisms in
SCC and SCFRC beams.

Table 6.5: Parameters of SCFRC beams tested in this studgthed researchers

Beam I.D. b (mm) | d(mm) a/d | f'(MPa) | Ds;(mm) | L¢D¢ | V{(%) | Vex (KN)
M15-0.5%" 125 212 0.015 | 3.77 50 0.55 55 0.50 43.33
M15-0.5%H" 125 212 0.015 | 3.77 50 0.38 79 0.50 45.17
M20-0.75%" 125 212 0.023 | 3.77 50 0.55 55 0.75 44.03
M20-1.0%" 125 212 0.023 | 3.77 50 0.55 55 1.00 57.50
M20-1.0%A" 125 212 0.023 | 3.77 54.5 0.55 55 1.00 59.02
M20-1.0%B" 125 212 0.023 | 3.77 52.5 0.55 55 1.00 51.46
S-HE-50-0.5" 200 265 0.017 | 3.02 40 1.00 50 0.50 90.80
S-HE-50-0.75" 200 265 0.017 | 3.02 40 1.00 50 0.75 105.60
S-HE-50-1.G" 200 265 0.017 | 3.02 40 1.00 50 1.00 148.90
SESCCB50- ' 200 260 0.028 | 3.00 56 0.55 64 0.50 137.50

* Beams tested in this study
**Beams tested by Greenough and Nehdi (2008)
T Beams tested by Zighuo et al. (2010)
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Table 6.6: Prediction of shear capacities using models praposthis study and by other

researchers

Predictions (Ve /Vpred)

Khuntia | Imam | Mansur | Sharma| Ashour | Greeenough & Nehdi Proposed
vV etal. etal. etal. etal. etal. Model*
exp (1999) | (1995) | (1986) | (1986) | (1992) | Eq.2-41 | Eq.2-42
Beam I.D. (kN)
M15-0.5% 4333 0.84 093| 0.98 0.93 0.87] 1.02 0.74 0.97
M15-0.5%H | 45.17| 0.79 088| 091 0.97 081 0.95 0.71 0.97
M20-0.75% | 44.03| 0.72 0v1i] 0.87 0.95 0.78/ 0.92 0.68 0.79
M20-1.0% 5750 0.86 084 101 1.24 091 1,07 0.81 0.93
M20-1.0%A | 59.02| 0.86 084 1.02 1.22 091 1.08 0.83 0.94
M20-1.0%B | 51.46| 0.76 0.74] 0.89 1.09 0.80] 0.95 0.72 0.83
S-HE-50-0.5 | 90.80| 1.18 089 | 1.12 1.03 0.80 1.49 1.00 0.95
S-HE-50-0.75 | 105.60 1.21 092 | 1.14 1.19 0.82 1.53 1.07 0.96
S-HE-50-1.0 148.90 1.52 1.18 1.43 1.68 1.03 1.92 1.39 1.20
SFSCCB50- 137.50 1.43 0.89 1.39 1.34 1.00 1.86 1.36 1.13
Mean: 1.02 0.88| 1.08 1.16 0.87 1.28 0.93 0.96
S.D. 0.29 0.13 0.20 0.23 0.09 0.39 0.27 0.12

/

Figure 6.20: Influence of a reduction in coarse aggregate sizerack shear plane
[Adapted from Lachemi et al. (2005)]
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6.7 Proposed Code-Based Equations
6.7.1 Existing Design Guidelines Related to UseS$fRC in Beams

Design guidelines for the use of SFRC in beams baea proposed in several European and
Nordic countries. As seen ifable 6.7 and discussed in Chapter 2 it can be noted tleat th
majority of the equations consider the fiber cdnition to be separate from the concrete
contribution, the exception being the equation psgal by the Italian Recommendation
which modifies the concrete contribution direct§imilarly, in North America, the 2008
ACI-318 code includes provisions permitting the wdeSFRC to replace minimum shear
reinforcement in flexural members. In order to ¢fyahs an alternative to traditional shear
reinforcement, the SFRC must have a minimum fibesage of 60 kg/th(0.75 % by
volume) and meet the performance requirements etfim Chapter 5 of the ACI code.
Although the ACI provisions are a positive stepthie recognition of SFRC as a structural
material in North America, the provisions do notlude a code-based design equation for
computing the shear resistance of SFRC. It is nttatithe CSA A23.3 standard does not

contain any provisions related to the use of SHRReams.

Table 6.7: Design guidelines and equations for predicting shesistance of SFRC beams

Design Guidelines Design Equation
RILEM - method V, =V, + 0.7k kt ,b,d Wheret ;; = 012f_ ,
German Guidelines V, =V, + 0.7k, k¢t 4b,d Wheret = 0371,
Norwegian Guidelines V, =V, +08f .b,d
018 f ”
Italian Recommendation V,= ——k 100r, 1+ 75-2 f  +015s, b,d
c ctk
ACI 318-08 No Design Equation
CSA A23.3-04
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6.7.2 Proposed Design Equation

6.7.2.1 Design equation

This section proposes a design equation which eaunsked to predict the shear capacity of
SFRC beams. The expression showrEguation 6-18 is based on the prediction model

discussed in section 6.4 and is used to predicshigar resistance attributed to steel fiber

reinforced concretey, ;, .

230
° 1000+s,,

d

VC fio = f — (06, NfibrestuIIout), bwdv ’ Cth (6'18)
’ a

Ji®,d, + 172

The first component ifcquation 6-18 is used to estimate the shear resistance proviged
concrete and is the same expression used in thplisgd method of the CSA A23.3

standard for sections containing no transversefamiement and can be used for all

aggregate sizes. The term 239 s derived from the MCFT and general shear design
1000+s,,

method of the CSA A23.3 standard by assuming aeveftD.85 x 10 for the strain at mid-
depth, x (Bentz and Collins, 2005). The expression has lskewn to account for the effect
of beam size and aggregate size on shear resistemces a simplified equation which is
suitable for design (Lubell, 2006; Sherwood, 2008).

The second component lHguation 6-18is used to estimate the shear resistance prowged
steel fibers and is the same expression used iprédictive model in section 6.4 with the
exception being that the pullout reduction factaf, is reduced from 0.8 to 0.6 to produce
more conservative estimates of pullout strengttdésign.

Figure 6.21 compares the experimental to predicted shear @ESaEVex/Vpred) USING
Equation 6-18and with 7, taken as 1.0 for the database of SFRC beam mdtgenTable

6.1 and including only the results from specimens ta#ed in shear.The results are plotted
as a function of fiber contenVy), shear span-to-depth ratia/d) and beam effective depth
(d). Figure 6.22 shows the predictions for the reduced set of belaaving ana/d ratio
greater than 2.3. It can be seen that the majofitfie Vex/Vpred ratios exceed 1.0 producing
safe design with only 2.3% of the results having.g/Vpred ratio < 1.0. When only slender
beams are included the meé&nyVpreais 1.43 with a standard deviation of 0.25.
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Figure 6.23 compares the experimental to predicted shear tggsabut with . taken as
0.65 as specified in the CSA A23.3 standard. Omese® that the proposed design equation
produces safe predictions of SFRC shear resisfaneewide range of beam tests reported in

the literature.

6.7.2.2 Need for reliability analysis

It is noted that the above was a first attempteatetbping a shear design equation for SFRC
beams. However, detailed reliability analysis nedse conducted in order to measure the
safety and reliability of the proposed equationr Egample in the proposed equation a
pullout reduction factor of 0.6 was suggested fesign; the reliability associated with the
choice of this factor needs to be verified. As agio check, using the mean of 1.43 and the
standard deviation of 0.25, the first percentiligas 1.43-2.33(0.25) = 0.85.

6.7.2.3 Additional recommendations
If Equation 6-18 is to be used for design, the following additiomafuirements and
limitations are recommended:
It is proposed that a minimum fiber content of @&/be required when SFRC is used as
a complement to the shear resistance provided hgrete.

The maximum shear resistance computed us&iggation 6-18 should be limited to

O.3fc\/f_ctbwdV which corresponds to the conservative lower bouallies reported by

Parra-Montesinos (2006).
It is proposed that SFRC be only permitted in memsbaving d 570 mm due to the
lack of experimental results on larger SFRC beaiting in shear.
It is proposed that minimum performance requiremerglated to the toughness
parameters obtained from the ASTM C1609 be requiieen SFRC is used to enhance
the shear capacity of beams (e.g. requirementdasinoi those proposed in the current
edition of the ACI-318 code).

It is noted that the above recommendations apptedgalar SFRC; as discussed in the thesis

more research is required for shear design of SClhédns.
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Figure 6.21: Validity of the design model using all beam resudtsd takingf, as 1.0
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Chapter Seven: Conclusions

7.1 Overview

Steel Fiber Reinforced Concrete is a promising natevhich offers many advantages that
can be adopted for structural applications. Thigsith provided a comprehensive
investigation into the potential of using steelefib in combination with self-consolidating
concrete in beams. Furthermore, the thesis propmseethod to predict the shear strength of
SFRC beams. The concluding remarks concerning ¥pergnental and the analytical

program are summarized in the following sections.

7.1.1 Experimental program

Twelve beam specimens, having identical geometrmalperties but constructed with
different types of self-consolidating concrete diér types, were tested under four-point
loading to evaluate the effect of steel fibers lo@ $tructural response of SCFRC beams. The

results obtained from the experimental program teatie following conclusions:

1. The addition of fibers reduces the workability &G, however adequately workable
mixtures can be obtained with moderate fiber casten

2. The addition of fibers to a SCC mix improves theeahcapacity of reinforced
concrete beams.

3. The addition of a sufficient amount of fibers coalter the brittle shear failure mode
into a more ductile flexural response in sheaieaitboeams.

4. The addition of steel fibers leads to an improveimercracking behaviour, which

was evidenced by a better control of crack widtid i@ductions in crack spacings.
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7.1.2 Analytical Program

The following conclusions can be drawn from thelgieal phase of the research program:

1. Based on an evaluation of a large database oftseseXisting equations in the

literature are empirical and many do not accurapeidict the shear resistance of
SFRC and SCFRC beams, there is thus a need toogeweliable and accurate

prediction equations.

2. An analytical model which can predict the ultimateear resistance of SFRC and

SCFRC beams was proposed. The model accounts for:

The effect of fiber deformation on pullout strengtith equations developed for

both hooked end and crimped steel fibers);

The influence of bond-shear strength on pullowrgjth (with an equation which

computes bond strength based on matrix strength);

The influence of shear span-to-depth ratdéd) on the shear strength of SFRC
beams (with a factor that accounts &d ratio);

The influence of beam size on the shear strengtBFRC beams (with a factor

that accounts for the effect of increased bean).size

3. The results show that the analytical model proviglesurate and reliable predictions

for a large database of SFRC beam test resultstegpm the literature. The model

also provides reasonable predictions for SCFRC beam

4. An equation for estimating the shear design stfengtSFRC beams was proposed.

The design equation was shown to reliable resutsaaseries of recommendations

were proposed for design purposes.
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7.2 Future Research

The following suggestions are proposed for futesearch:

1.

Further experimental research and the developmiiincanalytical model which
more accurately accounts for the effect of redusggtegate size and content in self-
consolidating concrete (for beams with and withgtatel fibers).

Further research focusing on the shear behaviolargér SFRC and SCFRC beams,
to more clearly examine the effect of increasedrbe&e on shear response.

The effectiveness of combining steel fibers witidttional transverse reinforcement
and the effect of this approach on the shear respohSFRC and SCFRC beams.
The use of nonlinear Finite Element (FE) modelingptedict the complete shear
deflection response of SFRC and SCFRC beams. 3Jipediacomputer-aided
software such as VecTor2D can be utilized for gugpose.

An experimental program on SFRC and SCFRC beamgdal to cyclic and
reversed cyclic loads, in order to evaluate theotfof steel fibers on the shear

response and flexural ductility of beams subjetteldad reversals.
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Appendix A

Table Al: Database and properties of various SFRC beamsgl tegtether researchers

Study Beam | by | h | d wd | fe | Fiber| L | D || ol Vi éz'ct;g;) Ve,

I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)

1 152 457 381 | 0.020  3.5( 38 H 30 051 60 100  0.59 176.03

2 152 457 381 | 0.020 3.5 38 H 30 051 60 100  0.59 179.63

Parra-Montesinos 3 152 457 381 0.027 3.5( 38 H 30 0.51 60 1,00 0.59 200.83
et al. (2006)

4 152 457 381 | 0.027  3.5( 38 H 30 051 60 100  0.59 147.22

7 152 457 381 | 0.027  3.4( 31 H 30 051 60 150  0.89 148.42

8 152 457 381 | 0.027  3.4( 31 H 30 051 60 150  0.89 196.03

9 152 457 381 | 0.027  3.4( 45 H 30 051 60 150  0.89 190.43

10 152 | 457 381 | 0.027 3.4( 45 H 30 051 60 1/50 0.9 189.23

11 152 | 457 381 | 0.027 3.4( 49 H 60 051 80 100 1.18 172.43

12 152 | 457 381 | 0.027 3.4( 49 H 60 051 80 100 1.18 218.83

FC2 150 610 556 | 0.023  1.60 54 H 30 051 60 075 404 27052

G%egbf;f etal. FC3 150 610 556 | 0.023  1.60 50 H 30 0.51 60 1/50 9048 317.62

FC8 150 610 556 | 0.023  1.60 55 H 30 051 60 0/40 402 199.88

FC9 150 610 556 | 0.023  1.60 56 H 30 051 60 060 503 23174

FC10 150 610 556 | 0.023  1.60 47 H 50 0.1 100 040 .390| 246.86

FC11 150 610 556 | 0.023  1.60 41 H 50 0.1 100 0|60 .59 0| 237.08

Ashour et al. B-2-1.0-L | 127 254 216 | 0.004  2.0( 92 H 60 079 75 001] 0.76 46.10

(1992) B-4-1.0-L | 127 254 216 | 0.004 4.0 93 H 60 079 76 001] 0.76 24.56
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)

B6-10-L | 127 | 254 | 216| 0004 6.0( 94 H 60 079 75 001] 0.76 15.30

B-1-05-A | 127 | 254 | 216| 0.02§8 1.0 99 H 60 079 75 500/ 0.38 249.18

B-2-05-A | 127 | 254 | 216| 0028 2.0 99 H 60 079 75 500/ 0.38 132.24

B-4-05-A | 127 | 254 | 216| 0028 4.0 95 H 60 079 75 500/ 0.38 62.15

B-6-05A | 127 | 254 | 216| 0028 6.0 96 H 60 079 75 500/ 0.38 53.46

B-1-10A | 127 | 254 | 216| 0028 1.0 95 H 60 070 76 010 0.76 349.31

B-2-10-A | 127 | 254 | 216| 002§ 2.0 95 H 60 079 75 001] 0.76 166.25

B-4-10-A | 127 | 254 | 216| 0.028 4.0 97 H 60 070 75 001] 0.76 86.90

B-6-10-A | 127 | 254 | 216| 0.028 6.0 101 H 60 070 75 .001] 0.76 53.65

B-1-15A | 127 | 254 | 216| 002§ 1.0 96 H 60 070 75 501 114 382.56

B-2-15A | 127 | 254 | 216| 0028 2.0 97 H 60 070 75 501 114 197.61

B-4-15-A | 127 | 254 | 216| 0.028 4.0 97 H 60 070 75 501 114 96.16

B-6-15A | 127 | 254 | 216| 0028 6.0 101 H 60 079 75 501 1.14 54.22

B-2-1.0-M | 127 | 254 | 216| 0.046 20 95 H 60 070 75 001] 0.76 184.57

B-4-10-M | 127 | 254 | 216| 0.046 4.0 94 H 60 070 75 001] 0.76 106.36

B-6-10-M | 127 | 254 | 216| 0048 6.0( 95 H 60 079 75 001] 0.76 80.29

Casanovaetal | HSFRCL | 127 | 254 | 226 | 0036 2.9 90 H 30 051 6 180 077 7.65
(1999) HSFRC2 | 127 254 226 | 0.036 2.90 90 H 30 051 6 180 077  6.4I5
HSFRC3 | 127 | 254 | 226 | 0022 2.90 90 H 30 051 6 180 077 0.2

(Cz%ﬁyara etal. A10 150 249 218 | 0.019 2.8 41 H 30 0.51L 6 100 904 9586
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)

A20 150 249 218 | 0.019 2.8( 43 H 30 0.5 60 200 81.1 102.62

B10 150 249 218 | 0.019  2.0( 41 H 30 0.51 6p 100 905 11458

B20 150 249 218 | 0.019  2.0( 43 H 30 0.51 60 200 811 11525

FHB2-2 127 254 213 | 0.013 2.00 64 H 50 0.79 63 0[50 0.32 137.97

el ot al. FHB3-2 127 254 213 | 0.013 2.00 69 H 50 0.79 63  0[75 0.48 147.49
(2002) FHB2-3 127 254 213 | 0013 3.0 64 H 50 0.79 63 0[50 0.32 83.64
FHB3-3 127 254 213| 0014 3.00 69 H 50 0.79 63  0[75 0.48 92.04

FHB2-4 127 254 213 | 0.015  4.00 64 H 50 0.79 63 0[50 0.32 65.34

FHB3-4 127 254 213 | 0013  4.00 69 H 50 0.79 63  0[75 0.48 74.31

FNB2-2 127 254 213| 001§ 2.00 31 H 50 0.79 63 0[50 0.32 109.40

FNB2-3 127 254 213 | 0.015 3.00 31 H 50 0.79 63 0[50 0.32 69.08

FNB2-4 127 254 213 | 0.015  4.00 31 H 50 0.79 63 0[50 0.32 54.14

Li et al. (1992) - 127 229 203 | 0.022 3.0Q 23 H 30 0.51 60 1.p0 059 .7778
- 127 229 203 | 0.022 3.00Q 26 H 50 0.5 10  1.00 099 877

2/0.5/1.5 152 254 221| 0.012 1.5D 34 H 3q 0.51 60 500, 0.30 106.74

Limetal (1987)| 2/0-5/2.5 152 254 221| 0.012 25D 34 H 3q 0.51 80 500, 0.30 58.01
2/0.5/3.5 152 254 221| 0.012 3.5D 34 H 3q 0.51 60 500, 0.30 45.25

2/1.0/1.5 152 254 221| 0.012 1.5D 34 H 3q 0.51 0 001, 0.59 106.27

2/1.0/2.5 152 254 221| 0.012 25D 34 H 3q 0.51 0 001, 0.59 60.10

2/1.0/3.5 152 254 221| 0.012 3.5D 34 H 3q 0.51 0 001, 0.59 46.41
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)
4/0.5/1.5 152 254 221 0.024 150 34 H 30 0.51 60 500, 0.30 134.81
4/0.5/2.5 152 254 221 0.024 25D 34 H 30 0.51 60 500, 0.30 63.58
4/0.5/3.5 152 254 221 0.024 3.5 34 H 30 0.51 60 500, 0.30 49.42
4/1.0/1.5 152 254 221 0.024 150 34 H 30 0.51 60 001 0.59 147.34
4/1.0/2.5 152 254 221 0.024 250 34 H 30 0.51 60 001 0.59 82.61
4/1.0/3.5 152 254 221 0.024 350 34 H 30 0.51 60 001, 0.59 67.29
B1 152 229 198 | 0.013  2.0q 29 H 30 0.5 60 050 0.30 75.31
B2 152 229 198 | 0.013  2.8(¢ 29 H 30 0.5 60 0,50 0.30 52.84
B3 152 229 198 | 0.013 3.6 29 H 30 0.5 60 0,50 0.30 45.14
Mansur et al.
(1986) B4 152 229 198 | 0.013  4.4Q 29 H 30 0.5 60 050 0.30 38.28
c1 152 229 198 | 0.013  2.0( 30 H 30 0.5 6D 075 0.44 85.29
C2 152 229 198 | 0.013  2.8( 30 H 30 0.5 6D 075 0.44 60.33
c3 152 229 198 | 0.013  3.6( 30 H 30 0.5 6D 075 0.44 47.64
c4 152 229 198 | 0.013  4.4( 30 H 30 0.5 6D 075 0.44 41.19
C5 152 229 201 | 0.008 2.8( 30 H 30 0.5 6D 075 0.44 3750
C6 152 229 198 | 0.029  2.8( 30 H 30 0.5 6D 075 0.44 65.32
D1 152 229 198 | 0.013  2.0¢ 30 H 30 0.5 60 1.00 0.59 93.41
D2 152 229 198 | 0.013  2.8¢ 30 H 30 0.5 60 1.00 0.59 65.32
D3 152 229 198 | 0.013 3.6 30 H 30 0.5 60 1.00 0.59 50.76
D4 152 229 198 | 0.013  4.4Q 30 H 30 0.5 60 1.00 0.59 44.10
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)
E1l 152 229 201 | 0.004 2.8( 21 H 30 0.51 60 075 0.44 34.98
E2 152 229 198 | 0.013  2.8( 21 H 30 0.51 60 075 0.44 45.14
E3 152 229 198 | 0.029  2.8( 21 H 30 0.51 60 075 0.44 60.33
F1 152 229 201 | 0.004 2.8( 33 H 30 0.51 60 075 0.44 46.99
F2 152 229 198 | 0.013  2.8( 33 H 30 0.51 60 075 0.44 75.31
F3 152 229 198 | 0.029 2.8( 33 H 30 0.51 60 075 0.44 86.33
4 type A 201 249 180 | 0.045  3.30 95 S- 3q 0.61 50 .500 0.25 296.20
Noghabai (2000) | 5 type B 201 300 236 | 0.04 2.80 102 S- 3 0.61 500.50 0.25 410.19
5 type C 201 500 409| 0.030 2.9 82 S- 3 0.61 50 500 0.25 367.50
6 type C 201 500 409| 0.030 2.9p 82 S- 3( 0.61 50 500 0.25 327.35
3 type D 300 701 569 | 0.029  3.0p 82 S-f 30 0.61 50 500 0.25 567.50
4 type D 300 701 569 | 0.029  3.00 68 H 60 0.71 g6 507 063 507.58
1.2/2 201 300 259 | 0.036 3.50 47 H 60 0.89 67 0[25 .170| 109.96
Rosenbusch et al. 1.2/3 201 300 259 | 0.036 3.50 44 H 60 0.89 67 051 .340| 119.99
(2002) 1.2/4 201 300 259 | 0.036 3.50 48 H 60 0.89 67 0[76 510 | 154.74
2.212 201 300 259 | 0.018 150 41 H 60 0.89 67 0[25 .170| 279.75
2.2/3 201 300 259 | 0.018 150 40 H 60 0.89 67 076 510 | 299.45
2.3/2 201 300 262 | 0.012 250 40 H 60 0.89 67 0[25 .170| 8247
2.3/3 201 300 262 | 0.012 250 39 H 60 0.89 67 0[76 510 | 108.15
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
[.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)
2.412 201 | 300 | 259| 0018 250 @ 40 H 60 089 &7 o025 .170| 107.82
2.4/3 201 | 300 | 259| 0018 250 @ 39 H 60 089 67 076 510| 14363
2,612 201 | 300 | 259| 0018 400 41 H 60 089 &7 o5 .170| 8238
2.6/3 201 | 300 | 259| 0018 400 40 H 60 089 & o076 510| 116.77
20GOSFRCl 201 | 300 | 250 | 0028 350 38 H 60| 08 6/ 050 034 030
205 SFRCl 201 | 450 | 409 | 0031 330 38 H 60| 089 6/ 050 034 5304
POCOSFRCl 201 | 599 | 541 | 0027 350 38 H 60| 080 6/ 050 034 405
2OGOSFRCl 201 | 300 | 250 | 0028 350 39 H 60| 080 6/ 050 034 148
POCOSFRCl 201 | 500 | 460 | 0.026 340 39 H 60| 089 6/ 050 03¢ 81K
POCOSFRC 201 | 599 | 541 | 0027 350 39 H 60| 080 6/ 050 034 2.9
Sharma (1986) S3F 152| 308 277 0045 180 4 51 610 83 | 090| 0.75 122.97
B52 175 | 249 | 211| o004d 450 36 c 50 081 100 040 300| 79.94
(Slvgggy & Bahia. B53 175 | 249 | 211 | 0040 4.5 37 c 50 0.51 14)0 0js0 790.| 114.56
B54 175 | 249 | 211| o004d 4.5 40 c 50 051 14)0 120 181.| 11558
B55 175 | 249 | 211| 0031 4.5 38 c 50 051 14)0 olso 790.| 11863
B56 175 | 249 | 211| 002d 450 42 c 50 05 100 o0lgo 790.| 9674
B63R 175 | 249 | 211| 0020 450 35 c 50 051 100 olso .790| 7586
Swamy et al. 1TLF-1 56 | 305 | 264| 0049 200 36 c 51 o051 100  1/00 1.00 80.96
(1999) 1TLF-2 56 | 305 | 264 | 0043 340 41 c 51 o051 100  1/00 1.00 59.50
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. Fiber
Beam h d fo' Fiber| L D V ( \Y
Study D ald | ¢ i | 1706 | o | Facton)| 4 &%
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) %0 N (kN)
p
1TLF-3 56 305 | 264 | 0043 490 36 c 51 051 100  1/00 1.00 42.82
2TLF-1 56 305 | 264 | 0028 204 38 c 51 051 100  1/00 1.00 72.41
2TLF-2 56 305 | 264 | 0028 3.4 33 c 51 051 100  1/00 1.00 45.97
2TLF-3 56 305 | 264 | 0028 4.9d 36 c 51 051 100  1/00 1.00 43.12
3TLF-1 56 305 | 264 | 0016 2.0d 36 c 51 051 100  1/00 1.00 68.35
3TLF-2 56 305 | 264 | 0016 3.44 34 c 51 051 100  1/00 1.00 41.80
3TLF-3 56 305 | 264 | 0016 4.4 32 c 51 051 100  1/00 1.00 29.70
2 61 376 | 340 | 0034 200 35 H 30 051 60 050 030 10.7D
Tan et al. (1993) 3 61 376 340 0.034  2.00 33 H 30 0.51 60 0.7/5 045 1.92
4 61 376 | 340 | 0034 200 36 H 30 051 60 100 060 06.7D
5 61 376 | 340 | 0034 250 36 H 30 051 60 100 060 834
6 61 376 | 340 | 0034 150 36 H 30 051 60 100 060 5597
R20X30 200 300 260 | 0.0283 3.5 38 H 60 092 65 050 033 11.0D
Seriesl
R20X30 I
Barragan (2002) | waioun 200 | 300 | 260 | 00283 3.5 39 H 60 092 65 050 033 32.00
R20X45 200 | 450 410 | 0.0294 3.50 38 H 60 092 65 050  0.33 46.0D
Seriesl
R20X50 200 500 460 | 0.0262 3.5 39 H 60 092 65 050 0.33 48.0D
Series2
R20x60 200 600 540 | 0.0273 3.5 38 H 60 092 65 050  0.33 54.0D
Seriesl
R20x60 200 600 540 | 0.0273 3.5 39 H 60 092 65 050 033 22.®
Series2
Aoude H. (2008) B 0.5% 150| 250 202 00183 207 21 30 055 | 55 | 050 027 47.50
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
[.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)
B 1.0% 150 | 250 | 202| 00138 29f 20 H 3 085 55  1]00055 56.50
S-HE-50-05| 200 | 300| 265/ o001 @3 40 H 5¢ 140 50 005 025 91.16
STES0 | 200 | 300 | 265 | 0017 3 40 H 50/ 100 50 05 038 T05.
Greenough &
Nehdi (2008) S-HE-50-1.0| 200 | 300| 265/ o001 3 40 H 5¢ 140 50 010 050 148.93
SFE5005| 200 | 300| 265 o017 @3 40 s 5 1.00 50 005 0.25 115.54
STESY | 200 | 300 | 265 | 0017 3 40 s 50, 100 50 Of5 038 644
S-FE50-1.0| 200 | 300| 265 o017 @3 40 s 5 1.00 50 010 050 146.81
S-FE-3005| 200 | 300| 265 o017 @3 40 s 3 070 43 0d5 021 106.53
STESO | 200 | 300 | 265 | 0017 3 40 s 30 070 43 o5 03 622
S-FE-30-10| 200 | 300| 265 o017 3 40 s 3 070 43 010 043 151.58
SF1 85 150 | 130| 0020 200 61 c 30 03 100 op5  o0l9 3271
Narayanan & SF2 85 150 | 130| 0020 250 61 c 30 0.3 1+o ols 019 20.50
Darwish (1987) SF3 85 150 130 | 0.020  3.00 61 C 30 0.3 1+o 0[25 0.19 30.61
SF4 85 150 | 130| 0020 200 39 c 30 0.3 1+o ols 049 20.95
SF5 85 150 | 130 | 0020 250 39 c 30 0.3 14)0 ols 019 2287
SF6 85 150 | 130| 0020 300 39 c 30 03 100 ol25 019 2144
B1 85 150 | 130 | 0020 304 61 c 40 03 1393 050 050 35.69
B2 85 150 | 130 | 0020 304 66 c 40 3 193 100 100 4044
B3 85 150 | 130 | 0020 304 59 c 30 3 1do 150 112 40.22
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Study Beam | by | h | d wa | f[Fber| L | D || oV ég'ctg) Vero
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) % F (kN)
B4 85 150 130 | 0.020 3.0Q 63 C 30 0.3 100  2/00 1.50 41.33
B5 85 150 130 | 0.020 3.0Q 64 C 30 0.3 100 250 1.90 41.55
B6 85 150 130 | 0.020 3.04 61 C 30 0.3 10  3)00 2.25 4254
B7 85 150 130 | 0.020 3.04 36 C 40 0.3 133 0J50 0.50 21.77
B9 85 150 130 | 0.020 3.0Q 37 C 30 0.3 100  1)00 0.75 32.82
B11 85 150 130 | 0.020 2.00 61 C 40 0.3 133 0[50 0.0 51.05
B12 85 150 130 | 0.020 2.50 61 C 40 0.3 133 0[50 0.0 40.77
B13 85 150 130 | 0.020 3.5 49 C 40 0. 133 0[50 0.50 28.84
B14 85 150 130 | 0.020  2.0Q 57 C 40 0. 133 1J00 1.00 61.55
B15 85 150 130 | 0.020 2.50 57 C 40 0.3 133 1J00 1.0 48.84
B16 85 150 130 | 0.020 3.50 57 C 40 0.3 133 1J00 1.Q0 32.82
B17 85 150 128 | 0.0369  3.0( 49 C 40 0.3 133 050 005 3220
B18 85 150 126 | 0.0572  3.1( 49 C 40 0.3 133 050 00.5 38.02
B19 85 150 128 | 0.0369  3.0( 36 C 40 0.3 133 050 005 2437
B20 85 150 126 | 0.0572  3.1( 36 C 40 0.3 133 050 005 24.95
B23 85 150 128 | 0.0369  3.0( 57 C 40 0.3 133 100 01.0 4755
B24 85 150 126 | 0.0572  3.1( 57 C 40 0.3 133 100 01.0 5355
B25 85 150 126 | 0.0572  3.1( 63 C 30 0.3 100 150 211 51.94
B26 85 150 126 | 0.0572  3.1( 51 C 30 0.3 100 2/00 015 52.80
B27 85 150 128 | 0.0369  3.0( 63 C 30 0.3 100 150 211 4852
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. Fiber

Beam h d fo' Fiber| L D V ( \Y

Study Ou ald | . ! ' | LdDs| o, | Factor)| 5%
I.D. (mm) | (mm) | (mm) (MPa) | Type | (mm) | (mm) %0 N (kN)

p

B28 85 150 126 | 0.0572  2.0( 59 C 30 0.3 100 050 703 5848
B29 85 150 126 | 0.0572  2.0( 54 C 30 0.3 100 1jo0 507 7251
B30 85 150 126 | 0.0572  2.0( 63 C 30 0.3 100 150 211 76.58
B31 85 150 126 | 0.0572  2.0( 51 C 30 0.3 100 200 015 67.47
P3B 100 100 86 0.064  3.5( 55 C 25 0.20 127 1lo0 7 1.2 40.00

Furlan & Hanai

(1997) P4B 100 100 86 0.066  3.5( 50 C 25 0.20 127 2100 425 44.00
P5B 100 100 86 0.064  3.5( 49 C 38 0.20 191 1jo0 119 37.00
P6B 100 100 86 0.064  3.5( 54 C 38 0.20 191 2/o0 13.8 40.00
P7B 100 100 86 0.064  3.5( 54 C 38 0.20 191 0|50 509 35.00
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Table A2:

Predictions of shear capacities of beams contaimirudced-end fibers and having afu ratio greater than 2.3 using the model

proposed in this thesis and models proposed by odkearchers.

Prediction models
Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nara}yanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)
Study Beam I.D. Vpred h Vpred h Vpred __&xp Vpred h Vpred Vex" Vpred h Vpred VEXP
(N) | Voea | (N) | Vg | (KN) pred | (KN) | Viea | (N) | Vpeg | KN) | Vpea | (N) | Vg
1 112.72 1.56 122.8% 1.43 121.34 1.45 91.p8 1.03 903p. 1.32 145.9] 1.21 122.78 1.43
2 112.72 1.59 122.8% 1.46 121.34 1.48 91.p8 197 903R. 1.35 145.91 1.23 122.78 1.46
Moi?érsair}os 3 112.72 1.78 144.24 1.39 123.34 1.63 91.p8 2P0 194p. 1.41 147.90 1.36 131.68 1.53
et al. (2006) 4 112.72| 1.31| 14424 1.02 12334 119 91p8 162 194p. 1.04 | 14790 1.00| 13168 1.12
7 12553 1.18 | 168.2% 0.8 147.]0 1.01 82.76 1[79 866P. 0.87 180.29 0.82 153.13 0.97
8 12553 156 | 168.2% 1.17 147.]0 1.33 82.76 237 8B6P. 1.15 180.29 1.09 153.13 1.28
9 151.10| 1.26 | 183.18 1.04 157.63 1.21 99.62 101 O0B3D. 1.06 193.85 0.98 165.26 1.1%
10 151.10| 1.25| 183.18 1.03 157.63 1.20 99.62 1.00 O0B3p. 1.05 193.85 0.98 165.26 1.1%
11 188.15| 0.92 | 213.33 0.81] 189.67 0.91 104{25 1/65 .6214 0.80 232.84 0.74 168.71 1.02
12 188.15 1.16 213.33 1.03 189.67 1.15 104(25 210 .6214 1.02 232.84 0.94 168.71 1.30
B.4-1,0.|_Jr 94.28 0.26 43.95 0.56 78.21 0.31 64.85 0.38 7992 .31 0 83.18 0.30 19.09 1.29
,:lsfziggg)t B.e-]_,o.l:r 94.84 0.16 40.52 0.38 78.30 0.20 58.95 0.26 79\57 .19 0| 55.63 0.28 12.75 1.20]
B-4-0.5-A 70.22 0.89 82.82 0.75 63.92 0.9y 65.83 0.94 7418 .84 0| 68.44 0.91 58.38 1.06
B-6-0.5-A 70.35 0.76 70.51 0.76 62.89 0.85 59.60 0.90 6918 .77 0| 45.68 1.17 47.27 1.13
B_4_1_0_AT 96.74 0.90 103.71  0.84 82.14 1.06 66.54 1.81 94.76.92 87.21 1.00 71.44 1.22

201



Prediction models

Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nara_lyanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)

suty | seamio. | Vot | Yoo | Vis | Ve | Voo | Voo | Vs | Voo | Vs | Vou | Vs | Voo | Vs | Ve

(N) | Voea | (N) | Voo | (N) | Viea | (N) | Viea | KN) | Vs | KN) | Viea | KN) | Ve
B.e-]_,o.AJr 98.23 0.55 86.34 0.62 81.70 0.66 61.06 0.88 90,69 .59 0| 58.63 0.92 54.89 0.98
B-4-1.5-A 122.241 0.79 120.77 0.80 99.80 0.96 66.40 1.45 114.00.84 105.37| 0.91 84.5( 1.14
B_6_1_5.AT 124.86| 0.43 98.34 0.55 99.68 0.54 61.29 0.88 110.36.49 70.92 0.76 59.80 0.91
B-4-1.0-M 94.88 1.12 130.47 0.82 83.4p 1.2y 65.26 1.63 1038.3%.03 88.42 1.20 79.61 1.34
B-6-1.0-M 95.50 0.84 103.14 0.78 81.90 0.98 59.36 1.85 95.30.84 59.15 1.36 62.22 1.29
HSFRC1 97.70 161 | 164.24 0.96 87.17 1.8 72.54 217 109.26.44 | 125.02| 1.26| 120.9y 1.3

Casanova et

al. (1999) HSFRc:zJr 97.70 1.60 164.24  0.95 87.1)¢ 1.79 72.54 2.16 109.26.43 125.02 1.25 120.9y 1.29
HSFRCJ 97.70 1.03 124.05 0.81 84.79 1.18 72.54 1.88 98.171.02 122.64 0.82 102.15 0.98
Culccgioagzl et Al10 65.81 146 | 102.18 0.94 70.16 1.3f 56.23 1.f0 78.861.22 | 104.42| 0.92 88.48 1.08
o ) AZOT 99.40 1.03 14241 0.72 103.97 0.99 57.82 1.7 715.40.89 154.18 0.67 123.1p 0.83
FHB2-3 53.34 1.57 62.97 1.33 51.61 1.62 57.17 1.46 5505 .52 1| 72.92 1.15 58.07 1.44
évgg';)ﬂ al. FHB3-3 64.23 | 143 | 7291 126/ 6022 158 5929 155 6497 421 8484 | 1.08| 6131 1.50
FHB2-4 53.34 1.23 51.88 1.26 51.08 1.28 53.20 1.23 5234 .25 1| 54.69 1.19 44.56 1.47
FHB3-4 64.23 1.16 59.29 1.25 59.64 1.25 55.17 1.85 6226 .19 1| 63.63 1.17 45.94 1.62
FNB2-3 37.06 1.86 51.63 1.34 41.04 1.68 39.72 1.Y4 4401 .57 1] 57.51 1.20 47.39 1.46
FNB2-4 37.06 1.46 | 40.54 1.34| 40.46 1.34 36.96 1.46 41130 .31 1] 43.13 1.26 40.28 1.34
Li et al. - 38.64 2.04 72.06 1.09 48.82 1.61 32.45 2.43 5744 .37 1| 67.45 1.17 59.99 1.31
(1992) - 54.35 1.45 93.78 0.84 67.55 1.1y 34.74 2.7 77.34 .02 1| 93.26 0.84 64.62 1.22
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Prediction models

Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nara_lyanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)
swty | soamin. | Vot | Yoo | Voo | Yoo | Voo | Von | Vi | Voo | Vyuo | Vo | Vs | Vo | Vi | Voo
(N) | Voea | (N) | Voo | (N) | Viea | (N) | Viea | KN) | Vs | KN) | Viea | KN) | Ve
2/0.5/2.5 47.25 1.23 68.93 0.84 51.09 1.14 54.26 1.07 58145 .99 0| 85.56 0.68 63.73 0.91
Lim et al. 2/0_5/3,§ 47.25 0.96 | 49.79 0.91 50.29 0.90 49.88 0.91 50,30 .90 0| 61.11 0.74 50.42 0.90
(1987) 2/1,0/2,§ 61.73 0.97 89.01 0.68 67.99 0.88 54.26 1.11 7757 .77 0] 113.37 0.53 72.17 0.83
2/1_0/3,5Jr 61.73 0.75 61.56 0.75 67.20 0.69 49.88 0.93 69,19 .67 0| 80.98 0.57 52.93 0.88
4/0.5/2.5 47.25 1.35 104.41 0.61 53.8) 1.18 54.26 1.17 72.93.87 88.34 0.72 75.46 0.84
4/0.5/3.5 47.25 1.05 70.30 0.70 52.28 0.95 49.88 0.99 5954 .83 0| 63.10 0.78 61.75 0.80
4/1.0/2.5 61.73 1.34 | 137.33 0.60 70.77 1.1y 54.26 1.52 92.09.90 | 116.15| 0.71| 101.83 0.81
4/1.0/3.5 61.73 1.09 88.42 0.76 69.18 0.9y 49.88 1.85 78,42 .86 0| 82.97 0.81 79.45 0.85
B2 39.20 1.35 56.03 0.94 43.62 1.21 43.75 1.21 4621 .14 1| 65.38 0.81 54.80 0.96
B3 39.20 1.15 44.41 1.02 43.08 1.05 41.08 1.10 43172 .03 1| 50.85 0.89 46.33 0.97
Mansur et T
al. (1986) B4 39.20 0.98 39.16 0.98| 42.74 0.90 39.07 0.98 42/13 .91 0] 41.61 0.92 38.26 1.00
Cc2 45.84 1.32 64.54 0.93 51.56 1.1y 44 .37 1.86 55/05 .10 1| 77.09 0.78 61.62 0.98
c3Jr 45.84 1.04 50.35 0.95 51.08 0.98 41.67 1.14 5256 .91 0| 59.96 0.79 47.93 0.99
(;4Jr 45.84 0.90 43.94 0.94 50.68 0.81 39.63 1.04 50,97 .81 0| 49.06 0.84 39.21 1.05
CSJr 46.43 0.81 49.81 0.75 51.28 0.78 44.94 0.83 51138 .73 0| 77.14 0.49 42.61 0.88
C6 45.84 1.43 82.95 0.79 52.86 1.24 44 .87 1.47 61109 .07 1| 78.39 0.83 70.85 0.92
D2Jr 51.99 1.26 72.16 0.91 59.1y 1.10 44.42 1.47 63146 .03 1| 88.27 0.74 62.85 1.04
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Prediction models

Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nara_lyanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)
swty | soamin. | Vot | Yoo | Voo | Yoo | Voo | Von | Vi | Voo | Vyuo | Vo | Vs | Vo | Vi | Voo
(N) | Voea | (N) | Voo | (N) | Viea | (N) | Viea | KN) | Vs | KN) | Viea | KN) | Ve
D3T 51.99 0.98 55.49 0.91 58.63 0.8y 41.71 1.22 60,97 .83 0| 68.66 0.74 48.89 1.04
D4Jr 51.99 0.85 | 47.96 0.92 58.29 0.76 39.67 111 59,38 .74 0| 56.17 0.79 40.00 1.10
ElT 38.53 0.91 45.38 0.77 46.74 0.75 37.80 0.94 47,85 .73 0] 70.03 0.50 40.54] 0.86
E2 38.05 1.19 59.38 0.76 47.0y 0.96 36.1}3 1.23 51156 .88 0| 70.07 0.64 57.09 0.79
E3 38.05 1.59 77.00 0.78 48.37 1.25 36.433 1.64 57/60 .05 1| 71.37 0.85 63.79 0.95
F1T 49.08 0.96 51.28 0.92 52.81 0.89 47.50 0.99 52,72 .89 0| 79.53 0.59 43.09 1.09
|:2Jr 48.46 1.55 66.25 1.14 53.07 1.4 46.90 1.61 56,36 .34 1| 79.45 0.95 62.69 1.20
F3 48.46 1.78 84.92 1.02 54.37 1.59 46.90 1.84 62140 .38 1| 80.75 1.07 72.02 1.20
1.2/2 74.48 148 | 125.1% 0.88 81.09 1.3 90.50 1.p2  101.43.08 97.95 1.12 97.90 1.12
Rosenbusch 1.2/3 86.99 1.38 147.31 0.81 94.68 1.2y 87.89 1.87 11Y.37.02 113.73 1.06 110.34 1.09
et al. (2002) 1.2/4 106.55| 1.45| 172.83 0.90 11229 1.38 91.[r5 169 983p6. 1.13 | 134.69 1.15| 127.32 1.22
2.312 69.47 1.19 94.07 0.88 72.58 1.14 91.82 0.90 82/14 .00 1| 122.11| 0.68 80.99 1.02
2.3/3 96.32 1.12 131.47% 0.82 102.33 1.06 90.22 1.p0 216.60.93 171.05 0.63 112.8p 0.9¢
2412 68.79 1.57 117.32 0.92 73.98 1.46 90.93 1.19 92.521.17 123.07 0.88 91.55 1.18
2.4/3 95.38 151 166.6( 0.86 103.48 1.39 89.85 1.61 626.61.13 171.53 0.84 128.1 1.12
2.6/2 69.79 1.18 78.52 1.05 72.38 1.14 82.02 1.00 73173 .12 1| 77.76 1.06 73.39 1.12
2.6/3 97.40 1.20 102.73 1.14 102.16 1.14 81.12 1.44 20Y.71.08 108.40 1.08 94.45 1.24
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Prediction models
Khuntia et al. Imam et al. Mansur et al. Sharma et al. Narayanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992) P
Study Beam |.D. Vpred 7\/6”’ Vpred 7\/6”’ Vpred 7\/6)@ Vpred Vexp Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@
(kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred
Tan et al. A ,
(1993) 5 39.44 1.99 100.47 0.78 45,91 1.71 34.40 2.8 65.121.20 74.55 1.05 64.50 1.21]
R20X30 SeriesJE 79.26 1.40 122.44 0.91 87.08 1.2¢ 81.14 1.87 102.49.08 104.90 1.06 100.91 1.1d
?zfggazga” R20X30 Series> | 80.41 | 164 | 12344 107 8782 150 8282 160 108.20.28 | 105.82] 1.25| 10191 1.3
R20X45 Seriesﬂ 124.99 1.17 182.22 0.80 137.76 1.06 127,95 114 .7068 0.89 165.86 0.88 148.83 0.98
R20X50 SeriesE 142.26 1.04 189.5 0.78 154.43 0.96 145,64 1,02 .1878 0.83 186.27 0.79 159.71 0.93
R20x60 SeriesTl 164.62| 0.94 | 217.37 0.7] 180.30 0.85 168,52 0/91 .281p 0.73 217.30 0.71 180.59 0.8%
R20x60 Seriest 167.00 1.33 | 219.09 1.01 181.84 1.22 170,96 130 .7811 1.05 219.23 1.01 181.66 1.22
Aoude B 0.5% 32.89 1.44 47.90 0.99 38.77 1.28 37.03 1.28 41,74 14 1| 54.77 0.87 45.92 1.03
(2008)
B 1.0% 40.70 1.39 59.65 0.95 51.92 1.09 35.52 1.59 5682 .99 0| 72.91 0.77 55.28 1.02
mean: 1.22 | mean: 0.92 | mean: 1.14 | mean: 1.38 | mean: 1.02 mean: 0.90 | mean: 1.10
S.D.: 0.34 S.D.: 0.21 S.D.: 0.30 S.D. 0.43 S.D.: 0.26 S.D.: 0.23 S.D.: 0.19

"Beams failed in flexural mode
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Table A3: Predictions of shear capacities of beams contaigrimgped fibers and having afd ratio greater than 2.3 using the model

proposed in this thesis and models proposed by odkearchers.

Prediction models

Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nare}yanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)
Study Beam I.D. Vpred h Vpred h Vpred h Vpred h Vpred VEXP Vpred h Vpred VEXP
(N) | Viea | KN) | Viea | KN) | Vioea | KN) | Voea | (KN) | Vieg | (KN) | Vg | (KN) | Vieq
B52 56.32 1.42 87.28 0.92 65.6[7 1.2p 52.58 1p2 6174. 1.04 60.30 1.33 74.84 1.07
Swamy & B53 77.81 1.47 111.16 1.03 91.35 1.25 53.p4 2012 2.3m0| 1.12 81.57 1.40 96.68 1.1
Bahia (1985)
B54 100.95 1.14 132.83 0.87 117.27 0.99 5565 2/0827.67 0.91 103.0¢ 1.12 113.00 1.0
B55 78.60 1.51 98.58 1.20 90.44 1.31 54.48 2/18 744. 1.23 80.65 1.47 91.74 1.24
BSE;Jr 82.27 1.18 82.44 1.17 90.60 1.0y 57.03 1.Y0 91121 .06 1| 80.76 1.20 70.88 1.36
B(53RJr 75.41 1.01 77.92 0.97 87.41 0.8y 52.27 1.45 88,11 .86 0| 77.66 0.98 68.38 1.11
1TLF-2 36.99 1.61 67.75 0.88 43.4p 1.37 2415 2.4651.18 1.16 49.99 1.19 55.9Y 1.0
avggg‘)y etal. 1TLF-3 34.70 1.23 44.56 0.96 41.51 1.03 20.68 2.p745.70 0.94 33.85 1.26 39.44 1.0
2TLF-2 33.31 1.38 50.29 0.91 40.8D 1.18 21.75 2114453 1.03 46.94 0.98 44.2Y 1.04
2TLF-3 34.67 1.24 36.19 1.19 40.7p 1.06 20.66 2.09%42.07 1.03 33.06 1.30 31.81 1.3
3TLF-2 33.96 1.23 37.02 1.13 40.1)7 1.04 22.118 1.8840.61 1.03 46.38 0.90 30.7Y 1.3
3TLF-3Jr 32.96 0.90 27.06 1.10 39.40 0.75 19.65 1.51 3853 .77 0 31.82 0.93 21.25 1.40
Narayanan & SF2 1810| 163| 3214 092 1890 156 2386 124 7124. 1.19 | 3098 095 4133  0.71
(1987) SF3 18.10 1.69 26.80 1.14 18.65 1.64 2279 1[34 2321. 1.44 25.81 1.19 35.67 0.86
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Prediction models

Khuntia et al. Imam et al. Mansur et al. Sharma et al. Nara_tyanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992)
suty | seamio. | Voet | Voo | Vi | Voo | Vi | Voo | Vo | Voo | Vs | Voo | Vyuo | Voo | Vis | Voo

(N) | Viea | &N) | Viea | (N) | Viea | (KN) | Viea | (N) | Voea | KN) | Viea | (KN) | Ve
SF5 1451 1.58 29.06 0.79 16.16 1.42 1902 120 1420. 1.14 26.18 0.87 32.8¢ 0.7(¢
SF6 14.51 1.48 23.70 0.90¢ 15.91 1.35 1827 1/17 1417. 1.25 21.82 0.98 30.27 0.71
Bl 24.08 1.48 34.90 1.02 24.45 1.46 22.Y6 167 &7.01.32 32.97 1.08 36.65 0.97
B2 35.14 1.15 46.76 0.86 34.41 1.18 23.67 1yl 8.7 1.04 45.39 0.89 38.62 1.05
B3 3541 1.14 47.88 0.84 35.8b 1.1p 22.32 1.80 939091 46.98 0.86 38.32 1.05
B4 44.35 0.93 56.03 0.74 43.54 0.95 23.p2 178 62.70.78 56.59 0.73 39.92 1.04
B5 52.47 0.79 63.28 0.66 51.11 0.8 23.81 178 1.1 0.68 65.95 0.63 41.14 1.01
B6 58.20 0.73 68.66 0.62 57.40 0.74 22.83 186 $910.61 73.65 0.58 41.82 1.04
B7 18.53 1.17 30.63 0.71 21.28 1.0p 17.51 1.p4 23.00.95 28.34 0.77 33.38 0.65
B9 2241 1.46 36.06 0.91 26.0b 1.26 17.63 186 884 1.15 34.25 0.96 34.01 0.96
B12 24.08 1.69 43.09 0.95 24.71 1.6b 23.82 11 6130. 1.33 39.57 1.03 43.99 0.93
B13 21.62 1.33 28.49 1.01 22.86 1.26 19.66 147 325 114 26.50 1.09 30.43 0.95
B15 32.79 1.49 57.66 0.85 33.71 1.45 23.12 201 3%3. 1.13 52.79 0.93 45.41] 1.08
B16 32.82 1.00 38.42 0.85 33.28 0.99 21.p8 1.p4 9&37. 0.86 37.72 0.87 32.45 1.01
B17 21.29 1.51 46.09 0.70 23.74 1.36 20.12 1.60 680. 1.05 31.50 1.02 52.04 0.62
B18 20.95 1.81 56.51 0.67 24 511 1.55 19.64 104 4735 1.07 31.21 1.22 52.26 0.73
B19 18.25 1.34 43.20 0.56 22.0p 1.1 17.p4 141 587. 0.88 28.96 0.84 43.11 0.57
B20 17.96 1.39 53.21] 0.47 22.79 1.09 16.83 148 4132. 0.77 28.79 0.87 42.971 0.59
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Prediction models
Khuntia et al. Imam et al. Mansur et al. Sharma et al. Narayanan & Ashour et al. Proposed model
(1999) (1995) (1986) (1986) Darwish (1987) (1992) P

Study Beam |D Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@ Vpred 7\/6)@

(kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred (kN) Vpred
B23 32.31 1.47 64.08] 0.74 34.0D 1.40 21.7r7 218 1143. 1.10 44.38 1.07 58.51] 0.81
B24 31.81 1.68 79.03 0.68 34.6D 1.56 21.p6 2b2 7147. 1.12 43.49 1.23 72.75 0.74
B25 35.62 1.46 85.03] 0.61] 37.41L 1.39 22.p7 233 0149. 1.06 46.97 1.11 76.01 0.64
B26 38.51 1.37 95.55| 0.55 42.95 1.238 20.p0 264 7®m3. 0.98 53.28 0.99 68.24 0.77
B27 36.18 1.34 68.93 0.7¢Q 36.8b 1.3p 22.81 213 434. 1.09 48.04 1.01 60.23 0.81
P3B 28.73 1.39 67.18 0.60 31.46 1.27 16.13 248 6429. 1.35 35.07 1.14 50.13 0.8(

Furlan&Hanai

(1997) P4B 44,76 | 0.98| 96.52  0.46 4953  0.89 1540  2/86 3146. 0.95 54.10| 0.81| 48.05 0.92
P5B 35.85 1.03 81.67 0.45 40.20 0.92 15.29 242 9737. 0.97 44 .22 0.84 47.58 0.7
P6B 64.33 0.62 124.7¢ 0.32 68.40 0.58 15,96 2/51 982 0.64 74.13 0.54 50.47 0.79
P7B 23.91 1.46 58.19 0.60 26.711 1.31 15.93 20 4725. 1.37 30.02 1.17 42.16 0.83

Mean: 1.31 | Mean: 0.81 | Mean: 1.19 | Mean: 1.89 | Mean: 1.04 | Mean: 1.01 | Mean: 0.94

S.D.: 0.28 S.D.: 0.22 S.D.: 0.26 S.D. 0.43 S.D.: 0.19 S.D.: 0.21 S.D.: 0.22

'Beams failed in flexural mode
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