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ABSTRACT

COMPRESSIVE AND TENSILE BEHAVIORS OF

STEEL FIBER REINFORC ED CONCRETE

Alfadhil. A. Gheit. Alfadhil Abdussalam
M.S., Civil Engineering Department
Supervisor: Assist. Prof. Dr. Halit Cenan Mertol
Co-supervisor: Assoc. Prof. Dr. Eray Baran

June 2015, 13 pages

Steel fiber reinforced concrete (SFRC) is a concrete mixture containing
discontinuous, discrete steel fibers that aamdomly dispersed and uniformly
distributed. The quality and quantity of steel fibers influence the mechanical
properties of concrete. It is igeneral accepted that the addition of steel fibers
significantly increases tensile toughness and ductilityp alghtly enhances the
compressive strength. The benefits of using steel fibers become apparent after

concrete cracking because the tensile stress is then redistributed to fibers.

The objective of this study is to investigate twmmpressive antensilebehavior of
steel fibers in reinforced concrete by conducting an experimental program consisting
of load testing on various specimens made from conventmmatrete(CC) and

steel fiber reinforced concrete (SFRC).

Test series consisted of cylindricedmpression J00x200 and150x300 mm) and
prismatic modulus of rupture (150x150x600 mm) specimens. Tensile tests on
reinforcing bars surrounded by prismatic concrete specimens were also performed.
The variables used in these tests were lengths (500, 1@d@580 mm) and cross
sectional dimensiong60x60, 100x100,150x150, 200x200 mm) of the prismatic

concrete specimens around reinforcing bar.

Load-deflection behaviors were obtained and evaluated to develop the compressive

and tensile stresstrain relatimshis of SFRC. Experimental loadeflection



relationships obtained from modulus of rupture tests were compared to the predicted
load-deflection curves determined using compressive and tensile-strasscurves
obtained in this research. Also the strsain relationships available in the literature

were used predict the behavior.

Keywords: Steel fiber reinforced concretecompressive, tensile, stressain

relationship, flexure.
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1 INTRODUCTION

1.1 General

During the last four decadefdyer reinforced concrete has beianreasingly used in

civil engineering structuresften in combination with reinforced conagetand many
researchehave been undertaken to more fully understisdnechanical properties
(Fanella and Naamaf1989). Steel fiber reinforced concrete (SFRIE a concrete
mixture containingdiscontinuous, discrete steel fibers that are randomly iiege

and uniformly distributed. The quality and quantity of steel fibers influence the
mechanical propertiesf concrete. It is irgeneralacceptedhatthe addition of steel

fibers significantly increases tensile toughness and ductility, also slighthneas

the compressive strength. The benefits of using steel fibers become apparent after
concrete cracking because the tensile stress is then redistributed to fibers.

Researcés in the early of 1960's by Ramouldi and Baston (1963) and Ramouldi and
Mandel(1964) on closely spaced random fibers, mainly steel fibers, started the era of
using the fiber composite concretes that havetoday. Steel and synthetic fibers
have been used to enhance the properties of concrete in practice for many years.
However, commerci al use of fibers in <co
Europe, Japan and the USA. In addition, Shah and Rangan (I®wvainy (1975),

and several other researchers in the United States, Japan, United Kingdom, and
Russia performed extensive researches on the use of other types of fibers in addition
to steel. Other developments using bundled fiberglass as the main remdatce
concrete members were introduced by Navy et al. (1971) and Navy and Neuwerth
(1977). Nowadays, a wide range of engineering materials including ceramics,
plastics, cements, and gypsum, are being used to improve composite properties of

concrete.



1.2 Motivation

It is widely knownthat ©ncrete is brittle in tension and strong in compression. In
construction sector, this deficiency can be overcome by providing steel bars to carry
the tensile forces to improve tension reinforcement in concrete .€lffercement

can also be in form of pretressed so that the concrete will be entirely in
compression under load. The purpose of such reinforcements is to ensure that the
capacity of the plain concrete does not go above the load capacity of the concrete

sections (Cement and Corete Association of New Zealafd009).

When steel fibers are used, tehavior of concrete changes. This change affects not
only its strengttbut also its behavior under tension and compres3ibese changes
affect the overalperformance of the members madeS&RC Theflexural behavior

of SFRC structural members can be estimafethehaviors under tension and

compression of SFRC are known.

1.3 Objectives and Scope

The objective of this study is to investigate the tereild compressivbehavios of
fiber steel in reinforced concrete by:
1 Evaluating the previous research published by other researchers related to
tensile behavior of SFRC.
1 Conducting an experimental program consisting of load testispedimens
with conventional concrete and SFRC to establish the tensile and
compressivestressstrain relationships
1 Using the tensile and compressive strgsain relationshipso determinghe

behavior of tested flexural members were estimated

1.4 Thesis Organizatin

In Chapter 2 a detailed literature review related &-RCis presentedPrevious
researches on SFRC members under compression, tension and flexure are explained

in details.



The materialstestspecimenstest sepip and procedure is described in Cleai3.
Pictures are also presented for some of the specimens during fabrication, load testing,

and after the test.

Results obtained from laboratory test are presented and discussed in both graphical
and tabular forms in Chapter 4. The resultstigeussedn details.

In Chapter 5 ananalytical work wagerformed to estimate the behavior of tested
flexural specimens using the stretsin models of SFRC under tension and
compression. These models were selected based on the correlation of the model to

thetest data obtained in the scope of this research.

A brief summary and conclusion is presentedCimapter 6 Also recommendations

for the future work is also explained based on the experience gained in this research.



2 BACKGROUND

2.1 General

Conventionalconcrete is a brittle material with low tensile strength and low strain
capacity at fracturelhe addition otonventionakeinforcementn forms ofmesh or
bars will result in enhaced the load carrying capacity at the cracked section at the
maximum limit stateAlso bettercontrol crackingreducedotation and deflection at
the serviceability limit statenay be achievedAs mentioned abovethe conventional
reinforeementscannot prevent the formation and development of ricecks.On

the other handsteel fibersare discontinuous and randomly dispersed in the concrete
marix. They improve the stiffness and crackntrol performance by arresting and
retarding the developemt of micrecracks. Common applications of SFRC include
overlays in bridge decks, highway and airport pavements;stiel structures,
seismic, impact, and explosigasisting structures, and shotcrete applications
(Cement and Concrete AssociationNsw Zealand- CCANZ, 2009).

2.2 Types of Steel Fibers

The steel fibers can be classified on the basis of the production process, the shape as

well as the material:

1 Based on production process:
0 cold-drawn wire (Type A);
0 cut sheet (Type B);
o other processes ype C).
1 Based on shape:
0 straight;
o deformed (hooked, crimped, etc.).

M Based on material:

o steel with |l ow carbon content (C

o0 steel with high carbon content (C > 0.20, Type 2);

0 stainless steel (Type 3).

O
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Figure2-171 Typical shape for hooked end steel fiber
(www.imerstore.it/product/4424/KerabuildW-SteetFiberDramix-RC-80-30-BP-
Conf-da20-kg.html)

2.3 Properties of Steel Fibers

The steel fibers have a length,usually ranging from 60 70 mm and an equivalent
diameter,d;, ranging from 0.15 to 1.20 mnS%teel fibers are shorhave discrete
lengths having an aspect ratio (ratio of length to diameter) about 20 to 100. They are
manufactured in several different cross sectiand are sdiciently small to be
randomly dispersed in an unhardened concrete mixture using the usual concrete
mixing procedure. Steel fibers are produced by various processes, in various shapes,
and geometries. Most of steel fibers however, are round in-sea$in with an
equivalent diameter ranging between 0.15 and 2 mm and lengths ranging between 7
and 75 mm. The fibers used in the early times were round and sraadthbtained

by cutting or chopping wires to the required lengths. Nowadays, steel fibers have
either rough surfaces, can be crimped, hooked at their ends, or deformed along their

length.

2.3.1 Fiber Content

In terms offiber proportion within a concrete niixre, most literature refers to the

percentage ofibers by volume expressed by the symiél Theuse of 78 kg/mof
4



fibers results in 1% offibers per volume of concrete. Typicéiber contents range
from 0.25to0 1.5%, with norstructural applications typically requirirfdper contents

of 0.5% or less, while quantities greater than 0.5% are typicadjyired for most
structuralapplications (Aoude, 2007). It should be noted that increditiagcontent
beyond certain limits in traditional concrete (typically above 1%) can cause problems

during mixing and placement.

2.3.2 Fiber Length

According to the Natinal Research Council (CNE04/2006), the length of steel
fibers lt, usually ranges from 6 to 70 mm. In the ACI 544.4R, steel fibers have

lengths ranging between 25 and 60 mm. The definitions for lengthithe diameter
of the fiber are shown iRigure2-2.

Figure2-271 Typical length and diameter for hooked end steel fiber

2.3.3 Fiber Equivalent Diameter

For fibers that are not circular in cressction, the equivalent diameter is the
diameter of a circle having the same area as that of the averagsertisaal area
of the fiber.

2.3.4 Fiber Aspect Ratio

The fiber aspect ratio is the major characteristicthe slenderness of an individual
fiber. It is defined as fibefl;) length divided by the equivalent fiber diamete) for
a particular type of fiber. The aspect ratio is also a measure of fiber stiffness and

bond characteristic3.he fiber aspect ratimay be calculated as follows:

Fiber aspect ratie a 7Q Equation2-1



2.3.5 Fiber Reinforcement Index (RI)

Fiber reinforcement index is defined as the weiyM) or volume fraction of fiber

multiplied by the fiber aspect ratas shown:

YO w xaTQ. Equation2-2

2.4 Requirementsfor Steel Fibers

For efficient and effective performance of steel fibers in hardened concrete, the

following points are essential in achieving the expected results.

1 Fibers should be significantly stiffer than the matrix. This means that the
fibers should have modulus of elasticity higher than that of the matrix itself
(The Concrete Institute, 2007).

Fiber content in the matrix should be adequate.

Fibermatrix bond must be ensured.

Length and diameter of fiber must be reasonably sufficient.

= =2 = =

Fibers must have high aspect ratio, i.e. they must be long relative to their
diameter.

1 The shape and material from which the fiber is made, i.e. whether hooked
end, flat end, deformed or flat shape, and whether metallic fibers, glass fibers,

polymeric or carbn fibers are used.

25 SFRC in Tension

When concrete is subjected to ten$ileces it showssigns of weakness as cracks.
SFRChas more resistance to tensile stressesbatigrpost crackingoehavior and

increased toughness.

Conventional concrete hdensile strengtibetween8 and 14% of its compressive
strength asaresult of cracking at low stress levelscurs Steel fibers when added to

concrete, are able enhancehe tensile strength by preventing the micro cracks from

6



propagating andvidening (Edward, 2008).Ductility is also increased due to the
fiberso6 energy SFBG B mpitlyl usatdn the acpnatrmatidn yof
statically redundant structures, where the residual tensile strevgtimprove the
load bearing capacity of the struataras well as its ductility.

For low volume fraction of fibersthe phenomena in the post cracking region is
characterized by softening behavior and this implies that the post crack flexural
strength provided by the steel fiber is typically less thanctmacity of the non
cracked matrix. For higher volume ratio however (higher than 2%), thecpadting
behavior is termed straimardening and this means the strength can be higher than
that of the norcracked matrix due to the formation of multiple cra@&ement and
Concrete Association of Switzerland, 2009). In direct tension, the improvement of
strength is significant, with increases on the order of 30 to 40% reportetiefor
addition of fiber in mortar or concret&est results of direct tension tesi® shown

in Figure2-3.
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Several models and expressions have been proposed to predict the tensile behavior of
SFRC members subjected to uniaxial tension. The madébrishami and Mitchell

(1997), Bentur and Mindes (1990), Frank et al. (2013), Henager and Doherty (1976),
Lok andXiao (1998), Sorankom and Mobasher (2009), and Chuang (2006) are some
of the models discussed in the literature.

25.1 Sabeena et al(2013

Sabeena et al. (201%pnducted an experimental work to study teesion
stiffening and cracking of hybrid fiber reimfted concrete. Twenty four
specimenghaving 60x60x600 mndimensions reinforak by 10 mm steel bars
were usedThe investigated variables were theuwné of steel fibers (0.8nd

1%) and volumeof polypropylene fibers (0.10%0.15% and0.20%) in the
mixture The specimens were tested under uniaxial tension using tension
machine having a capacity of 1000 kN. Sabeena et al. (26@8jtedthat, the
addition of steel fibers and polypropylene fibers improved the tension stiffening
effect considerably, and thumcreased the bond stress of reinforcing bars in
hybrid fiber reinforced concrete versus plain concrete, #igoaddition of
hybrid fibers reduedthe crack width

2.5.2 Henager and Doherty (1976)

Henager and Doherty (1978)ggeste@ tensile stress block model for predicting the
flexural strenth of a singly reinforcedeamshaving steel fibes (Figure 2-4). The
model which is similar to the ACI 3185 maximumstrength design method, was
improved by calculatingthe tensile strengtbf the fibrous concrete separately and
then combining the corresponding strength contributed by the reinforcing bar to

obtain themaximummoment of the member.
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Figure2-47 Design assumptions for analysita singlyreinforced concrete beams
containing steel fibers, (Henager and Doherty, 1976)

b 6Q0Q - ,00Q Q- - - Equation2-3

The paramete), represents the tensile strength contributed by steel fibers and is

given as:

» Mt x ¢ 'O (MPa) Equation2-4

where,0 is the ultimate momentapacity of the bean# is the area of reinforcing

bars, f, is the yield strength of steel barsjs the length of fiberQ is the fiber
diameter,” is the percent by volume of fiber, aid is the bond efficiency of the

fiber and it varies fsm 1.0 to 1.2 depending upon fiber characteristest of the

parameters in the equations are defineBigure2-4.

2.5.3 Bentur and Mindes (1990)

Based on a compositaaterial of steel fibereinforced concrete, Bentur and Mindes
(1990) suggestethe empirical expression given Equation 25 for predicting the

flexural strength

. 0, p o Ow- Equation2-5



where,, is the composite flexural strength, is the ultimate strength of the matrix,
w is the volume fraction of fibers adjusted for randomnéEQ,is the fiber aspect

ratio, | is the fiber lengthd is the diameter of fibeh\ andB are the constants.

Analytical equations developed by Swamy al (1974) have a form based on
theoretical derivation with the above constaAtand B obtained from regression
analysis of the tested laboratory data. The test was performed on a 100x100x305 mm
beam specimen. The obtained values of the constaatsl B lead to the following

expressions.

For first cracking composite flexural strength:

” TTA T qldifQ Equation2-6

where,Qis the stress in the matrix (modulus of the plain mortar or concrete},
the volume fraction of matrixi(- w ), w is the volume fraction of fibers (“lw ), -

is the ratio of length to diameter of fiber (i.e., aspect ratio).

For ultimate composite flexural strength:

” T8 ¥ T i 0FQ Equation2-7

254 Mitchill et al . (1997)

Mitchill et al (1997)conductedan experimental study to investigate the efeaxit
steel fibers on the behavior of reinforced concrete elements subjected to pure tension.
The variables used in the study included four types of concrete, ranahabigh
strength cacrete, with and withdufibers. Hookedend steel fibers were used to
attain 26 fiber reifforcement by volume of concret&he fibers had a length of 30
mm and diameter of 0.50 mm. The tensile regth of the fibers was 1200 MPAlIl
of the reinforcing bars werel8 with a spedied yield strength of 400 MPa.
Specimens used in the syuldad 95x170x1500 mm dimensiodgl specimens were

10



tested in vertical directionThe findings of Mitchill et al. (1997) showddat the
tension stiffeningbehaviorof both normal and highstrengthreinforced concrete
elements increased. After yielding of reinforcing bars only those specimens

containing steel fibers showed an increase in load capacity with greater strains.

2.5.5 Lok and Xiao (1998)

Lok and Xiao (1998)proposed amodel for predicting théensile behavior fosteel
fiber reinforced concret@s shown inFigure 2-5. Expressions representing the
proposed model focused entirely on a paramejethe fiber bond stress, which

according to the developed model, contributed to the tensile beh&8&RL.

Pre-cracking Post-cracking

sl o
. -

Process | Process ||

-
- -

¥

re

Y

Stress

oy

Strain

Figure2-57 Idealized stresstrain model (Lok and Xiao, 1998)

In the above figure, the tensile behavi®) before cracking is expressed by the

following equation.

. QC @ — — Equation2-8

where, g, is the strain at ultimate tensile strefss the ultimate tensile stress to

determine from direct tensile test or frdalowing equation:

11



MM Up 0 @ — Equation2-9

where,— and- are the fiber orientation and fiber length factors respectivelys

the fiber bond stress) is the fiber volume percentage, anis the fiber aspect ratio.

- — Equation2-10

O ¢O Equation2-11

where, O is the tensile secant moduli@, is the initial tangent modulus of concrete

in tension, and is the strain at stre$s

Q -t - Equation2-12

- T —— Equation2-13

where~ is the fiber orientation factoequal t00.405 for beams and 0.50 for slabs),

E; is the elastic modulus of steel dits.

Equation2-14

256 Wang (2006)

Wang (2006)proposedan expression to predict the tensile behavior of an SFRC
membes, based on experimental and analytical researbk ascendingart of the
model is based on a relationship between the tensile strength of the concrete, while

the descending part is basedaostress versus crack width relationship.

, O-for, OQ Equation2-15

O TtnmnmprUnmmI Q Equation2-16

where,, is the tensile stress for a SFROs the tensile strair) is the direct tensile

elastic modulus (MPa)QQ is the compressive strength of plain concrete (MPa).
12



The descending branch was regented by the expression below:

 — Q Equation2-17

where,, is the tensile stresXQis the tensile strengtld, is the crack width (mm)p
is the fiber volumetric ratiad, is an experimental constant which considers the fiber

type and is 1 for Norvotex fiber and 1.6 for 1% Dramix fiber type.

2.5.7 Soranakom and Mobasher (2009)

Soranakom and Mobasher (2009)ggested a model for estimatitlge stain
softening behavior of fibereinforced concrete elements. The model consists of a
linear stressstrain behavior up to the point where cracking tensile strappened
after which the postracking behavior is characterized by a decaying stteam
relationship. The contribution of fibers in the pasacking response is represented
by an average constant pasack tensile parametey, which is related to the fiber

volume fraction and bond behavior of the matrix.

" (o} ™ ¢'Q (MPa) Equation2-18
0 1 X H® (MPa) Equation2-19

where, s is the cracking stres&Q is the ultimate uniaxial cylinder compression
strength. The first crack tensile strain of the SFRC model was obtained assuming

Hookebdbs Law as:

- — 2 'ﬂl ﬁsmm 118 microstrain Equation2-20
P — =2 ¢opg Equation2-21
, O T’ 't op Equation2-22

According to RILEMModel(2003:

13



- TEtC L Equation2-23

The parametér represent the postack strength as a fraction of the cracking tensile

strength,,

The idealized tension model proposed by Mobasher and Soranakom (2009) is shown

in Figure2-6.

Figure2-61 Idealized tension model for straisoftening fibesreinforced oncrete
(Mobasher and Soranakq2009)

2.5.8 Zuccarello et al. (2010)

Zucarello et al. (2010) performguhrametricand experimental study on the tensile
behavior of steel fiber reinforcecbncrete. Portland Cement Type CEM I, 42.5R,
was used in the concretrixture. The fiber length used were 22, 30 and 44 mm.
Fibers content in terms of volume was set equal to 1% and 2% corresponding to 78
and 157 kg/m respectively. Wateto-cement ratiovas arranged as 0.55 to provide
good mechanical strength and adequate workability of the mixtures . Eight prismatic
specimens having dimensions ofxB0x350 mm were cast. The study focused also
on bridging effect produced by the fibers during tensile t&sisthis reason only 22

and 30 mm fibers were used to have a smaller range of values for tensile behavior
SFRC The results showed that the maximum tensile strength for specimens having
short fiberswere greater that of having long fibekghereas thaltimate strain was

greater for long fibers.

14



259 Franketal. (2013)

Frank et al. (2013) conducted an analytical study to develop a testgfening
model for SFRC. By utilizing the crack analysis procedure developed by Lee et al.
(2011), Frank et al. (AB) modified the conventional tensistiffening of Bentz
(2005) to take into accoutite effect of steel fibers. The tensile stress due to tension

stiffening is shown below:

"NYi 8: Equati0n2-24

_ 8

@ 0.6+-— — —  for hookedend fiber Equation2-25
where,¢; is the coefficient to consider the effectstéel fibers- is the average

tensile strain of reinforcing bar of reinforced FRC memiers the fiber volumetric
ratio, I is the fiber lengthf. is the cracking strength of concretd, is the bond
parameter£ A cpt’ () Bds theAcross sectional area of concrete matrix,dgois

the diameter of reinforcing bar.

In the above expressions:

0O oo0mR e wnhPa) Equation2-26
fe T O1Q (MPa) Equation2-27

where, O is the elastic modulus of concrete matrix afid is the cylinder

compressive strength of concrete.

2.5.10 Vecchio (2013)

Vecchio (2013)tested twelve reinforced concretRBC) beams without fibers and
forty eight largescale steel fibereinforced concrete (SFRC) beam specimens, to
investigate their crackingand tension behavior. The test parameters included

volumetric fiber ratio, fiber length fiber aspect ratio, reinfoement ratio, and

15



reinforcemend i amet er. Theyyomerdf dremesd omMDdgests a
to quantify the tensile characteristic of the concrete. They found that the cracking
behaviors of SFRC were significantthangingas thereinforcementratio varied

The reinforcement ratjoreinforcing bar diameterfiber volume fraction, and fiber

aspect rationfluenced the ack spacing and crack width.

Steel fibers added to concrete reinforced widbnventional reinforcing bars
enhancd the cracking poperties and tensiestiffening behavior compared to
nonfibrous RC. Steel fibers increased the pusid loadcarrying capacity of a
uniaxial concrete tension member reinforced with conventional reinforcement to

levels significantly higher than the babar yield load.

2.6 SFRC in Compression

Steel fibers generally reduce the brittl.
significanteffects on the compressive behavig€@dncrete Society, 2007; Baran et al.,

2012). The influence of steel fibers in the compressive strength of concrete seems to

be minor. However, the ductility and toughness are considerably impras/ead

function of the mcrease in the volume fraction, aspect ratio, and type of the fiber

used especially in the pestacking region (Edward, 2008), as showrfigure 2-7

respectively. Toughness is a measure of the ability of the material to absorb energy
during deformationlt can be calculated using the area under the-ddigction or

stressstrain curves.

16
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Figure2-77 Influence of fiber type on stres$rain curve for concrete in
compression (ACI 5496)

Variousanalytical expressions have been proposed to model the compressive stress
strain behavior of plain concretBopovics(1973, Hognestad1951), Sargin(1971),
CEB-FIP (1993, etc.). The proposed models, however, are in general not suitable for
SFRC, becawssteel fiber reinforced composites have a less steep descending branch
than that of conventionakoncrets, as reported in literatures. The compressive
behavior of concrete is influenced by the proportions and properties of its constituent
materials. Thenonlinear equatiorfor conventional concretproposed by Popovics
(1973) is as follows:

N Q———— Equation2-28

in which, Qs the stress at any point on the curi, is the concrete compressive
strength obtained from the cylinder test amis the strain corresponding to the stress
fe, andeay is the strain at peak stress. Tdg the constanta andk, and modulus of

elasticity of concreteK,) is defined as follows:

- —_— Equation2-29
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E ™ — Equation2-30
Q ™y — Equation2-31

0O oco¢iR ¢ wiMPa) Equation2-32

The above expressions howeveannot represent the compressive stsbssn
behavior of SFRC owing to the fact that the effect of fibers has not been taken into
consideration. Little research has been done on the effect of fiber on the descending
portion of compressive s@estran curve. One of the reasons is the difficulty
encountered in obtaining a complete strsain curve(Shah(1978). Only a few
constitutive models are published for SFRC (Fanella and Naaman, 1985; Barros and
Fiqueras, 1999; Ezeldin and Balaguru, 1992hc8&ithe models of the compressive
behavior of fiber reinforced concrete, in general, were developed from models for
plain concrete, it is necessary to include some parameters in these models to consider
the influence of steel fibersn the properties of & stressstrain curve. Some
guidelines such as RILEM TC 16DF (2003), CNRDT 204 (2006), proposed the
same shape of the strestsain relationship in compression for ordinary concrete to

be used in ultimate limit state design. The compression respopsesiibed by a
parabolierectangular stresstrain model with ultimate compressive strain of 0.0035
and a peak strain of 0.002. Fanella and Naaman (1985), proposed an analytical model
to predict the complete stresgain behavior of fibereinforced motar taking into
consideration the fiber shape, volume fraction and fiber geometry. Several authors
proposed different analytical equations for modeling the actual stihess behavior

of SFRC in compression by introducing some parameters relating tqfibgerties.

Details related to some of these proposed relationships are explained in details in the

sections below.

2.6.1 Soroushian and Lee (1989)

The model proposed by Soroushian and Lee (1989) consists of a curvilinear
ascending branch followed by alsiear descending branch. The expression for this

model is as shown below:

18



O Y — CQ — Q& - Equation2-33

. 0 - N Q QEd - Equation2-34

where,g, = 0.0021,

Q Q o®0 Equation2-35
Q ™ QO %o Equation2-36
G ot1@p MO m Equation2-37
- IO T TMC p Equation2-38

where, 'Q is the @mpressive strength of fiber concret®is the ©mpressive
strength for plain concrete, is thestrain at peak stres® , zis the slope of the

descending brancly,is the fiber reinforcement index, aifdis the resdual stress.

2.6.2 Ezeldin and Balaguru (1992)

Ezeldin and Balaguru (1992) developed an analytegiressionto model the
compressive stresstrain behavior of normal strength SFRC. The expression, which
is based on the one proposed by Carrane Chu (1985) for uniaxial compression of
plain concrete, involves a material paraméteandit is the slope of the inflection

point at the descending branch of the curve.

— | — Equation2-39

in which,, is the compressive stres§) is the compressive strength for fibrous

concrete,g is the strain,gy is the strain at peak stress dnds the factor related to

the influence of fiber on the descendingrmta of the curve.
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Q Q o®pYO Equation2-40

YO w xarQ Equation2-41
- - TTap m YO Equation2-42
- 0.002

For hooked end fibers:

I =1.093 + 0.713KI) °9% Equation2-43

Based on the experimentasults of Fanella and Naaman (1985) for straight steel
fiber-reinforced mortar, the following equation was proposed:

I prwoxd YpyWo? Equation2-44

where,Rl is the fiber reinforcement index by weight of straight fibers.

According to the experimengerformed by Luiz et al. (2010):

I TBIL O @ X Wi Q Equation2-45
- TINTNT g8t p Yap @1 € "Q Equation2-46

Values of apply to reinforcing index values ranging from 0.75 to 2.5 for hooked
end steel fibers, and from 2 to 5 for straight fibers. A particulse cd the equation
proposed by Carreira and Chu (1985) was proposed by Desayi and Krishnan (1964),
in which,T  ¢. Another particular case is the one proposed by Tulin and Gerstle
(1964) forr o as reported by Nataraja et al. (1999).

2.6.3 Nataraja et al. (199)

Based on their extensive experimental works on the effect of steel fibers on the shape
of compressive stressdrain curve of concrete, Nataraja et al. (1999), formulated an
analytical model to generate both the ascending and descending branches of the

stressstrain curve. They adopted the equation of Carreira and Chu (1985) for
20



uniaxial compression of plain concrete, the same expression used by Ezeldin and
Balaguru (1992).

e Equation2-47

where,f.; is the compressive strength of fibrous concrete ane the peak strain
corresponding to the peak strelgsgnd g are the stress and strain values at any point

on the curve.

fe= fo+ 2.1604(RI) Equation2-48
- =- +0.0006(RI) Equation2-49
I =0.5811 + 1.93(Rij"4°® Equation2-50
- =0.0022 Equation2-51
RI= Wi xl:/d; Equation2-52

2.6.4 Barros and Fiqueiras (1999)

The expressions proposed by Barros and Fiqueiras (1999) is similar to that of Ezeldin
and Balaguru (1992), which is based on one parameter only. The same equation was
proposed byipulanandan and Paul (1990) mainly intended to predict polymer
concrete behavior, and used by Mebarkia and Vipulanandan (1992) foffigé&ss

reinforced polymer.

by o Q — Equation2-53
n p n —, Equation2-54
p + q = fY[O0, 1] Equation2-55
— T Equation2-56
EpF— Equation2-57
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O ¢puTEE Equation2-58

where,fcnis the average compressive strength of concrete determined from test on
cylinder.

For hooked end fiber with = 30 mm,Q = 0.5 mm,a/Q = 60:

- - +0.0002W Equation2-59
P=1-0.919%3%W Equation2-60

For hooked end fiber with = 60 mm and? = 0.8 mm;a/Q = 75:

- - +0.00026 W Equation2-61
p=1-0.7220144W Equation2-62

where,- is the strain at peak for plain concrete &vds the fiber weight fraction in

the matrix.
According toCEB-FIP Model Cod€1993:
- T8 TT G Equation2-63

The values of ard p above are applicable f6€ values ranging from 30 to 60

MPa and for fiber content ranging from 1 to 3%.

2.6.5 Wang (2006)

Wang (2006) proposed an expression to model the sthess behavior of SFRC in
compression by m@darl) fexpiessign faP plgino concreté. sThe
expression was modified by introducing a parameter relating to the volume

percentage of steel fiber.

22



N Q- Equation2-64

| T8O C C L TIAX TT Equation2-65

where,V; is the volume percentage of steel fiber used.

To obtain new values af andk, their corresponding values in the above expression

are multiplied by the pameter of.

E | ™ — Equation2-66

Q| ™Y — Equation2-67

where fck and ek are peak stress and peak strain, respectively.
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3 EXPERIMENTAL PROGRAM

3.1 General

In this dhapter the test program performed &tructural Mechanicéaboratoryat
Civil Engineering Department a#tilim University is described The concrete
mixture proportions of test specimens, mixing and casting sequences, 1gstaset
test procedure are discussed in deRtilotos have taken during preparatiorstica,

and testing of specimens are also are included.

3.2 Test Specimens

Total of four batches (two SFRC and two conventional concrete) were cast to
evaluate the effectiveness of SFRC compared to conventional concrete (CC). Three
cylinders having 109200 mm and three cylinders having 150x300 mm disiens,

three prismatic flexural (modulus of rupture) beams having 150x150x600 mm
dimensions, and a number of square prismatic tension specimens having various
crosssections and lengths with single 12 milmmeterreinforcing bar at theenter

of the crosssection were cast per each batckive prismatic SFRC tension
specimenshaving 100x100x500,100x100x1000, 106:100x1500, 15&150x1000,

and 20&200x1000 mm dimensionsvere cast first batch. For the second batch six
prismatic CC tension specimensaving 100x100x500, 106100x1000,
100x100x1500, 15&150x1000, 20&200x1000, and 6860x1000 mm dimensions

were prepared. Six prismatic CC tension specinmanig three60x60x500 mmand

three 108100500 mmwere cast for thehird batch.For the last batch, six prismatic
SFRC specimens having thré@x60x500 mmand three 1086100x500 mmwere
preparedThe main parameters in the testing program were the type of corcfete (

or SFRC),specimen size for compression cylinders, cisesgion size and length for

the square prismatic tension specimevith reinforcing bar Details of theprismatic
tension specimengith single 12 mndiameterreinforcingbaris shown inTable3-1.

General views of theensionspecimens are shown kigure3-1 andFigure 3-2.
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Table3-1- Details ofprismatic tension specimemsth single 12 mndiameter

reinforcingbar

Specimen Designation Cross

Batch Concrete : Length
Section
Number Type (mm) (mm)
< SFRC 100x100x50601 | SFRC | 100x100| 500
= SFRC 100x100x10601 | SFRC | 100x100| 1000
f SFRC 100x100x15601 | SFRC | 100x100| 1500
2 SFRC 150x150x10601 | SFRC | 150x150| 1000
L SFRC 200x200x10601 | SFRC | 200x200| 1000
S CC 100x100x50@1 CC 100x100| 500
g CC 100x100x10001 CC 100x100| 1000
- CC 100x100x15001 CC 100x100| 1500
5 CC 150x150x10001 CC 150x150| 1000
o CC 200x200x10001 CC 200x200| 1000
» CC 60x60x100D1 CC 60%60 1000
CC 100x100x50®@2 CC 100x100| 500
§ CC 100x100x50M3 CC 100x100| 500
5 CC 100x100x5004 CC 100x100| 500
) CC 60x60x5001 CC 60x60 500
E CC 60x60%00-02 CC 60x60 500
CC 60x60%00-03 CC 60x60 500
- SFRC 100x100x5002 | SFRC | 100x100| 500
% SFRC 100x100x5003 | SFRC | 100x100| 500
o0 SFRC 100x100x5004 | SFRC | 100x100| 500
= SFRC 60x60x5001 SFRC 60x60 500
3 SFRC 60x60x5002 SFRC 60x60 500
- SFRC 60x60x5003 SFRC 60x60 500

Figure3-171 Schematiwiew of prismatic tension specimswith reinforcing bar
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Figure3-21 General viewof prismatic tension specimewith reinforcing bar

3.3 Materials
3.3.1 Concrete

The materials foconcreteused in this research include ordinary Portland Cement
(PC 32.5), clean tap water, supengpieizer, river sand of 0 to 4 mm size, fine
aggregate of size ranging from 4 to 16 mm, and coarse aggregate of size ranging
from 15 to 25 mm. The proportions of materials used in this research are presented in
Table 3-2. Proportioning of materials was femed using a digital weighing scale
where quantity of each material was measured before mataghown inFigure

3-3.

Table3-27 Concrete mixture proportions

Quantity (kg)
Materials Conventional
Concrete (CC) SFRC
Cement 40 40
Sand 90 90
Fine aggregate 44 44
Coarse aggregate 58 58
Steel fiber - 7.7
Water 20 22
Superplasticizer 0.1 0.1
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Figure3-3 i Materials proportioning

3.3.2 Steel Fibers

Dramix ZP 305 type steel fibers weresedin the concrete mix for the SFRC
specimens. The manufacturer specified mechanical properties of the steel fibers are

shown inTable3-3. A photograph of the fibers is shownkigure3-4

Table3-31 Properties of steel fibers

Effective | Equivalent Aspect Young Tensile Density
Length Diameter Ratio Modulus | Strength (kg/m®)
(mm) (mm) (MPa) | (MPa) g

30 0.55 55 210000 1345 7850

Figure3-471 Dramix ZP 305 steel fiber used in the research
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3.3.3 Reinforcement

Deformed reinforcing steel balgving12 mmdiameterand nominal yield strength
of 420 MPa were usefbr the prismatic tension specimemith reinforcing bar The

stressstrain relationshipof the reinforcemenibars for various lengthsbtained from

tension testé the laboratorys shown inFigure3-5.

GO0
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- |
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]
(w9
=
= 300
a ¥ s B are SO0 mm
[ y
el ' d
200 Eare 1000
y
r Bare 1500 mm
100
0
0 0.002 0.004 0.006
Strain

Figure3-51 Measured stresstrain relationshipof 12 reinforcing bas

3.4 Specimen Preparation
3.4.1 Formwork and Reinforcement Bars

For the cylinder and flexural prismatic specimens, steel moulds readily available in
the laboratory were used. For thgsmatic tension specimgrwith reinforcing bar,
formwork wasprepared for various crosgction sizes and lengthbhe reinforcing
barsfor these specimens wecet into the specified lengths based on the specimen

dimensions. Ypical formworks forprismatic tension specimgmvith reinforcing bar

is shown inFigure 3-6.
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Figure3-6 1 Typical formworks forprismatic tension specimenvith reinforcing bar

3.4.2 Concrete Mixing

A stationary drum mixer was used to mix the materials. Aggregates and cement were
placed into the mixer and mixed for about one minute. Steel fiber was
simultaneously discharged into the mixer while it rotates at a considerable speed.
About 80% ofwater wa added to the mixtusghile mixing was in progress. Finally,

the remaining water and superplasticizer were added to the mixing constiftients
ingredients were mixedntil a homogenous mixture with a desired workability was
obtained. A photograph duringuixing of constituents for one of theastsis

presented ifrigure3-7.
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Figure3-71 Mixing of materials angblacing concrete in formwork

3.4.3 Casting and Curing

For each concrete batckhree 100200 mm and three 150x300 mm cylindrical
compression specimemgere prepared to measure the concrete compressive strength
basedon ASTM C39. Three prismatic beamspecimenshaving 150x150<600 mm
dimensionswere alsoprepared to measure the modulus of ruphased on 8TM

C78 All specimens and cylinder were cast using stests and plywood formwork
followed by curing twenty four houtafter casting. Before casting, all formwork and
molds were properly cleaned and then lubricating oil was applied on their inner
surfaes for easy removal of formworks and molds. An external vibrator was used
for theplywood specimens to obtain a well compacted composite and also to prevent
segregation of fibers. The concrete tabe used for the specimens had a target
compreswe strengh of 30 MPa, but slightmodificationswere performedon the
amount of water and superplasticizer in some specimens in order to get proper

workability. A photograph taken during casting is showRigure3-8.
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Figure3-81 Placing concrete in formwork

After casting, specimens were allowed to set and dry in formworks and molds prior
to curing. Adequate curing was provided until testing day which was minimum 28
days after the day of casting.oper curing was achieved by making the specimens
sufficiently wet using water followed by covering them with wet burlap to minimize

loss of moisture due to evaporation as showkrigure 3-9.

Figure3-91 Curing of specimens
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3.4.4 Test Setup and Procedure

The cylindershaving 10200 and 150x30Gnm dimensionswvere testedunder
compresion to evaluate the compressivehaviorbased orASTM C39as showrin
Figure3-10. Thesetess wereperformed at least 28 days after the day of casting. The
test was conducted on a hydraulic compression testing machine with 1000 kN
capacity. Before testing, eadb0x300mm cylinder was capped with a sulphur
based composition both on the top and bottage fand each00x200 mm cylinder

was cut bothat the top and bottom face in order to provide parallel lopdirfaces

of the cylinder This helps the specimens achieving proper contact with the testing
machine as well as equal distrilmrti of compressivdoads on the cylindersFor
150%x300mm cylinders, the load cell of the compression machine is used to collect
the load values. Fat00x200 mm cylinders, a 500 kN load cell was used to collect
the test dataTwo 30 mm displacement transducers were usede@sare the length
change of cylinder specimenghe load was applied slowly by lowering the top
testing plate of the machine to bring it into contact with the specimen. Load was
applied at the rate of approximately 0.25 MPa/sec by adjusting theataehed to

the testing machine. Each cyder was subjected to compresslaad until failure
occurred. The average values of the compressive loads obtained from cylinders for
each concrete batch divided by the initial cross sectional area of the cylieder
evaluated as theoncrete compressive strength for that particular beam. The

photographs of capping of concrete cylinder samples are shdvigure3-11.
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Figure3-111 Capping 0fL50x300 mnctylinders
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The flexural(modulus of rupturelpeamshaving150x150x600 mndimensionsvere

tested under foupoint bending to evaluate the flexural behawasedon ASTM
C78as shown irFigure 3-12. These test were also performed at least 28 days after
the day of casting. The test was conducted on a hydraulic compression testing
machine with 1000 kN capacit 100 kN capacityoad cell on the top and center of

the beam was sed to measure the applied loadwol 20 mm displacement

transducers were used at the +gmhn onboth sides of the beam toeasurethe

W

deflection due to the applied load.

Figure3-121 Flexural beam tesi$our-point bending)

The prismatic tension specimens with bars were tested in tension to evaluate the
tensile characteristics ofspecimens The setup consisted ofa loading frame
transmitting the load throiga set of tension grips (chucks) laith side of the
reinforcing bar. This resultemh tension being transferred from the steel reinforcing
bar to the reinforced concrete sectidhe load was appliedy using hydraulic jack

and measured by using a 100 kN load cell. Schematic view of the tagh fet
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prismatic tension specimems shown inFigure 3-13. Photographs of the test agb

are shown irFigure3-14, Figure3-15, andFigure3-16.
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Figure3-131 Schematic view of the test sap for prismatic tension specimemnsth

bar
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Figure3-141 Test setup forprismatic tension specimemsth bar- end 1(hydraulic

jack, load celland chuck)
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Figure3-1571 Test setup for prismatic tension specimemsth bar- end 2

(displacement transducers)

Figure3-161 Test setup for prismatic tension specimemsth bar

During testing, the longitudinatlisplacement ofpecimenghroughout the length
(from one end to the othewere measured and recorded continuously usingS0ur
mm displacement transducers. Twbthese displacement transducesse attached
at the topsurfaceof the specimen whereéise other two were attached at the bottom
faceof the beamas shown irFigure3-15 andFigure3-16. The readings of load cell
and the displacement transducers wereorded continuouslyhroughout thetest

usinga data acquisitioaystem.
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This test setip was used in horizontal position for the tests offitisé two batches.

In the analysis of the test data, it was observed that the bending of the specimen due
to its own weight affected the readings obtain from the displacemmmgducers.
Although this effect can be eliminated based on some calculations in the analysis
stage of the test data, the research group agreed on changing the position of the test
setup from horizontal to vertical. The last two batches were tested rohtai test

setup as shown ifrigure3-17.

30.12.2014

Figure3-171 Test setup for prismatic tension specimemsth bar(vertical

direction

37



4 TEST RESULT AND DISCUSSIONS

4.1 Introduction

In this chapter, tesesults obtained frorh00x200 and150x300 mm cylinders under
compression150x150x600 mm prismatleeams under flexure, asduare prismatic
tension specimens having various cresstions and lengths with single 12 mm
diametereinforcing bar at theenter of the crossectionare presented in tabular and
graphical forms. Comments were madesdéd on visual observations duriihg test
periods and comparisons were performed based orcdllectedtest data throughout
thetests.Although all specimens were prepared using the same two mixture designs
(CC and SFRC), the test results obtained from the same mixture but different time

casts were slightly different.

4.2 Compression Test Results

Based on the visual observation made duringctirapressioriestson 100x200 and
150x300 mm cylinders, cylinders made ofonventionalconcrete showed a sudden

and brittle mode of failure immedidyeafter reaching the maximum values which

can be considered as their respective peak strength values. On the other hand,
specimens containing steel fibers sustained a considerable amount of strain under
significant level ofdeformation.Typical failure males of CC andSFRCcylinders

areshown inFigure4-1 andFigure4-2.
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Figure4-21 Typical failure mode of SFRC cylindeusider compression
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The load and deformation values were recorded during the tests. Stress values were
calculated by dividing the load values to the area of the specimens and strain values
were calculated by dividing the deformation to the length of the specinéss.
stressstraincurves obtained from compression tests of CC specimens are shown in
Figure4-3 andFigure4-4. In Figure4-3, stressstrain diagrams of fiveylinderscast

in the second batch are shown with an average concosb@ressive strength of
approximately34 MPa.Figure 4-4 shows stresstrain diagram of one cylinder cast

in the third batch with an average concretenpressive strength of 29 MPahe
stressstrain relationship data related to ttest of thecylinders @ast in the second

and thid batches could not be collected dueptoblems associated with the data

acquisition system.

30
25
w
% 20 = (CC100X200-01
§ s ——=(CC100X200-02
P~ = CC 150X300-01
10 \ e CC 150X300-02
5 .
0

0 0.001 0.002 0.003 0.004 0.005
Strain

Figure4-37 Compressive stresstrain relationshipof CC cylinderscast insecond
batch
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Figure4-47 Compressive stressgtrain relationship of CC cylindeast inthird batch

The stressstrain curves obtained from mpression tests of SFRC specimens are
shown inFigure 4-5 and Figure 4-6. In Figure 4-5, stressstrain diagrams of four
cylinderscast in the first batch are shown with anrage concrete&ompressive
strength of approximately 34 MPRigure 4-6 shows stresstrain diagrams of three
cylinders cast in the fourth batch with an average comoc@mpressive strength of

33 MPa. The stresstrain relationship data related to the rest of the cylinders cast in
the first and fourth batches could not be collected due to problems associated with

the data acquisition system.

40
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Figure4-57 Compressive stresstrain relationships of SFRC cylindarast in first
batch
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Figure4-6 17 Compressive stressrain relationships of SFRC cylinderast in fourth
batch

Based on the comparisons of these stsggsn relationshipsof CC and SFRC
specimensno significant difference was observed between 100200 and 150%x300
mm cylinders When the stresstrain relationships of CC and SFRC specimens are
compared, althougthere was no significant difference in the ascending branches,

the descending branches of SFRC specimens showed a more ductile behavior.

4.3 Flexural (Modulus of Rupture) Test Results

Based on the visual observation made duringflehairal testson 150x150x600 mm
prismaticbeams beamsmade ofconventionalkconcrete showed a sudden and brittle
mode of failure immediately aftecracking of concrete On the other hand,
specimens containing steel fibers sustamewbnsiderable amount of deflection even

after cracking.Typical failure modes of CC and SFRIExural beamsare shown in

Figure4-7 andFigure4-8.
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Figure4-81 Typicalfailure mode of SFRC flexural beams
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The loaddeflection curve®btained from fowpoint bending testef CC specimns

areshown inFigure4-9 andFigure4-10. The cracking loadsf CC beams cast in the
second and third batches are showiale4-1 and Table4-2. It can be concluded
from the figures that after cracking, the load carrying capaditthe beams drop

dramatically to zero for CC beams under flexure.
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Figure4-91 Flexural loaddeflection relationshipof CC beamgast in second batch
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Figure4-1071 Flexural loaddeflection relationshgpof CC beamgast in third batch
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Table4-17 Cracking loads of CC beams cast in second batch

CC150x150x6002

CC150x150x6001

Cracking Load (kN)

20.0

22.7

Table4-27 Cracking loads of CC beams cast in third batch

CC150x150x60e03

CC150x150x60e04

CC150x150%x60€05

Cracking
Load (kN)

20.0

24.0

20.0

The loaddeflection curves obtained from fepoint bending tests ofSFRC
specimens arshown inFigure 4-11 and Figure 4-12. The cracking and maximum
loadsof SFRCbeams cast in the first and fourth batches are shoviabfe4-3 and
Table4-4. It can be concluded from the figures that after cracking, the load carrying

capacity of the beams increased to a maximum value then drgppddally for

SFRCbeams under flexure.
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Figure4-1171 Flexural loaddeflection relationships of SFRC beaaast in first

batch

45




(=2
o

v
(=}
|

w

Load (kN}
= &
\ﬁ

= SFRC150X150X600-02
SFRC150X150X600-01

20
_ / SFRC 150X150X600-03
10 ;!
R ; : : : : ‘
0 2 4 6 8 10 12

Deflection (mm])

Figure4-1271 Flexural loaddeflection relationships of SFRC beaoast in fourth
batch

Table4-371 Cracking and maximum loads of SFRC beams cast in first batch

SFRC150x158600-01| SFRC150150x600-02| SFRC150«150x600-03
Cracking
Load (kN) 26.4 23.6 24.7
Maximum
Load (kN) 33 35.7 42.6

Table4-471 Cracking and maximum loads of SFRC beams cast in fourth batch

SFRC150x150x604| SFRC150x150x604)5| SFRC150x150x60{D6
Cracking
Load (kN) 26.0 310 29.0
Maximum
Load (kN) 41.0 51.0 53.0

When the CC and SFRC specimamgler flexureare comparedSFRC specimens
had higher crackingpad values thathat of CC specimensAlso theflexural SFRC
specimens carried more load after cracking wherfgagjral CC specimens did not

carryanymore load after cracking.
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4.4 TensionTestResults

Typical crack patterns fa€C and SFR@rismatic tension specimens having various
crosssections and lengths with single 12 milmmeterreinforcing bar at theenter
of the crosssectionare shown irFigure4-13to Figure4-16.

Figure4-131 Typical crack patterns for CC tension specim@S100x100x1000
01)

Figure4-141 Typical crack patterns for CC tension specim@iS150x150x1000
01
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Figure4-1571 Typical crack patterns f@FRCtension specimens
(SFRCLO0x100%x500-01)
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Figure4-161 Typical crack patterns for SFRC tension specin{&REG0x60x500
01)
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As can be seen from these figures, only transverse cracks was observed during the
tess for CC and SFRC specimenBhe spacing of theracksfor SFRC specimens
were more close than ti@&C specimens.

The load ancklongationvalues were recorded during the tests. Strain values were
calculaed by dividing the elongation valuesthegagelength of the specimenshe
load-strain curves obtained o five tension tests of CC specimeatthe second
batchare shown irFigure4-17to Figure4-21. Note that the test sefp for this batch
was horizontally orientedThe dimension of the specimens we&r@0x100:000,
100x1004500,150%150%1000,100x100%600, and60x60x.000mm.
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Figure4-171 Tensileloadstrain graph for CC tension specimen of batch 2
(CC100x100x100a01)
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Figure4-181 Tensileloadstrain graph for CC tensiapecimen of batch 2
(CC100x100%150a01)
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Figure4-1971 Tensileloadstrain graph for CC tension specimen of batch 2
(CC150x150%100a01)
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Figure4-2071 Tensileload-strain graph for CC tension specimen of batch 2

(CC100%100x50e01)
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Figure4-2171 Tensileloadstrain graph for CC tension specimen of batch 2
(CC60x60x.00001)

The loadstrain curves obtained from six tension tests of CC specimens of the third
batch are shown iRigure4-22to Figure4-27. Note that the test sep for this batch
was vertically orientedThreeof the specimens had 60x8600 mm andotherthree

specimens had 100x18800 mm dimensions.
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Figure4-2271 Tensile loadstrain graph for CC tension specimen of batch 3
(CC60x60x50001)
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Figure4-231 Tensile loadstrain graph for CC tension specimen of batch 3
(CC60x60x50602)
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Figure4-241 Tensile loadstrain graph for CC tension specimen of batch 3
(CC60x60x50603)
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Figure4-2571 Tensile loadstrain graph for CC tension specimen of batch 3
(CC100x100x50€e02)
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Figure4-261 Tensile loadstrain graph for CC tension specimen of batch 3
(CC100%x100%x50603)
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Figure4-271 Tensile loadstrain graph for CC tension specimen of batch 3
(CC100x100x50604)

The loadstrain curvesbtained from three tension tests SFRC specimens of the
first batch are shown iRigure4-28to Figure4-30. Note that the test sefp for this

batch was horizontally oriented. The dimension of the specimens were

100%100224500,150%150%1000, andL00x100600 mm.
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Figure4-281 Tensile loadstrain graph foSFRCtension specimen of batch 1

(SFRCLOOx100x1500-01)
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Figure4-291 Tensile loadstrain graph foSFRCtension specimen of batch 1

(SFRCL50%x150%x100001)
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Figure4-3071 Tensile loadstrain graph foSFRCtension specimen of batch 1
(SFRC1L00x100%x500-01)

Five specimensvere cast for the first batch howey#re test data adnly threewas
obtained the data of 100x100x1000 mmspecimen couldhot be recovered during
test andthe 200x200x1000 mnspecimen was not crackedue to the huge size of

the crosssection compared to the bar diameter.

During tests,it was observed that the initiatacking loadof the specimes with
larger crosssectionwas greater than that of the specimens with smaller -cross

section.

The loadstrain curves obtained from six tension testsSERC specimens of the
fourth batch are shown iRigure4-31to Figure4-36. Note that the test sep for this
batch was vertically oriented. Threéthe specimens had 60x8600 mm andother

three specimenhad 100x10€600 mm dimensions.
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Figure4-3171 Tensile loadstrain graph for SFRC tension specimen of batch 4
(SFR®0x60x500-01)
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Figure4-321 Tensileloadstrain graph foSFRC tension specimen of batch 4
(SFR®0x60x500-02)
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Figure4-331 Tensile loadstrain graph for SFRC tension specimen of batch 4
(SFR®0x60x500-03)
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Figure4-341 Tensileloadstrain graph foSFRC tension specimen of batch 4
(SFRCLO0x100%x500-02)
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Figure4-3571 Tensileload-strain graph foSFRC tension specimen of batch 4
(SFRCL00x100x500-03)
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Figure4-361 Tensileloadstrain graph foSFRC tension specimen of batch 4
(SFRCLO0x100%x500-04)

It was noted that, the test agb in vertical position was better compared to that of
horizontal position due to additional bending deformations introduced to the
specimen related to its own weight in horizontal position. However in this research,
the effects of additional bending deformations for testupeih horizontal direction
were eiminated by using four displacement transducers.
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The initial crack load, yield load, and crack spacing of the CC specimens are
tabulated inTable 4-5. The graphicapresentations of this table is shownFigure

4-37 and Figure 4-38. The aveage initial crack and yield load were 730 and 5755
kgf for 60x60 specimens, 2345 and 5880 kgf for 100100 specimens, and 2560 and
5530 kgf for 150x150 specimen. The results show that as the-sgoissn of the
specimens increase, the initial crack loadreé@ases. However, the cressctional
dimensions do not have any significant effects on the yield load of CC specimens.
Also the change in the length of the specimens does not have any significant effects
on the initial crack and yield loads of the CC spems.The average crack spacings
were52.5 mm for 60x60 specimens, 180 mm for 100x100 specimens, and 400 mm
for 150x150 specimen. The results show that as the-sex$®n of the specimens
increase, therack spacingncreasesThe change in the length of the specimens also

does not have any significant effect on the crack spacing of the CC specimens.

Table4-57 Comparison of C@ension specimens

Specimen Initial Crack Yield C_rack
Load (kgf) Load (kgf) | Spacing(mm)

CC60x60x50001 960 5820 35
CC60x60x50002 920 5780 50
CC60x60x50003 840 5950 60
CC60x60%x100601 200 5470 65
CC100x100x50601 2670 5890 250
CC100x100x50602 1900 6010 180
CC100x100x50a03 3500 6200 150
CC100x100x50604 2500 5930 150
CC100x100x10001 2050 5780 150
CC100%x100x150001 1450 5470 200
CC150%x150x10001 2560 5530 400
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Figure4-371 Graphical presentation of initial crack and yield load of CC specimens
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Figure4-381 Graphical presentation of crack spacing of CC specimens

The initial crack load, yield load, and crack spacing of the SFRC specimens are
tabulated inTable 4-6. The graphical presentations of this table is showRignre
4-39 and Figure 4-40. The average initial crack and yield load wé&&¥ and 6017
kgf for 60x60 specimeng417and6199kgf for 100x100 specimens, ab@10 and
6090 kgf for 150x150 specimen. The results show that as the-seas®n of the
specimens increase, the initial crack load increases. However, theseotissal

dimensiongdo not have any significant effects on the yield loa&BRCspecimens.
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Also the change in the length of the specimens does not have any significant effects
on the initial crack and yield loads of tI®FRC specimens. The average crack
spacings wer@00 mm for 60x60 specimen229 mm for 100100 specimerasd

400 mm for 150x150 specimen. The results show that as thesacssn of the
specimens increase, the crack spacing increases. The change in the length of the

specimens also does not have any significant effect on the crack spacin@BR@Ge

specimas.
Table4-617 Comparison of SFR@&nsion specimens
: First Crack Yield Crack
Specimen Load (kgf) | Load (kgf) | Spacing(mm)

SFRC60%x60x50€01 1000 6000 250
SFRC60%x60x50€02 900 6050 230
SFRC60%x60x50€03 1000 6000 120
SFRC100x100x50@1 3500 6580 255
SFRC100x100x50@2 2350 6000 250
SFRC100x100x50@3 2500 5960 250
SFRC100x100x50M4 2100 6200 250
SFRC100x100x150M1 1633 6254 140
SFRC150x150x100@1 5210 6090 400

7000 6580
6200 6254 6090

6000 6050 6000 6000 5960
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Figure4-391 Graphical presentation of initial crack and yield load of SFRC

specimens

62



/

500 1

400
//
300

200 +

Distance (mm)

Specimens

Figure4-4071 Graphical presentation of crack spacing&RCspecimens

The CC and SFRC specimehaving 60x60 mm crossections were compared in
Figure4-41 and Figure 4-42. The average initial crack loads wef80 and 967 kgf

and the average yield load loads were 5755 and 6017 kgf for CC and SFRC
specimens, respectively. It can be concluded that, SFRC speciraeing 60x60

mm crosssections had greater initial crack and yield loads than that of CC
specimensThe average crack spacings were 52.5 andr@@0for CC and SFRC
specimens, respectively. The results indicate that the spacing of cracks for SFRC

specimengre greater than that of CC specimens having 60x60 mmseotens.
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Figure4-411 Comparison ofitial crackand yield load of C and SFRGpecimens

having60x60 mmcrosssection
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Figure4-421 Comparison otrack spacingf CC and SFRC specimens having

60x60 mm crossection

The CC and SFRC specimens having 100x100 mm-sexg®ns were compared in
Figure4-43 andFigure4-44. The average initial crack loads were 2345 and 2417 kgf
and the average yield load loads were 5880 and 6199 kgf for CC and SFRC
specimens, respectively. It can be concluded that, SFRC specimens having 100x100
mm crosssections had greater initial crack and yield loads than that of CC
specimens. The average ckaspacings were 180 an@2mm for CC and SFRC
specimens, respectively. The results indicate that the spacing of cracks for SFRC
specimens are greater than that of CC specimens having 100100 misectasss.

W FirstCrack Load (kgf)  mYield Load (kgf) W FirstCrack Load (kgf) M Yield Load (kgf)

Figure4-431 Comparison ofitial crack and yield load of CC and SFRC specimens

having 100x100 mm crossection
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Figure4-441 Comparison otrack spacingf CC and SFRC specimens having
100x100 mm crosssection
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5 ANALYTICAL WORK

5.1 Introduction

In this chapter, the stressrain relationships in tensicand compressionf CC and
SFRCspecimensverecompared to the available models in the literature. Based on
the comparison results, the best models antéest modified models were used to
estimate thdoad-deflection curves obtained in flexural tests in tégearch.

5.2 StressStrain Relationships in Compression
5.2.1 Test Results

The stressstrain relationships inampression of the CC and SFRC specimens were
obtained by compression tests as explained in Chaptéheke relationships are
shown inFigure4-3 to Figure4-6.

5.2.2 SFRCModelsand Comparisons

The literature review showed that SFRC compression mguiefgosedoy Ezeldin
and Balaguru (1992Nataraja et al. (1999and Wang (2006jvere the mostly used
predictions to estimate the loa®flection behavior o6FRCbeams under flexure.
Therefore, these three moddts SFRCwere used in the analytical part of this
research.For 34 MPa specified concrete compression streéhgthe stresstrain

relationships othese three modetse shownn Figure5-1.
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Figure5-17 SFRCcompression models for 34 MPa concrete compression strength

These models were compared to the datdn@ftests performed in the scope of this
researchThe comparisons of the used models and the tested SFRC specimens are
shown inFigure 5-2, Figure 5-3, and Figure 5-4. These figures indicate that the
tested specimens may be estimated basguhe model proposed by Wang (2006).
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——SFRC 150X300-01
30.00 A ——SFRC100X200-01
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o
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g 15.00 + =—\Wang (2006)
& 10.00 I
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0.00 T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010
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Figure5-217 Comparison of stresstrain curves of the tested SFRC specimens to the

model proposed by Wang (2006)

67



40.00
42 ——SFRC 150X300-03
30.00 -

- ——SFRC 150X300-02

& 25.00

S ——SFRC 150X300-01

= 20.00 -

- ——SFRC 100X200-01

£ 15.00 .

2 I ~——SFRC 100X200-02
10.00

[ ——SFRC 100X200-03
5.00
——SFRC 100X200-04
0.00 1 : : : ;
0.000 0.002 0.004  0.006 0.008 0.010 =Nataraja etal. (1999)
Strain

Figure5-37 Comparison of stresstrain curves of the tested SFRC specimens to the
model proposed by Nataraja et al. (1999)
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Figure5-41 Comparison of stresstrain curves of the tesd SFRC specimens to the

model proposed by Ezeldand Balaguri{1992)

The names of the specimens are described by numbers to eliminate the crowdedness
of the comparison diagrams. The names and corresponding numbering for the

specimens are shown Trable5-1.
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Table5-17 SFRC cylinder specimens' descriptions

Name of $ecimens | Descriptive Names in Diagrams
SFRC150x30001
SFRC150x30002
SFRC150x30003
SFRC100x20001
SFRC100x20002
SFRC100x20003
SFRC100x20004

~NOoOOA~WNE

The stressstrain curves of eacBFRCcylinder specimen is compared to that of the
three selected model&zeldin and Balaguru(1992) Nataraja et al. (1999)and
Wang (2006) in terms ofinitial stiffness,strain at maximum stress, areader the
stressstrain diagranat maximum stres®0, 80, 70, 60, and 50% ofaximum stress
on the pospeak branch of stresdrain curves Initial stiffness for stressstrain
curves wa®btained by calculating the slope between two pobtisand 80% of the
maximum streson the ascending branch of tl&ressstrain curveas shown in
Figure5-5 - As an example, the diagram for the are&@% of maximum stress on

the postpeak branch of stresdrain curves is shown irigure5-6.

Slop=Initial stifness
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Figure5-57 Method of computing initial stiffness of stresgain curves
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Figure5-6 i Method of computing the area at 70% of maximum stress on the post
peak branch of strestrain curve

An excel spreadsheet was used to calculateahees used in the comparisons. The

results of the comparisons are showikrigure5-7 to Figure5-14.

30000
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& 20000
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Figure5-7 1 Initial stiffness comparisons of test8&#RCspecimens and usedodels
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Figure5-81 Strain at maximum stress comparisons of teSteleCspecimens and
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Figure5-971 Area under the stresdrain diagram at maximum stress comparisons of

testedSFRCspecimens and used models

71



0.2
Nataraja et al. (1999)
0.18
@ 0.16
g Ezeldin and Balaguru (1992)
» 0.14
£
S
E 012
3
<
§ 0.1
S Wang (2006)
% 0.08
2 @ e
® 0.06 -
< 0.04
0.02
0 ; ; : : ; : ‘
0 1 2 3 4 5 6 7
Specimens

Figure5-1071 Area under at 90% of maximum stress on descending branch of stress

strain diagram comparisons of tes&RCspecimens and used models
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Figure5-1171 Area under at 80% of maximum stress on descendinglbm@fstress

strain diagram comparisons of tes®&ERCspecimens and used models
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strain diagram comparisons of tes&RCspecimens and used models

0.5
Nataraja et al. (1999)
0.45
0.4

0
0
E 035
a i
£
E 0.3 "
= Ezeldin and Balaguru (1992)
>
= 0.25
N
8 0.2
@
o
® 013 Wang (2006)
«
2 L 3
= 0.1 & &
< < < 2 2 *

0.05

0 T T T T T T T
0 1 2 3 4 5 6 7
Specimens

Figure5-131 Area under at 60% of maximum stress on descending branch of stress

strain diagram comparisons of tes&ERCspecimens and used models
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Figure5-1471 Area under at 50% of maximum stress on descending branch of stress

strain diagram comparisons of tes&RCspecimens and used models

The figures indicate thahe model proposed by Wang (2006) estimateahpressive
stressstrain relationships of théested specimensbetter than the other models,
Ezeldinand Balaguri1992) andNataraja et al. (1999Y herefore, Wang (2006) was
selected as the model to be used in the analytical work related to the flexural

behavior of tle testedSFRCspecimens.

5.2.3 CC Model and Comparisons

The literature review showed that CC compression models proposed by Popovics
(1973) produced good nedictions to estimate the loakkflection behavior of CC
beams under flexure. Therefore, this model for CC was used in the analytical part of
this research. Fa24 MPa specified concrete compression strength, the sttesn

relationships of this model is shownkigure5-15..
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Figure5-1517 CC compression model fd4 MPa concrete compression strength

This model was comparei the data of the tests performed in the scope of this
research. The comparison of the used model and the tested CC specimens are shown
in Figure5-16. This figureindicates that the tested specimens may be estimated well

with a reasonable accuracy using the model proposed by Popovics (1973).
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Figure5-161 Comparisorof stressstrain curves of the tested CC specimens to the
model proposed by Popovics (1973)
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The name of the specimens are described by numbers to eliminate the crowdedness
of the comparison diagrams. The names and corresponding numbering for the
specimen are shown ifable5-1.

Table5-27 CC cylinder specimens' descriptions

Name of $ecimens| Descriptive Names inDiagrams
CC100x20001 1
CC100x20602 2
CC100x20003 3
CC150x30001 4
CC150x30002 5

The stressstrain curves of each CC cylinder specimen is compared to that of the
model (Popovicg1973)) in terms of initial stiffness, strain at maximum stress, area
under the stresstrain diagram at maximum stress, 90, 80, 70, 60, and 50% of
maximum stress on the pgstak branch of stresdrain curvesinitial stiffness for
stressstrain curvesvasobtained by calculating the slope between two posisand
80% of the maximum stresm the ascending branch of teessstrain curveas
shown inFigure 5-5. As an example, the diagram for the area at 70% of maximum

stress on the pogteak branch of strestrain curves is shown Figure5-6.

An excel spreadsheet was used to calculate the values used in the comparisons. The

results of the comparisons are showirigure5-17to Figure5-24.
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Figure5-171 Initial stiffness comparisons of tested CC specimens and used model

0.005

0.0045

0.004

0.0035

0.003

0.0025

Popovics (1973)

0.002
- - S — S S

0.0015

Strain at Maximum Stress

0.001

0.0005

0 1 2 3 4 5
Specimens

Figure5-181 Strain at maximum stress comparisons of te€i€dspecimens and

used model
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Figure5-241 Area under at 50% of maximum stress on descending branch of stress

strain diagram comparisons of tested CC specimens and used model

Thesefigures indicate that the model proposedPbyovics(1973 estimated the test

resultsreasonably well.
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5.3 StressStrain Relationships in Tension
5.3.1 Test Results

The loadstrain curve®f the tested specimeirs tensionobtained inChapter 4 were
used to findthe stresstrain relationships c3RFC of theested specimens. In order

to convert the load values recorded in the test tatil@ssvaluesof solely SFRCthe
measured stressrain relationships of12 reinforcing bars chmeged to loaestrain
diagrams by multiplying the area of the bar with the stress values of the diagram.
Using an excel spreadsheet, the lst@in diagram of the reinforcing bar was
subtracted from the loastrain curves of the tested specimens. The iagult
diagram's load is then divided by the square esessional area of the tension
specimen. Thestressstrain diagramsof solely SFRCobtained using the above

methodfor tested specimerase shownn Figure5-25.
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Figure5-2571 Stressstrain curves of solely SFRC for the tested specimens

The stresstrain behavior can also be presented by bond fa8abgena2013
diagram which may be drawn by dividing the stress values of the curves by stress at
initial cracking. The above figure r®drawn in terms of bond factor as shown in
Figure5-26.
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Figure5-261 Bond factorstraincurves of solely SFRC for the tested specimens

The stresstrainand bond factestrain curvesor SFRCspecimens having the same
crosssections §0x60100x100,150%x150mm) are separatelyshown inFigure 5-27

to Figure5-32. For all of these figures related to SFRC specimens, after cracking the
load carrying epacity increased and later it dropped gradually to a residual tensile
strength (postrack strength) value which was kept constant thereafter. The ratio of
the residual tensile strength to the cracking tensile strength was varying between 0.25
and 0.75 fo SFRC specimens in tension, higher for specimens having smaller cross

sections and lower for specimens having larger esessons.
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Figure5-271 Stressstrain curves of solely SFRC for specimensitg80x60mm

crosssection
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Figure5-281 Stressstrain curves of solely SFRC for specimens having 100x10

mm crosssection
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Figure5-291 Stressstrain curves of solely SFRC for specimens having 150x150

mm crosssection
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Figure5-3071 Bond factorstrain curves of solely SFRC for specimens hagdg60

mm crosssection
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Figure5-311 Bond factorstrain curves of solely SFRC for specimens having

100x1@® mm crosssection
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Figure5-3271 Bond factorstrain curves of solely SFRC for speeins having

150%1% mm crosssection

The loadstrain curves of the tested specimens in tension obtained in Chapter 4 were
used to find the stresdrain relationships of CC of the tested specimens. In order to
convert the load values recorded in the test to the stress values of solely CC, the
measured stressrain relationships of12 reinforcing bars changed to leattain
diagrams by multiplying the area of the bar with the stress values of the diagram.
Using an excel spreadsheet, the lst@in diagram of the reinforcing bar was
subtractd from the loaestrain curves of the tested specimens. The resulting
diagram's load is then divided by the square esessional area of the tension
specimen. The stres$rain diagrams of solely SFRC obtained using the above

method for tested specimene ahownn Figure 5-33.
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Figure5-331 Stressstrain curves of solely CC for the tested specimens

The stresstrain behavior can also be presented by bond factor diagram which may

be drawn by dividing the stress values of the curves by stress at initial cracking. The

above figure is redrawn in terms of bond factor as shoviiginre 5-34.

~——CC150X150X1000-01

2.5 ~——CC60X60X1000-01

CC100X100X500-01
~—CC100X100X1000-01

CC100X100X1500-01
——CC60X60X500-01
~——CC60X60X500-02
——CC60X60X500-03
———CC100X100X500-02
——CC100X100X500-03
~—CC100X100X500-04

Bond Factor

0 0.001 0.002 0.003 0.004 0.005
Strain

Figure5-341 Bond factorstraincurves of solely CC for the tested specimens

The stresstrain and bond factestrain curves for CC specimens having the same

crosssections (60x60,100x100, 150x150 mm) are separately shdvigure5-35
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to Figure 5-40. For all of these figures related to CC specimens, after cracking the
load carrying capacity dropped gradually to zero, no load is carried by CC thereatfter.
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Figure5-3571 Stressstrain curves of solely CC for specimens having 60x60 mm

crosssection
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Figure5-361 Stressstrain curves of solely CC for specimdraving 100100 mm

crosssection
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Figure5-371 Stressstrain curves of solely CC for specimens having 150150 mm

crosssection
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Figure5-381 Bond factorstrain curves of solely CC for specimens hav@tx60

mm crosssection
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Figure5-391 Bond factorstrain curves of solely CC for specimens having 100x10

mm crosssection
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Figure5-4071 Bond factorstrain curves of solely SFRC for specimens having

150%1% mm crosssection

5.3.2 SFRC Modekand Comparisons

The SFRCmodelin tensiondeveloped by Soranakom and Mobasher (2@QB®&jure

2-6) was used in comparisons of the test rasuh this model, two important

parametersm (residualtensile stressas a fraction of the cracking tensile strength)
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andey (ultimate tension séin), define the characteristics of the tension behaWor.
this research, a parametric study was carried out to determine the vatnasds,,.
Two values, 0.5 and 0.75, were considered fornhgarameter and three values,
0.005, 0.01, and 0.01%vere considered for the, parameter. Moreover, based on
test resultsthe model proposed Iyoranakom and Mobasher (20@9)modified to
have the stress at ultimate tension strain to be equal to half oégltrial tensile
stress.The modified modelsfor 3.25 MPa tensile strengtimat were used in the

comparisons are shown kigure5-41 andFigure5-42.
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Figure5-4171 Modified Soranakom and Mobasher (2009) modehfe®.50 and
e,=0.005, 0.010, and 0.015
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Figure5-421 Modified Soranakom and Mobasher (2009) modeh#e®.75and
€,=0.005, 0.010, and 0.015

The comparisons of these models to the test results are shokiguire 5-43 to
Figure5-48.
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Figure5-431 Comparisons of stresstrain curves ofestedSFRC specimens having
60x60 mm crossectionto Modified Soranakom and MobasH@009) modefor
m=0.50ande,=0.005, 0.010, and 0.015
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Figure5-441 Comparisons of stresgrain curves ofestedSFRC specimens having
60x60 mm crossectionto Modified Soranakom and Mobash@009) modefor
m=0.75 ande,=0.005, 0.010, and 0.015

Figure5-451 Comparisons of stresstrain curves ofestedSFRC specimens having
100x100 mm crossectionto Modified Soranakom and Mobasher (2D@$delfor
m=0.50ande,=0.005, 0.010, and 0.015
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