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Abstract

Hooked end steel fibers were included between 0~i%4dbume to provide
enhanced shear resistance to three different tipsteel fiber reinforced concrete
(SFRC) namely, a regular concrete mix, a lightwemgdgregate mix and a high
strength mix. The test results at the materialesshbwed a substantial increase in
the shear strength of regular and high strengthcret®, but only limited
enhancement in the case of the lightweight aggeegancrete. The steel fibers
were most efficient in enhancing the post-peak ispegormance in the regular
concrete, where the cracks progressed around Hreecaggregate. The fractured
surface of the specimens revealed that in thevigight and high strength mixes,

cleavage was through the aggregates.

A total of 18 structural SFRC specimens were desigand constructed to capture
the behavior of shear-critical SFRC members. Thecispens contained
longitudinal reinforcement but no stirrups, andized different mixes with 1%
fiber content selected from the material scalariggthase. The specimens varied
in overall height from 308 to 100@mwith constant shear span to effective depth
ratio of 3. The normalized shear stress at faitleereased with an increase in the
specimen total depth, indicating that a size efiedsts for SFRC specimens
without stirrups. However, adding steel fibers inthe concrete matrix
considerably enhanced the shear capacity compartdte ACI 318-08and CSA

A23.3-04predictions for RC members without steel fibers.



An analytical shear capacity model was developesgdan mechanical principles
and empirical measurements of crack geometry obdearvthe current study for
both normal weight and lightweight SFRC membersheut stirrups. The
analytical model was then further simplified to faetable for use in design. For
validation, shear capacity predictions were exathif@ a large database and
gave reliable and accurate predictions. The pnedictjuality of the proposed
design model was also compared against publish&RICSshear models from
other researchers. Among the SFRC shear modelgdiutie proposed design
model was the most accurate model in predictiorityuand relatively the least

sensitive model to different common design variable
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1. Introduction

1.1 Background

Past studies have shown that the addition of $ifeels into the concrete matrix
will enhance the shear strength and ductility infarced concrete (RC) members
(e.g. Batson et al.1972, Narayanan and Darwisii987). Steel fibers increase
shear resistance by providing post-cracking diagtamsion resistance across the
crack surfaces. They also control crack spacingjlai to the effect of stirrups,
and this leads to reduced crack widths and anaseren shear resistance through
aggregate interlock (e.¢twak et al.2002,Parra-Montesinos2006). The use of
steel fibers to enhance the shear response isylarty attractive in high strength
concrete Wafa and Ashout992) and lightweight concre{Balaguru and Foden
1996), where the brittleness and suddenness obnfiailure is more pronounced
compared to normal strength concrete. Several refset® have studied the shear
performance of steel fiber reinforced concrete (S}Reams with normal and
high strength matrices (e.flarayanan and Darwisti987, Ashour et al.1992,
Kwak et al.2002); however, the influence of steel fibers tmeas strength of
beams with lightweight aggregate has not been ksttakl, and very limited work
on lightweight concrete with fibers has been regbrSwamy et al1993,Kim
and Kang 2010). Furthermore, there is insufficient knowledgbout the
relationships between SFRC mix-design and membeforpeance in shear
critical conditions. To understand the role of kfd®ers in the shear response of
structural concrete, the compressive and flexwegponse of SFRC must also be
examined in conjunction with its shear responge.pdrticular this exercise can
lead to a rational comparison of the strength angjiness enhancement due to

fibers across different types of concrete.

Meanwhile, previous research has established aefieet in the shear strength of
RC members without transverse web reinforcementvatiut fibers, where the



shear resistance decreases with an increase meaheer depth or a decrease in
the aggregate size (elgani 1967,Shioya et al1989,Collins and Kuchmd 999,
Lubell et al. 2004). Research has also shown that the sheass stitefailure
decreases in members constructed with high stresggtbrete, due to the fracture
of aggregates and therefore the reduction in agégeedgterlock at the crack faces
(Angelakos et al2001, Lubell et al.2004). Several researchers have examined
shear in SFRC members without stirrups; howeverstnspecimens in these
member-scale investigations had effective depths than300 mm preventing
assessment of size effect in SFRC members withouiss (Parra-Montesinos
2006,Kwak et al.2002). Therefore, there is a need for more testger size
slender SFRC members to verify the size effecheas associated with member
depth or aggregate size in the presence of filkershermore, the ability of fibers
to mitigate the decrease in shear capacity associaith the use of lightweight
aggregate or high strength concrete and the comlg@fiects of aggregate type or
concrete strength with member size needs to besiigated. In each case, the use
of fibers in place of minimum web reinforcement m#gad to simpler

construction practices and more economical strastur

In previous research (e.fNarayanan and Darwisti987, Ashour et al.1992,
Kwak et al.2002), several analytical models were proposegifediction of shear
strength of SFRC members without stirrups, butehes not yet been a specific
recognized model for SFRC members established loeyba existing shear
models for RC members in the design codes. Mothede proposed models for
SFRC members were empirically derived from regoesanalysis of test data and
they were therefore dependent on the specimen aipulused for the analysis.
A more rational mechanics-based approach is redjuice predict the shear
strength of SFRC members, which can directly cateethe data from material

and structural responses.



1.2 Research Significance

In this research, the constitutive response of macwith/without fibers in
compression, flexure, and direct shear was charaeteto understand the ability
of fibers to enhance the strength and ductilityddferent types of concrete
namely, normal strength concrete, high strengthcia, and lightweight
aggregate concrete. This exercise provided valuaidevledge required later for
establishing the relationships between SFRC mixgdesand member
performance in shear critical conditions. The shesponse of 18 large-scale
SFRC members without stirrups having total height=B00mm 600mm 1000
mm and utilizing normal strength, high strength, dightweight SFRC was
investigated. This unique investigation allowedifi@tion of the size effect in
shear associated with member depth or aggregateirsithe presence of fibers
over a scaling factor of about 3.7 along with th#luences of concrete
compressive strength and aggregate density. A neghamics-based shear model
was developed for SFRC members without stirrupscivioffers significant
improvements over prior empirical models. The psgumb shear model in this
research correlates the material and structurpbreses and directly considers the

influences of certain parameters.

1.3 Research Methodology

According to the objectives of this research (Sercfi.2), the project was defined

in three principal tasks:
Task 1: Mix-development and characterization of ma@ecal properties of mixes

The initial focus of the research was directed tolwathe development and

characterization of suitable SFRC mixes, in colfabon with local concrete



suppliers: 9 mix-designs in total including nornsttength, high strength and
lightweight aggregate concrete. Mix parametersuithetl: volume-fraction of
hooked end steel fibers (0%, 0.5% and 1%), aggeedw@be (normal and
lightweight) and compressive strength of concréiee regular and lightweight
concrete were cast to similar compressive strengtiereas the high strength
concrete was 2.5 times as strolghere possible, locally produced constituent
materials were utilized. Characterization of medatenproperties of the mixes
was completed by relevant standardized test pristoéd the material scale, the
mechanical properties of SFRC were examined throtminpression, flexure
(indirect tension), and direct shear tests, to ftaively understand the ability of
fibers to enhance the strength and/or mitigate gbst-cracking brittleness in

concrete.

Task 2: Evaluation of shear response of large-s&H&C members without

stirrups

Using selected mixes from task one, 18 specimensarong normal strength,
high strength and lightweight SFRC were construtbeglvaluate the size effect in
shear. These structural specimens, representdtila@ge-scale slender beams or
slabs, contained longitudinal reinforcement, stddders and no web
reinforcement. All specimens were tested under rrmmcally-increasing loading

in 3-point bending. Constant width of 3@@mn and shear-span to depth ratio of
about 3 were considered for all specimens. Geooadlfriscaled specimens with a
total depth 0h=300, 600, and 1000 mallowed assessment of size effect over a
scaling factor of about 3.7. In each test, cracitivaend pattern, load, deflection,
and strains in the longitudinal reinforcement amdtioe specimen surface were

measured and recorded all the way to the failure.



Task 3: Development of analytical and design simadels

The data from material and structural responseasks 1 and 2 were analyzed to
develop a mechanics-based analytical model forrssteangth of slender SFRC
members without stirrups. Then, the analytical siheadel was further simplified
to be used as a design model. For validation, batkhels were examined for a
filtered test database assembled from previousrelsend the current study. The
accuracy of the proposed shear design model wagpa@eh against seven
published SFRC models from other researchers. Meidewthe analytical and
design shear models in the current study were coedpagainsACl 318-08and
CSA A23.3-04hear models for RC members without stirrups aitloowt fibers.

1.4 Organization of Thesis

This thesis has nine chapters and two appendiceshd second chapter, the
literature for mechanical properties of SFRC in poession, flexure, pullout, and
direct shear is reviewed. Previous research onrgieength of SFRC structural
members without stirrups is discussed along witl thfluence of different
parameters on shear strength such as fiber cortgitudinal reinforcement
ratio, shear-span to depth ratio, depth size, &eaccompressive strength,
member width, and aggregate type or size. The @ueviresearch on shear
modeling of SFRC members as well as existing moidelRC members without

fibers is also discussed in Chapter 2.

Chapter 3 reports the mix design development aadetperimental methods to
characterize the mechanical properties of normangth, high strength and
lightweight concrete with and without fibers. Thelevant standardized test
protocols for compressioAETM C39-0f flexure ASTM C1609-05 & JSCE-G
552-1999 and direct shealJECE-G 553-1999%are explained. The material test
results are analyzed and discussed in Chapterelcdirelation between flexural



and shear toughness for different mixes is alsdiestis The flexural test data for
SFRC prisms is employed to derive a relationshitgvéen the equivalent uniform
tensile stress along a crack versus the crack mopming displacement
(CMOD).

The experimental program related to testing SFRGctiral-scale specimens is
discussed in Chapter 5. Details of specimen cordigans, instrumentation and
test procedure are provided. The test results Heais strength, load-deflection
response, load-steel strain response, load-cragdthwelationships, failure mode,
and crack development in the normal and high strel®FRC specimens are
reported and analyzed in Chapter 6. The effectiidérdnt parameters on the
shear strength such as longitudinal reinforcemativ and depth size effect are

also investigated in Chapter 6.

In Chapter 7, an analytical model based on mechanmimciples and the data
from material and structural tests is developegnedict the shear strength of
normal weight slender SFRC members containing hibaked steel fibers. A
simplified shear model is also presented. The aicalyand simplified models are
validated for a filtered test database including €g&cimens from previous
research and the current study. The proposed shedels are also compared
against published SFRC models fr@harma(1986), Narayanan andDarwish
(1987), Ashour et al.(1992), Khuntia et al.(1999), Kwak et al.(2002), Dinh
(2009), andrakoub(2011).

For structural lightweight SFRC specimens, the testilts and related analytical
modeling are presented in Chapter 8. The sheangilre crack development,

failure mode, load-deflection response, load-ss&@in response, and load-crack
width relationships for structural lightweight SFRpecimens are investigated.
The influences of member depth and longitudinaifogcement ratio on the shear

strength of lightweight SFRC specimens are alsdistl Based on the test results



for lightweight SFRC members, the shear models f@mapter 7 are modified to

account for the concrete density.

Conclusions from this project are summarized ingi#@a9. Based on test results,
discussions and conclusions in this study, somemetendations are given.
Further investigations on the shear behavior of SiRRembers beyond the scope

of this project are also recommended in Chapter 9.

AppendixA reports the detailed test results for materialesspecimens discussed
in Chapters 3 and 4. These results include theoressgs of normal strength, high

strength and lightweight specimens with and withfloérs under compression,

flexure and direct shear loadings. AppenBiypresents the details of test results
for structural-scale specimens discussed in Chaptend 6. For each structural-
scale specimen, the details of instrumentationj-beflection responses at mid-

span and quarter-span, load-steel strain respdoisefrain gauges, and the crack
development before and after failure are presented.



2. Literature Review

In this chapter, the relevant literature for meabanproperties of steel fiber
reinforced concrete (SFRC) in compression, flexprdlout, and direct shear is
reviewed. Previous research on shear strength &CSBtructural members
without stirrups is also discussed along with thituence of different parameters
on shear strength. The shear modeling of SFRC mmeanfitmen previous research

as well as existing shear models for RC membeltsowitfibers is reviewed.

2.1 Mechanical Properties of SFRC
2.1.1 Compressive Strength of SFRC

Adding steel fibers to the plain concrete does wbange the pre-peak
compressive strength of concrete considerably {&agella and Naamari985,
Wafa and Ashout992,Balaguru and Foderi996).Fanella and Naamaf(1985)
reported that adding straight steel fibers witheaspatio L/Ds =47~100 and
length Li=19~25mmto mortar at a volume fractiovk up to 3% increased the
compressive strength between 0 and 15% comparetthato of plain mortar
without fibers. A4.6% increase in the compressive strength was obsedyed
Wafa and Ashour(1992) for high strength concrete witf.=94 MPa and
including up toV; = 1.5% hooked end steel fibers withD; =75 andL~=60 mm
For lightweight concrete including expanded shajgraegates,Balaguru and
Foden(1996) reported an increase of approximately 20%ompressive strength
for SFRC includingv; = 1.1% hooked end steel fibels/Ds =75~100,L+=50~60
mm) compared to plain lightweight concrete withouldefis. Meanwhile, a small
increase in the strain at peak stregswas observed for SFRC compared to
concrete without fibers, especially when hooked ste@l fibers were used (e.g.

Soroushian and Baya$B91).



Previous research has shown that steel fibers aniimty increase the post-peak
ductility and energy absorption capacity of conerietcompression (e.ganella
and Naamanl985, Soroushian and Bayadi991, Ezeldin and Balaguri992).
Soroushian and Bayagil991) used different types of steel fibers witimikar
aspect ratid;/D;=57~60 [;=30~50mm) and at constant volume fraction\¢f=
2%. Their test results indicated that hooked eeéldibers were more effective
than straight or crimped fibers in enhancing thergyn absorption capacity of
SFRC under compressive stresses (Figure ¥hfa and Ashou(1992) tested
high strength SFRC containing hooked end steerdil§e/D; =75, Li=60 mm)
with different volume fractions, and reported that iasiagV; from 0 to 1.5%
substantially increased the ductility as describgdhe area under the descending
portion of the stress-strain curve (Figure 2-2)sifilar trend was also observed
by Balaguru and Foder(1996) for lightweight concrete including =0~1.1%
hooked end steel fiberk#D; =75~100L=50~60mn).
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Figure 2-1: Compressive stress-strain respons&R{CSwith different types of
steel fibers (Adapted frof8oroushian and Baya3991).
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Figure 2-2: Compressive response of high streB§RC with different volume
fractions of hooked end steel fibers (adapted fWidafa and Ashout992).

2.1.2 Flexural Response of SFRC

Several researchers have studied the flexural nsgpof SFRC (e.gSoroushian
and Bayasil991,Balaguru et al.1992, Wafa and Ashouf992,Balaguru and
Foden1996). Balaguru et al.(1992) performed flexural tests on norm@&=27
MPa) and high strengthf(=81 MPa) SFRC with hooked end fiberd «D:
=60~100,L+~=30~60 mm), and indicated that fiber content ®f = 0.75% for
normal strength and/s =1.1% for high strength SFRC provided significant
ductility compared to the corresponding plain neasi (Figure 2-3)However, the
results showed only a small additional increasguictility of the normal and high
strength SFRC when the fiber content increased rky®.75% and 1.1%,
respectively. Figure (2-3a) shows a deflection &amg for normal strength
SFRC withV; > 1.1%. HoweverBalaguru et al.(1992) reported that for high
strength SFRC, the post-peak strength decreasedhigher rate compared to the
normal strength SFRC, indicating a more brittletgmesak failure pattern (Figure

10



2-3b). Wafa and Ashourn(1992) investigated the flexural resistance ofhhig
strength SFRCf(=94 MPa), and concluded that addition of 1.5% by volume of
hooked end steel fiber&«D; =75, L=60 mn) resulted in an increase of 67% in
the modulus of rupture compared to that of a phaatrix. Balaguru and Foden
(1996) observed that adding hooked end steel fifiefd; =75~100,L=50~60
mm) up toV; =1.1% into plain lightweight concrete resultedniore than a 100%
increase in the modulus of rupture. They also tegothat the toughness of
lightweight SFRC was higher than that of plain tigaight concrete.

Soroushian and Bayagl991) studied SFRC specimens with different types
steel fibers(Ls =30~50 mn) but containing similar fiber volume fraction ¥f =
2% andL¢ /Ds =57~60. They reported that hooked end fibers gerckiféesural
strengths and energy absorption capacities whiche wagher than those
generated by straight or crimped fibers. SimilaBg|aguru et al.(1992) reported
a higher toughness for SFRC including hooked egdl dtbers [(/D; =60~100,
L=30~60mm compared to SFRC with other type of fibers. MoeoBalaguru
et al. (1992) concluded that for mixes with hooked ermktibers, increasing the
length of fibers from 3Ghmto 50mm(even with similar diameter &:=0.5mm)

did not affect the SFRC energy absorption capaiggificantly.
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Fiber-Matrix Bond and Pullout Resistance

Research on post-crack flexural strength of SFRiicated that steel fibers tend
to pull out of the matrix after cracking. For thase of a high strength concrete
matrix, a brittle response caused by fiber fractaight also be observed. These
observations have been the motivation for sevéudies on the pullout resistance
of single fibers embedded in cement-based matijeas Hughes and Fattuhi
1975, Gray and Johnston 1984aaman and Najni991, Banthia and Trottier
1994). These researchers reported that the pulimigtance of a single fiber is
influenced by several parameters including theinagion of the fiber with
respect to the pullout loading direction, the enmbent length of fiber into the
matrix, the fiber geometry, and the strength ofrtredrix. However, the influence
of aggregate type or density on the pullout resgaof a single fiber has not been

adequately studied.

Naaman and Najn{1991) performed pullout tests on smooth and hdoded
steel fibers embedded in cement matrices with gthsnranging from 351Pato

59 MPa. They reported that hooked end steel fibers hathdni resistance to
pullout compared to smooth fibers, mainly due t® thechanical contribution of
the end hooks to the overall pullout mechanismufag2-4a). The pullout work
for hooked end fibers, defined as the area undelod-slip curve, was typically
four times larger than the pullout work for smodibers. Naaman and Najm
(1991) also observed that increasing the embedieagth of hooked end steel
fibers did not significantly affect the load-slipsponse of fibers, because the
equivalent bond strength was mainly provided by ¢he hooks. As shown in
Figure (2-4b), an increase in the matrix strengtds to an increase in the bond
between fibers and matrix. For hooked end steelrdibwhen the cement matrix
strength increased from 34Pa to 59 MPa, the bond stress at the peak load,
measured as the peak load divided by the embedud&ts area of fiber, showed
a 75 % increase from 4.32Pato 7.55MPa.
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Banthia and Trottie(1994) studied the bond-slip response of threegyy fibers
embedded in concrete matrices with b@m aggregate size and different
compressive strengths. The fibers were embeddedn30nto the concrete matrix
with inclination of 8 =0°~6(° with respect to the loading direction (Figure 2-5)
For hooked end steel fibers aligned in the loadiimgction 8 = 0°, Banthia and
Trottier (1994) observed that increasing the concrete gineinom 40MPato 85
MPa resulted in only 9% increase in the bond stresheapeak load (from 3.63
MPato 3.94MPa). The slip at peak load was 1.58&nand 1.19mmfor normal
strength (40MPa) and high strength (881Pa) matrices, respectively. Also, they
observed a brittle response for the case of higgngth concrete matrix, caused

generally by premature matrix splitting or fibeadture.

The number of fibers bridging a flexural crack ¢enhighly variable, mainly due
to the random alignment of fibers in the SFRC m#ig. a result, the post-crack
flexural response for SFRC can also be highly ‘eia For example, both
Balaguru et al.(1992) andBanthia and Trottier(1995) reported that the post-
crack flexural response of SFRC had coefficientarfation (COV) of more than
20%.Balaguru et al.(1992) also noted that doubling the fiber contana mix
does not increase the post-cracking residual singmgportionally, in spite of the
fact that this change would proportionally increttse number of fibers crossing

the cracked section.
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Figure 2-4: Pullout resistance of steel fiberseament matrix. a) Influence of
fiber shape; b) Influence of matrix compressiversgth (adapted frofdaaman

and Najm1991).
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Dinh (2009) used an analytical model and flexural tega dor SFRC prisms to
derive a relationship between an equivalent unifetress along flexural crack
versus crack mouth opening displacement (CMQIL), Similar toArmelin and
Banthia (1997), a single flexural crack was assumedDioyh (2009) for SFRC
prisms exhibiting deflection softening behavior.cAadingly, the behavior of
SFRC prism after cracking was modeled as two fiddks rotating with respect
to each other (Figure 2-6). Based on the measurdépan deflectiod data and
the geometry, the CMOLLy, was estimated as:

_ 26(h-c)

C (2-1)
M l-a
Fibers uniform tensile stress & CM(from prism flexural te:
. . P2 P2 .
fd} () - (<) Stress blocks at
f \ ___i___ l_______ 1 the cracked section
| _'Hﬂ.ﬂ__\__ R
( o T ML/
| J

N = e = PR

a | -7

(b) | |
iy i/ J fi=c T - i .

AV ) . plastic hinge
o o
i I i " e f
L W ) -
! J 0 FiEers uniform
tensile stres

Figure 2-6: Derivation of relationship between onif tensile stress versus
CMOD (adapted froninh 2009).

To determinec, a uniform compressive stress @85f; was assumed in the
compression zone regardless of the prism deflectitims assumptionwas
inaccurate over a wide range of deflections; howeaecording taDinh (2009),
this assumption had a negligible effect on therdatetion of the average tensile

stressoy, sincec represented a very small percentage of the totampdepth.
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From equilibrium of forces in the section (Figur&&), c and or were calculated

as follows:
c=—2M (2-2a)
085 f.bh
g, =M __ (2-2b)
bh(h-c)

whereM is the applied moment from the flexural test & thacked section. The
relationship between the equivalent uniform tensitessor from Equation (2-2b)
versus CMODCy from Equation (2-1) were then illustrated for SFR§&cimens
from material flexural tests. A sample of this telaship is shown in Figure (2-7)
for SFRC with f'; =45 MPa and including hooked end steel fiber§/at 1.5%.

5mII.IIIIIII|IIIIIIIII|I.II.IIII.II.|I.
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g 4D|:l'_" -
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Figure 2-7: Average tensile stress versus CMODI{ 2009)
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2.1.4 Direct Shear Strength of SFRC

There is currently no standardized test method antiNAmerica to evaluate the
material properties of cement based compositesetbait direct shear. A
summary of experimental methods to characterizedihect shear response of
concrete is described B§u and Reinhardf2005) and illustrated in Figure (2-8).
According toXu and Reinhard{2005), all these methods except case (a) result in
a mode of failure which is not a pure shear mddee to eccentric loading or
deformation during testing, a tensile mode is aesent in these testing
arrangements. The shear strength of concrete sabtljgm combined compression
and shear loading¢esler and Piste958) is discussed in Section (2.3.1).

Shear test configuratio

[E——

(a) - (b)

e
(©) @ (d

)

Figure 2-8: Different shear mode testing configors (adapted fronXu and
Reinhardt 200b
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A Z-shaped specimen was employed\glle and Buyukozturkl993) to study
the push-off response of normal strength=@6~34 MPa) and high strength
(f =62~80MPa) structural concrete reinforced with 1% volumecfian of steel
or polypropylene fibers (Figure 2-9). They notidhdt the increase in normalized
shear stress/\f. due to steel fibers (crimped-end/D; =60, L=30 mn) was
more pronounced for the high strength matrix (6@%npared to that of the
normal strength matrix (36%). However, as showfigure (2-9) the difference
between the peak normalized shear stresses forah@md high strength SFRC
was insignificant.
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Figure 2-9: Normalized direct shear stress versusoal displacement for a)
normal strength matrix; b) high strength matrixgjaiged fromValle and
Buyukozturkl993).
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Using a similar push-off specimen configuratiokhaloo and Kim (1997)
reported that addition of hooked end steel fib&ks=0.5~1.5%,L+/D; =29~58,
L=16~32mm) to plain concrete with different compressive sgths ranging
from 28 to 72MPa, resulted in enhancement in shear strength, dyctdnd
toughness.Similar to Valle and BuyukozturK1993), they observed that the
improvement in shear strength for higher strengthceete was larger than that
obtained for lower strength concrefehis was mainly attributed to the higher
bond strength between fibers and high-strengthredaenatrix.

From the point of view of modeling the material pesse in direct shear, it is
desirable that the test method and specimen prsganemain simple. In this
context, the Japan Society of Civil Engineers hap@sed a standard test method
wherein the stress field in the region of the craeiains substantially that of
pure shearJSCE-G 553-1999(Figure 2-10). Using a modified version of this
test methodMirsayah and Banthig2002) reported that addition of crimped or
flattened ends steel fibers/D; =50, L=50 mm) up toV; =1% improved the shear
strength and toughness of normal strength con¢fetel7 MPa). Higashiyama
and Banthia (2008) tested normal strength SFRE€.1~47 MPa) and
lightweight SFRC f(.=21~25 MPa), and indicated that improvement in post-
crack flexural and shear strength due to crimpeél dtbers ¥; =0.5~1%,L+/Ds
=33~56,L=38~63 mn) was higher for normal strength concrete compdoed
lightweight concrete. However, they did not isoltte role of the aggregate type

and matrix strength that may significantly affdet shear response of SFRC.
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Figure 2-10: Direct shear test configuration acoagydo JSCE-G 53-1999

2.1.5 SFRC under Multi-axial Loading

Vecchio and Colling1986) studied the stress-strain relationships d@cked
concrete by testing reinforced concrete (RC) patwdsled in shear combined
with axial stress. They observed that even aftemédion of diagonal cracks,
tensile stresses were still present in the condret@een the cracks. These tensile
stresses combined with shear stresses on the taaek influenced the shear
resistance of the cracked concrete. Based on kquiti and compatibility
relationships, as well as the test results forsstgtrain relationship¥,ecchio and
Collins (1986) developed an analytical model called thelifrel compression
field theory (MCFT). This model was able to estiemdhe load-deformation
response of RC elements subjected to in-plane shedr normal stresses.
Moreover in the MCFT, Vecchio and Collins(1986) suggested a basic
relationship which relates the transmitted shesegsstacross a crack; to the
crack widthw, the maximum aggregate siag and the concrete strength. A
widely accepted simplification to this relationshiyad the following form in

equivalent metric notation:
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v, = —Olg\/fT (2-3)

031+ 24w
a, +16

Available studies on the behavior of SFRC subjetbed-plane shear and normal
stresses are scarcausetyo et al2011) tested reinforced SFRC panels under in-
plane pure shear but without presence of normaks#is. They observed that
SFRC panels exhibited ductile behavior, additiostaar strength, and superior
crack control characteristics compared to the cotiweal RC panelsChern et al.
(1992) conducted an experimental program to stubdg strength and
deformational behavior of SFRC cylinders subjectedtriaxial compression
loading. They reported that the enhancements sileestrength and ductility due
to use of steel fibers increased considerably \aithincrease in the confining
pressure. This was attributed to the increaseteffacial bond strength caused by
confining pressure on the fibers.

2.1.6 Toughness of SFRC

In order to understand the role of steel fibergtmbehavior of SFRC, the post-
crack response of the composite must be charagteiKhaloo and Kim(1997)
defined a shear toughness parameter equal to tbe ander the stress-
displacement response, to describe the influent®aked steel fibers in concrete
under shear. SimilariBarragan et al(2006)evaluated the shear toughness using
the area under load-slip curve obtained in the jmiSkest. However, very few
studies offer size-independent shear toughnessmetess Kigashiyama and
Banthia 2008. It is also unclear how these toughness parametspond to
changes in the compressive strength of matrix, exgde type, and fiber content.
At the ultimate state, the critical shear sectiba structural SFRC member might
be subjected to shear, flexure, and compressioth@énuncracked compression

region) simultaneously. Therefore, there is a niedvaluate and compare the
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post-crack energy dissipative ability of steel fd®hen concrete is subjected to

compression, flexure or shear.

Section (4.4) in Chapter 4 of this thesis provifigther information on toughness

factors and seeks to answer the questions raisackab
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2.2 Shear Response of SFRC Members without Stirrups

Previous research indicated that the shear resestainslender RC members with
a/d > 2.5 can be predicted based on a sectional shedel (e.g.Zsutty 1968,
Kani et al. 1979). Some early sectional models for the sist@ngth of RC
members without stirrups, assumed that all the rsfeeae was carried by the
uncracked concrete compression zone @rgsler and Pisted 958). Later, other
researchers showed that in order to maintain besionaat a cross-section, shear
stresses must be transferred across diagonal cragkaggregate interlock
(Fenwick and Paulay968,Kani et al.1979,Walraven1981,VecchicandCollins
1986). These researchers reported that a considgvatiion of vertical shear is
carried by the aggregate interlock mechanigg, and the remaining shear
resistance is carried through the compression Blggknd by dowel action of the
longitudinal reinforcemenVy (Figure 2-11a). The influencing parameters on the
shear strength of RC members without stirrups ohetumember effective depth
d, shear-span to effective depth raadd, longitudinal reinforcement rati,
compressive strength. , aggregate size and type, and member width.

() (b)

Figure 2-11: The shear force components acrosxarfil-shear crack in a) RC
members without stirrups b) SFRC members withorrups
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Steel fibers increase shear resistance by provigasg-cracking diagonal tension
resistance across the crack surfaggqFigure 2-11b) in addition to the other
three mechanisms of aggregate interldgl shearing in the compression block
Ve, and dowel action of the longitudinal reinforcem&g (ACI 544-88. This
resistance by the fibers is called crack-bridgitgss. The shear response of
SFRC members without stirrups has been studiedelgral researchers (e.g.
Batson et al1972,Narayanan and Darwisii987,Ashour et al1992 andKwak

et al. 2002). Similar to the role of stirrups in RC mem#@ddition of steel fibers
generally enhances the shear strength, decreasesrdbk spacing, increases
deformation capacity, and alters a brittle failanede to a ductile one for SFRC
members without stirrups (e.§jarayanan and Darwisi987,Kwak et al.2002).
However, the extent of the fiber influence on theea response of SFRC
members is related to several parameters inclufibey contentV;, member
effective depth d, shear-span to effective depth rat@'d, longitudinal
reinforcement ratigp, compressive strength. , aggregate size and type, and

member width.

2.2.1 Effect of Fiber Volume FractionV;

Dinh (2009) tested SFRC members containing 0.75%, 1%la# hooked end
steel fiber withL;/D;=55 ~ 80. Using hooked steel fibers in a volumetfos V; >
0.75% led to at least 100% increase in the shear streafjtS8FRC members
compared to similar RC members without fibers. HesveDinh (2009) reported
only a relatively small additional increase in sh&aength when the fiber volume
fraction was increased beyond 1Ransur et al(1986),Ashour et al(1992), and
Kwak et al. (2002) also tested SFRC members containing drffex®lume
fractions of hooked end steel fibers with aspeiid la /D = 60~75. These studies
showed that using steel fibers between 0.5% to v6kme fraction generally
improved the shear strength, but the extent of mprovement was highly
related to the other parameters such/dgsee Section 2.2.2).
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The influence of steel fibers on shear strengtlighitweight aggregate concrete
has not been established, and very limited workigimweight concrete with
fibers has been reporte@wamy et al(1993) tested lightweight SFRC beams: (
1800 kg/m) with I-shaped cross sections, and reported thatirhprovement in
ultimate shear strength was dependent upon ther-shaa to depth rati@a/d
(Section 2.2.2) and the longitudinal reinforcemetio p (Section 2.2.4). They
showed that fol; =1% the ultimate shear strength increased by 60%1G%6
compared to equivalent beams without steel fibdées\g & Kim (2009) reported
that addition ofV; =0.5% anaV; =0.75% steel fibers increased the shear strength
by about 25% and 45%, respectively, compared talainmembers without
fibers.

Narayanan and Darwisl{1987) reported that steel fibers reduced theispauf
diagonal cracks to 20% of those in companion RC bemwithout fibers. This
observation was attributed to a more uniform redbstion of stresses in SFRC
members compared to similar RC memb&wak et al.(2002) reported about
38% decrease in crack spacing, when steel fibers=0.5% ~ 0.75% were added
to RC members without stirrup®inh (2009) observed that RC members without
stirrups exhibit a single diagonal crack followedabrittle shear failure whereas
SFRC members with/s =0.75% ~ 1.5% exhibited multiple inclined cracks
followed by widening of at least one dominant créekore shear failureDinh
(2009) reported that an increase in effective degthPSFRC members from
d=375mmto d=610mmresulted in larger absolute crack spacing, butatrerage
horizontal crack spacing for all members was apipnaiely constant as a fraction
of d, at ~0.4d These studies indicated that using a moderaten®lfraction of
steel fibers reduced the spacing of diagonal crac&$-RC members compared to
similar RC members without fibers.

Figure (2-12) shows the curves for mid-height dregjacrack width versus load

for three identical specimens tested Minelli and Plizzari (2006). The main
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difference between these specimens was in the fioatentV;. While the
maximum crack width for the RC speciman £0%) was only about 0.3m the
SFRC specimens witk; =0.4% andV; =0.6% had maximum crack widths of 2
mm and 3mm prior to failure, respectively. This difference mmaximum crack
widths was attributed to the bridging action ofefib across the adjacent crack
surfaces in SFRC specimefiglinelli and Plizzari 2006). According to these
researchers, the crack widening in SFRC membeos fwrishear failure provides
some visual warning about impending failure. MeaiwytDinh et al. (2010)
observed that SFRC members without stirrups stashbw deflection-softening

behavior when the diagonal crack widths reach apprately 5% of the fiber
lengthL;.

Normal Strength Concrete, f'. = 24.8 MPa /?
/
— Average First Cracking f\ Vf =0.6%
E,
E /
=
T
=
4
Q
14
© p =1%
a/d=2.5
d=435 mm
0 T T T
0 100 200 300 400

Load [kN]

Figure 2-12: Load-crack width curve (TPT: Potemtetric transducer placed at
the mid-height with a 40nclination to the longitudinal axis for crack wid
measurement) (adapted fraviinelli and Plizzari2006).

2.2.2 Effect of shear-span to depth ratia/d
Several researchers have investigated the effeshedir-span to effective depth

ratio a/d (e.g.,Mansur et al.1986; Ashour et al.1992,Kwak et al.2002) on the
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shear strength of SFRC members without stirrupsgraphical summary of

previous experimental results is provided in Figia-4.3).

As shown in Figure (2-13), the shear stress atriaifor SFRC members witdd

< 2.5 was generally higher compared to that of membetis a/d > 2.5 This
increase in the shear resistance was mainly dtleetarch action, also seen in RC
members witha/d < 2.5 (e.gZsutty1968,Kani et al.1979). In RC members with
a/d < 2.5, the vertical component of a compressivgt ftetween the loading point
and support increases the shear capaddyayanan and Darwisfl1987) reported
that the arch action due to decreas@/mhbecame larger when a higher volume

fraction of steel fibers was employed.

On the other hand, for members withd > 2.5 (Figure 2-13), an increase aid
resulted in a small decrease in the shear stre(@itim et al.1994,Kwak et al.
2002). In the same context, and for a constant fibatent,Batson et al(1972)
noted a higher rate of increase in shear strengthniembers witha/d<3
compared to members witw/d>3. The critical value of/d=2.5 to distinguish
between short and slender SFRC members is compatald/d=2.5 for RC
members, seen as a transition point between the lz&dion and arch action
(Zsutty1968,Kaniet al. 1979).
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Figure 2-13: Effect of shear-span to effective Heptioa/d on the shear strength
of SFRC members without stirrups from previous aeseers (adapted fro@inh
2009.
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2.2.3 Effect of member depth size

Previous research has identified a size effedténshear strength of RC members
without stirrups, where the shear stress at failigereases with an increase in the
member depth (e.d<ani 1967, Shioya et al.1989, Collins and Kuchmal999,
Lubell et al.2004). Different approaches have been proposedtdount for the
size effect such as fracture mechanics appro&8azant and Surl987) and
aggregate interlock approacdllins and Kuchma999,Sherwood et al2007).

The focus of the current research is on the agtgagterlock models.

According to aggregate interlock modele¢chioand Collins 1986, Walraven
1981), the size effect in shear for RC members aittstirrups can be captured
by considering the decreased ability of wide craokgansmit shear stress. There
is almost a direct relationship between crack vadihd both the tensile strain in
the reinforcement and the spacing between crackR@members without fibers
(Sherwood et aR007).Shioyaet al.(1989) have shown that the spacing of cracks
at the mid-height of the web of a reinforced cotemember without stirrups is
about0.5h Thus, doubling the member depth will double theeck width at mid-
depth, if the strain in the longitudinal steel igpk the same. When the crack
widths increase, the aggregate interlock decreddence, the shear stress at

failure in large members is lower than in small rbens.

Shioya et al.(1989) studied the size effect in shear throughegperimental
program. Figure (2-14) summarizes the main resiiltkis study. The shear stress
at failure decreases both as the member depthaseseand as the maximum
aggregate size decreases. When the effective deptases frond=203 mm (8
in.) tod=2007mm(79 in), the shear stress at failure decreases by adéat 6
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Figure 2-14: Influence of member depth and maxinaggregate size on the
normalized shear stress at failure from tests padd byShioya et al1989 and
Shioyal989 (figure adapted frotrubell et al.2004).

While previous tests on shear critical RC memberselconsidered a wide range

for parameterd, the SFRC members considered in prior researchlynbad

effective depths less than 300m (Parra-Montesinos2006). Some researchers
have studied slender SFRC membaeard £2.5) with effective depttB00mm< d <
610mm(e.g. Schantz1993,Noghabai2000,Rosenbusch and Teuts2f02,Dinh
2009).Rosenbusch and Teuts002) reported that an increase in effective liept

from 260 mmto 540 mm with other parameters kept almost the same, texbu

a 26% decrease in the average shear strength. ldovibe shear stress at failure

did not decrease significantly for specimens with460 mm compared to

specimens witld=260 mm Kwak et al.(2002) compared the shear strength of

small size SFRC members from different researchmostly withd < 300 mm

and did not observe a significant size effect aghear strength.

More tests on large size members especially @ith600 mmare necessary to

establish a better understanding about the shdaavimir of SFRC members
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without stirrups. Meanwhile, there is a need fatitey both large size and small
size members to investigate the size effect on ghear strength of SFRC

members, especially when a scaling factor grebtar 2 is applied.

2.2.4 Effect of longitudinal reinforcement ratiop

The effect of longitudinal reinforcement ragioon the shear strength of SFRC
members without stirrups was investigated by sévwesearchers. Most of the
SFRC members tested in previous research inclyded1%. Li et al. (1992)
tested SFRC members wiplr 1.1%, 2.2% and 3.3%, and concluded that a higher
longitudinal reinforcement ratio resulted in a heglshear stress at failure because
of increased dowel action and reduced crack withtbwever, the increase in
shear strength was relatively small between2.2% ando= 3.3%.Dinh (2009)
and Ashour et al.(1992) reported that the primary effect of londihal
reinforcement ratio was on member ductility. Flexsteel yielding was mostly
observed in specimens with lower reinforcemenbsatwhereas no yielding prior
to failure occurred in specimens with higher rern@ment ratioNarayanan and
Darwish 1997 noted that the dowel resistance of longitaldireinforcement
increased when the fiber content increased. Theycladed that steel fibers
improve the tensile strength of concrete in thétspy plane along the reinforcing

bars.

2.2.5 Effect of compressive strengtfi.

Kwak et al.(2002) studied SFRC specimens with different ceteccompressive
strengthf’, and concluded that an increase in SFRC compeessigngth leads to
an increase in member shear strength. They indicthiat for identical SFRC
slender members, when the concrete strength wasetb(from 31 to 65MPa)

the shear strength increased by 23%arayanan and Darwisi{1987) noted that
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using higher compressive strength concrete resuitadsteady rate of increase in
ultimate shear strength of SFRC members. They wedethat for a higher
volume fraction of steel fibers, the rate of in@®an shear strength due to
increasing of compressive strength was highdmelli and Plizzari (2006)
observed that for shear critical RC members withboérs, increasing the
compressive strength of concrete fromMBa to 60MPa resulted in much more
brittle shear failure; however, for SFRC members,similar increase in
compressive strength did not result in more bn#ks in shear failure. Note that
the shear failure of SFRC specimens was generefiprted as less brittle and
sometimes ductile compared to that of similar RCnpers with identical
compressive strengtiiNarayanan and Darwisii987,Ashour et al.1992,Minelli
and Plizzari 2006). Research has also shown that the sheass satefailure
decreases in RC members without fibers construetddhigh strength concrete
(Fc> 70 MPg due to the fracture of aggregates and theretoeeréduction in
aggregate interlock at the crack faces (Aggelakos et al2001, Lubell et al.
2004).

2.2.6 Effect of aggregate size and type

A decrease in the maximum aggregate size or cleawdgmore aggregates
crossing the crack plane, reduces the crack sunfaughness and therefore
decreases the shear stress carried by the aggiegzieck (e.g. Shioya et al.
1989, Sherwood et al2007). Shioya et al(1989), showed that for identical RC
members without stirrups and without fibers, desesain maximum aggregate
size from 25mmto 10mmand 5mmresulted in decreases in the shear stress at
failure by 21% and 37%, respectively (Figure 2-1Kkang and Kim(2009)
reported that for identical SFRC members withourtigis, the shear capacity of
lightweight SFRC members was slightly lower thaat tbf normal weight SFRC
members. Previous researchers mostly used smalegag size (~10nm) in
their SFRC specimens (elansur et al.1986,Ashour et al.1992,Dinh et al.
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2010); however, for SFRC members without stirrdipgher research is needed to

understand the effect of aggregate size and typgheoshear strength.

2.2.7 Effect of member width

Kani et al. (1979) studied pairs of RC specimens without wgbisr and without
fibers in which the main variable was the specimeitth. The width of wider
specimens was four times of that for narrower spens =600 mmandb=150
mm). For shear-span to depth ratios &8d < 6, Kani et al.(1979) observed that
the average shear failure load for wider specimeass about four times of that for
narrower specimens. In other words, the width @&cspen does not change the
shear stress at failure if the specimen detailsuai®rm across the width. These
observations were confirmed later by other resemsck.g.Lubell et al.(2004)
andSherwood et al2007). The data from previous research on SFRCis®ns
without stirrups indicate that most researchersd useconstant width for their

specimensHarra-Montesino006).

2.2.8 Effect of Fiber Type

The influence of fiber type on the mechanical props of SFRC was discussed
in Section (2.1). However, the data from previoesearch on the shear strength
of structural SFRC specimens without stirrups shioat most of researchers used
a single type of steel fibers (straight, crimpedhooked) in their specimens with a
fiber tensile strength ranged between 1000 and M#8 45 < L;/Ds < 100, and
25mm< Ly < 60 mm(Parra-Montesino2006,Yakoub2011).Batson et al(1972)
investigated the shear strength of SFRC specimehgding straight or crimped
steel fibers, but they could not draw a clear casion about the influence of steel
fiber type due to the differences in the size béfs. Therefore, more research is
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needed to directly establish the effect of fibgretyn the shear strength of SFRC

members without stirrrups.
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2.3 Shear Capacity Prediction Models

In this section, first the recognized shear modaisn ACI 318-08and CSA
A23.3-04for RC members without stirrups and without fibene explained.
Then, a shear model frofresler and Pister(1958) based on contribution of

shearing in the compression block of RC membemviewed.

There is as yet no recognized code model to preldéecshear strength of SFRC
members without stirrups. However, several reseaschave proposed prediction
models for shear strength of SFRC members. In @e¢2.3.2), ten shear capacity
models for SFRC members without stirrups from poasi researchers are

reviewed.

2.3.1 Shear Models for RC Members without Stirrups

ACI 318-08Shear Model

The basic equation iIACI 318-08for the shear resistance of a reinforced concrete
member without stirrups was empirically derivednfr@ series of experimental
works on slender beama/d >2.9 with effective depth ranging from 254 mm to
375mm ACI-ASCE Committee 326962). TheACl Committee 31&quation for

shear strength using equivalent metric notation is:

Vo =A(016,/f, + 17,0\|</|—d Jo d <029 b d (2-4a)
or, simply:
Vaci=0.1672 +/f, bd (2-4b)
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The density factod is equal to 1, 0.85 and 0.75 for normal densitynidew-
density, and low-density concrete, respectivel\Clause (8.6.1) oACI 318-08 a
semi-low-density concrete is defined as a concvdteh may include natural
sand and lightweight coarse aggregates, but th&tgfeanges for low-density and
semi-low-density concretes are not indicated. Aditey to MacGregor et al.
(2006) concretes witly < 1850 kg/m and 1850kg/n?<y < 2150 kg/m can be

considered as low-density and semi-low-densitycretes, respectively.

Due to the limited size range of the members stydiee empirically derivedCl
318 expression was not able to capture the size effecthear. Therefore,
Equation (2-4) can be seriously non-conservativddme size members without
stirrups Kani 1967,Collins and Kuchmd999,Lubell et al.2004). Figure (2-14)
indicates thaACl 318estimation for shear capacity of members wlith500 mm
is clearly higher than the measured shear strengtksined from the tests by
Shioya et al(1989). The shear strength of the beam w2000 mmwas only
about 45% of that predicted by Equation (2-4b).

To mitigate the non-conservative nature of thisatigm for the shear strength of
large concrete beamA&Cl 318requires that a minimum area of stirrups be uked i
the factored shear force excedliSpV. (Collins and Kuchmal999). However,
slabs and footings which can often be very thick #ightly reinforced were
excluded from this provision for minimum shear femement. Based on Clause
(11.4.6) of ACI 318-08 and as an exception, whérbpV <V, < ¢pV.andf < 41
MPa the minimum stirrups requirement can be waivedSBRC members with
overall depthh < 610 mm meeting certain material performance standards for
post-cracking residual strength. In other word€| 318-08accepts that steel
fibers can enhance the shear capacity of such membet leaspV,, but ACI
318-08does not modify the basic shear model for SFRC bbeesn According to
Clause (5.6.6.2) oACI 318-08 the SFRC mixes must include an equivalent fiber
content ofV; > 0.75%and satisfy specific performance criteria to beeptable as

a replacement for minimum shear reinforcement. Teetnthese performance
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criteria, the material flexural strength&STM C1609 at midspan deflections of
1/300 and 1/150 of the span length must be gréaderor equal to 90% and 75%

of the first-peak flexural strength, respectively.

For the ACI 318-08shear model, the critical section in shear foinapke span
member subjected to a concentrated load and itsweight is considered at a

distance ofl from the support edge.

CSA A23.3-04Shear Model

The CSA A23.3-O4standardincorporates shear design provisions for concrete
structures based on a simplified version of the fffedl Compression Field
Theory (MCFT) Bentz et al2006, Vecchio and Collind986). TheCSA A23.3
equation for shear strength is:

Vesi= 4 84/ 1, b, (2:5)

where [t/ < 8 andthe effective shear depth can be taken as @9The density

factor A is equal to 1, 0.85 and 0.75 for normal densitynidew-density and
low-density concrete, respectively. According ta@e (8.6.5) o€CSA A23.3-04
a semi-low-density concrete is defined as a aravhich may include natural
sand and lightweight coarse aggregates; howeverdémsity ranges for low-
density and semi-low-density concretes are not catdd. According to
MacGregor et al.(2006), concretes with < 1850 kg/m and 1850kg/ni< y <
2150 kg/m can be considered as low-density and semi-lowsitieconcretes,

respectively.
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Within this model CSA A23.3-04onsiders the shear capacity as a function of the
crack widths, which are, in turn, related to thentber depth and the average
axial strain in the member. Furthermore, the shegracity is related to the
roughness of the diagonal shear cracks which igdanted by the aggregate size
for normal strength concrete with, < 70 MPa These factors are reflected in
parameteg, which includes so-called strain effect and sifece terms through

parameters, ands;e:

040 1300

A= 1+150c,) (1000+s,)

(2-6)

For members without significant axial load or pressing, the longitudinal strain
gx at a cross-section is conservatively assumed athé/&train in the longitudinal

tensile reinforcing steel through the relationship:

M /d, +V
& =——"—
2F

S

< 0003 (2-7)

To account for the size effect on shear strengtlecuivalent crack spacing factor

SelS Used:
_ 355,
SS(e - (15+ag ) (2-8)

where,aq is the maximum aggregate size apdan be taken ad. For members
made of high strength concrete with> 70 MP3g since the cracks pass through
the aggregates, maximum size of the aggregate doksnfluence aggregate
interlock capacity, andy is taken equal to zer€ 6A A23.3-04Angelakos et al.
2001). The maximum aggregate sizg can be reduced linearly to zero fas
increases from 6MPato 70MPa (CSA A23.3-04Lubell et al.2004).
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The critical section in shear for a simple span mmensubjected to a concentrated
load and its own weight may be assumed at ablgti.9d from the point load,
where the imposed bending moment and shear are dostkiderable. At this
critical section, %2 of the strain in the longitualimeinforcements, from Equation
2-7) reaches a high level and therefore Equati@i) (& (2-5) give lower

estimates of shear strength Ysa

Equations (2-5) to (2-8) show th@SA A23.3-04ccounts for the size effect and
strain effect in shear for RC members without sps and without fibers.
However,CSA A23.3-04loes not elaborate in the size and strain effiectRC
members without web reinforcement but containinglerate volume-fraction of
steel fibers. The shear model in the Canadian HaghBridge Design Code€CSA
S6-0§ is similar to theCSA A23.3-04hear model. According to Section 16 of
CSA S6-06randomly distributed fiber reinforcement is peted in deck slabs,
barrier walls, and surfacing of stressed log bridfyg the control of cracks that
develop in concrete during its early life; howev€lSA S6-06ignores the

influence of steel fibers on the shear strength.

Bresler and PisteiShear Model

Bresler and Pister(1958) first tested material-scale tubular specsnmade of

plain concrete (2MPa < f'; < 41 MPa) under combined axial compression and
torsion. Using the experimental data and a regvasanalysis, they derived a
failure criterion for concrete under combined noro@npressive stress and shear

stress. This failure criterion had the followingrfoin equivalent metric notation:

T o 0. \»
la =01 062+ 7.86 2o ) - 844 Zu
f \/ & f )~ 848 f ) (2- 9)

C
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where o, and 7, are the ultimate uniform compressive stress armrshtress,
respectively.According to Equation (2-9), for pure compressiorn, £0) the
ultimate compression stress is equalftg while for pure shearof,=0) the
ultimate shear stress is 0fQ8 The maximum shear stregs=0.156f'; can be
obtained when the compressive stressods0.4fc.. As discussed in Section
(2.1.5), Vecchio and Colling1986) related the transmitted shear stress a@oss
crack to the crack width, the maximum aggregates,siand the concrete
compressive strength in RC panels subjected tolainep shear and normal

stresses.

The failure criterion (Equation 2-9) was then enypld by Bresler and Pister
(1958) to predict the shear strength of RC memiagisout stirrups and without
fibers. They assumed that the aggregate interlodikdawel action of longitudinal
reinforcement are negligible, and therefore thé&eshear strength was provided
by the shearing in the compression zone (Figur&)2Accordingly,Bresler and
Pister (1958) assumed that shear failure occurs due «irwgion of the
compression zone. In thHgresler and PisteX1958) shear model, the location of
the critical section in shear is not indicated. ldwer, the critical shear crack for a
simple span member subjected to a concentratedaioddts own weight may be
assumed to start at abodtfrom the point load, and reaches the uncracked
compression zone under the point load. A uniforrmessive stress at shear
failure, acting on the whole compression zone deaptivas considered. This

uniform compressive stress was adapted frtognestad et a1955), as follows:

o = 3900+ 507 f, ¢
“ 3200+1449f, °

MPa) (2-10)

Hognestad et al(1955) obtained the uniform compressive stressigign 2-10)
from equilibrium of forces in the section and asggnthat longitudinal

reinforcement yields. By limiting the reinforcemeatio to the range of 1% p <

42



2%, Bresler and PisteX1958) adapted the assumption of reinforcemerndipig

in the shear critical section. They applied the pmssive stress from Equation
(2-10) into the failure criterion (Equation 2-9) talculate the ultimate shear
stress at failure.Bresler and Pister(1958) reported that the calculated shear
strength correlated well with test data of RC speeis without stirrups. For 21
specimens with 2MPa < f . <41 MPa, d=262mm~272mm and 1%< p < 2%,
they reported an average\Wfst/Vimoder1.13 WithCOV=16%.

Bresler and Piste Mode|

SHEAR -COMPRESSION ZONE

OF FAILURE\
|
<P B
i

| .

NORMAL  SHEARING
STRESSES  STRESSES

\Y%

Figure 2-15: Normal and shear stresses in commregsine at shear failure
(adapted fronBresler and Pistef958).
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2.3.2 Shear Models for SFRC Members without Stirrup

Sharma(1986)

A simple empirical model was proposed ®lyarma(1986) to predict the ultimate

shear stress of SFRC members without stirrups:

£ (d/a)® (2-11)

wIN

Vul =

where, f, is the cylinder splitting tensile strength. Acdoigl to Sharma(1986),

in absence of splitting test results, the splittatgength f, = 079,/ f. (in MPa)

can be used in Equation (2-18Bharma(1986) compared capacity predictions
using Equation (2-11) against an assembled databhs&l specimens, and
reported a reasonable estimation for the sheangttreof SFRC members without
stirrups Viest/Vmoder1.03 withCOV=7.6 %). This equation, while easy and simple
to use, does not explicitly take into consideratiloa effects of important factors
such as fiber content or longitudinal reinforcemeaiio (see Section 2.2Kwak

et al. (2002) validated the Equation (2-11) against 139 SFRC ispats with
different a/d ratios, and reported an averaggs: /Vmoder1.26 with COV=37%.
They concluded that this model estimation is coretere fora/d < 2.5and non-

conservative foe/d > 4 (Figure 2-16).

In the Sharma(1986) shear model, the location of the criticadten in shear for

a simple span member subjected to a concentradeldaind its own weight is not
indicated; however, the critical section in shearthis case may be assumed at a
distance ofl from the point load.
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Figure 2-16: Sensitivity cfharmés Equation (2-11) ta/d (adapted fronKwak
et al.2002).

Narayanan and DarwishH1987)

An empirical model was proposed INarayanan and Darwisi{1987) which
includes three terms to account for the split-aéinstrength, dowel action, and

tensile stress due to steel fibers along the dialgeimear crack, respectively:

v, = 024f,. + 80,0%) +0, MPa) 2-12)

spfc

The factore accounts for the arch action, and is equal tofdr@/d > 2.8, and
2.8d/afor a/d < 2.8. Based on a regression analysis, the spiitagt strengthisprc

is calculated as follows:

f
fo=—"< 4+07+F Pa 2-13
spfc 20_\/E M ) ( )

fouris the cube compressive strength, and the fibeéorf&cis defined as:
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L
F =D—fvfdf -12)

f

The bond factod; accounts for the fiber geometry and is equal ¥® @or round
fibers, 0.75 for crimped fibers, and 1.00 for intBehfibers.

The third term in Equation (2-12¢ accounts for the fiber pullout strength along
a 45 diagonal crack with a vertical projection equatiie distance between the

center of reinforcement to the lower tip of the qoassion zone:
o =0.41:F (2-15)

The fiber-matrix bond stressis equal to 4.1%1Pa, as proposed b$wamy et al.
(1974).

Kwak et al.(2002)validated the Equation (2-12) against 139 SFRC ispets

(Figure 2-17). According t&Kwak et al.(2002), this model gives reliable and
conservative estimates, since it directly considensie of the important factors
affecting shear strength, and employs the regnessialysis of only shear critical
specimens (Figure 2-17). However, in Equation (R-Marayanan and Darwish

(1987) do not specify the contribution of the coegsion zone and neglect the
effect of aggregate interlock on the shear stremjtisFRC members without

stirrups.

The location of the critical section in shear f@gimple span member subjected to
a concentrated load and its own weight is not mgid in theNarayanan and
Darwish (1987) shear model; however, the critical sectroshear for this case
may be assumed at a distancel &fom the point load.
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Figure 2-17: Shear strength prediction usiagayanan and Darwisi1987)

Equation (2-12) (adapted frokwak et al.2002).
Ashour et al. (1992)

Based on their test results for high strength SHR€&nbers and regression
analysis Ashour et al(1992) modified th&sutty(1968) model for shear in plain
RC members to account for the steel fibers by oholy the fiber factoF:

Vys = (211 3/f; +7F) 3 p% MPa) fora/d>2.5 (2-16a)

Vis =[(2-11§/T;+7F ) %/pﬂ 25d +a,( 2.5—% )

a

MPa) fora/d <2.5 (2-16b)

The parametersy and F are the same parameters used NMarayanan and
Darwish (1987) model. In addition to Equation (2-1&shour et al.(1992)
proposed another expression for prediction of seangth by incorporating the
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fiber factor F into ACI Committee 318equation. This expression has the

following form:

d

Voo = (07, f, +7F )% +172p MPa) (2-17)

Ashour et al(1992) reported that these equations gave gooaha&sbins for their
18 tested specimens except those with low reinfoerd ratios §=0.37%) which
failed in flexure; however, no statistical analysfsprediction quality was given.
Also, Kwak et al.(2002) reported that the Equations (2-16) and7R¢ive less
accurate predictions compared to NMarayanan and Darwisii1987) evaluation.
Comparing Equations (2-16) and (2-17) against testlts of 139 specimens,
Kwak et al.(2002) indicated averag&est/Vmodel ratios equal to 1.27TC0V=19%)
and 1.12 COV=21%), respectively.

In the Ashour et al(1992) shear models, the location of the criticat®n in
shear for a simple span member subjected to a ntrated load and its own
weight is not indicated; however, the critical s@ctin shear for this case may be
assumed at a distancedfrom the point load.

Khuntia et al.(1999)

A uniform tensile stress for the fiber contributiaias applied byhuntia et al.
(1999) along a 45diagonal crack with a vertical projection equabt®d (Figure
2-18). The location of the critical section in shéar a simple span member
subjected to a concentrated load and its own wesghtt indicated in th&huntia
et al. (1999) shear model; however, the critical sectioshear for this case may
be assumed at a distanceddfom the point load. The uniform tensile stresswa

calculated as:
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o = 0.41F (2-18)

where, the fiber-matrix bond stresss equal t0068\/? and the fiber factoF

C

can be obtained from Equation (2-14he fiber geometry factod: in Equation
(2-14) is taken equal to 1 for hooked end steelrfb

Khuntia et al Mode|

V=Vt VatVyg

Figure 2-18: Contribution of steel fibers to theahresistance of SFRC members
without stirrups (adapted fromhuntia et al.1999).

Therefore, the contribution of steel fibers to sfear strength can be expressed as
below:

V,, = 041x 068,/ f, Fox 09d = 025, f, Fbd @1

As shown in Figure (2-18), the total contributioh the compression region,
aggregate interlock, and dowel action is shownvasThis shear strength for
slender RC members/@ > 2.5) without stirrups and without fibers is cakeld

as 'V, =O.167\/T;bd in accordance tAClI Committee 31&see Equation 2-4).

However,Khuntia et al.(1999) incorporated an arch action fackdirom Zsutty
(1968) intoACI 318equation for short RC members withd < 2.5. Therefore, the
total ultimate shear stress for SFRC members withtuwups can be written as:
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V,s = (0167e+ 025F ),/ f, (2-20)
where, the arch action factee= 1 fora/d> 2.5 ance =2.5d/a<3 fora/d< 2.5.

Khuntia et al.(1999) compared Equation (2-20) against publistestlts for 68
specimens having a wide range of configurations, simowed that the model
gives conservative predictions with relatively kargcatter for SFRC members
without stirrups (averag¥est/Vmoder1.51,COV=37%).

Kwak et al.(2002)

Kwak et al.(2002) modified theZsutty(1968) equation to account for the split-
cylinder tensile strength and the contribution ibiefs to the shear strength of

SFRC members without stirrups:

1/3
Vs = 3.7¢( fspr)Z/s[p%j + 080, VPa) (2-21)

where,e is equal to 1 foa/d > 3.4 and3.4d/afor a/d <3.4. The split-cylinder
tensile strengthfsyec is calculated from Equation (2-13), as explained the
Narayanan and Darwist{1987) modelKwak et al.(2002) compared Equation
(2-21) against 139 specimens and reported an a¥&rag /Vmoder1.00 with
COVW=15%.

In the Kwak et al.(2002) shear model, the location of the criticadt®n in shear

for a simple span member subjected to a concedttasel and its own weight is
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not indicated; however, the critical section inahfr this case may be assumed

at a distance a from the point load.

Dinh (2009)

In the model proposed Hyinh (2009), the aggregate interlock was neglected or
considered as supplementary to the fibers tensi#ssalong a 4aiagonal shear
crack with respect to the member longitudinal aXise diagonal shear crack had
a vertical projection equal to the distance betwtencenter of reinforcement to
the lower tip of the compression zone. For a singpi@an member subjected to a
concentrated load and its own weight, the compoassone was located at the
edge of the loading plate. The dowel action wasurassl to be negligible.
Accordingly, the shear strength was defined assthre of the shear force across
the compression region basedBresler and Piste(1958) model (Section 2.3.1)
and the shear force due to the fiber tension altmeg diagonal crack. The

predicted ultimate shear stress had the followorgf
v, = 0114, F, % + o—fo(l—% )cot40° MPa) (2-22)

where, f'c< 55 MPa and the compressive zone heightis calculated from
Equation (2-23). However, even for members wih2%, Dinh (2009)

considered a limit gp=2% for calculation ot from Equation (2-23).

Af,
c=——— 2-23
e M (2-23)
According toDinh (2009), the uniform tensile stress due to fib@gss obtained
from an empirical formula which was based on ungshield data of material
flexural tests ASTM C1609conducted at the University of Michigan:
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L
O = 2.76(D—f)‘/o.oo75/f MPa) (2-24)
f

The paramete8; was calculated according &&C1 318-08as follows:

{0.85 forf' <28 MPa
B1= 1.05-0.007 £>0.65 for f.>28 MPa (2-25)

Equation (2-22) was validated against a filteretadset including 56 slender
specimens witha/d > 2.5 f'.< 55 MPg and containing at least 0.5% volume
fraction of hooked end steel fibers. The resultsagdd that Equation (2-22) gives
good predictions of shear capacity with an averd@g: /Vmoder1.18 and
COVW=17%. However, more than 50% of specimens in tha dat included
0>2%, but the extra influence of longitudinal reinfonoent ratio beyond 2% on
the compression zone depth was neglected (Equati2B). Meanwhile, the
Equation (2-24) for tensile stress of fibexs did not explicitly account for the
matrix strength which plays an important role i thullout strength of steel
fibers Naaman and Najm991).

Kang and Kim (2010)

Kang and Kim(2010) modifiedAshour et al.(1992) andKwak et al.(2002)
models to predict the shear capacity of lightwei§fRC specimens without
stirrups. In order to account for the weakness hrittleness of lightweight
aggregatesKang and Kim(2010) replaced the cylinder compressive strefiigth
with a termi?f ¢ in bothAshour et al(1992)(modifiedZsutty1968) andKwak et
al. (2002) models. The density factda=0.75 was selected for lightweight
concrete f = 1800 kg/m) in accordance withCl 318-08 The modifiedAshour
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et al. (1992) model for ultimate shear stress of lighthi SFRC had the

following form:

0333
V= (21B/ 1 f, +7F )(p%) MPa) fora/d>2.5 (2-26a)

\%:[(MﬁMﬁQWFxpgﬁm}%?+UJZ5—%)

MPa) fora/d <2.5 (2-26b)

Similarly, the modifiedKwak et al.(2002) model for lightweight SFRC members

was expressed as:

1/3
Vo = 376( T, )(p%j +080,  WPa) (2-27)
where,
f = Aar +07+F NIPa) (2-28)
spfc,| 20_\/E .

The cube compressive strendgh was taken equal to .2 Other parameters in
Equations (2-27) and (2-28) are the same as descahrlier for th&kKwak et al.
(2002) model.

In the Kang and Kim(2010) shear models, the location of the critedtion in
shear for a simple span member subjected to a otated load and its own
weight is not indicated; however, the critical s@ctin shear for this case may be

assumed at a distancedfrom the point load.

Kang and Kim(2010) compared Equations (2-26) and (2-27) agaims test
results of 15 lightweight SFRC specimens friiang and Kim(2009) andSwamy
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et al (1993). They reported an averagg:/Vmogei€qual to 1.33¢OV=11%) and
1.30 COV=19%) for Equations (2-26) and (2-27), respectively

Yakoub(2011)

By taking into account the fiber bond charactessstifiber geometry and shear

span to effective depth ratia/d of the memberyYakoub(2011) developed an

equation to calculate steel fiber contributionhe tltimate shear stress of SFRC

members:
L .
Vip = 0405 VR, %JT foa/d< 2.5 (2-29a)
f
L .
Vip = 01621, R f. foa/d > 2.5 (2-29b)
f

where the fiber geometry fact® is equal to 1, 0.83, and 0.91 for hooked end,
crimped and round fibers, respectively. Th&akoub(2011) assumed that for
prediction of ultimate shear stress of SFRC memisteg! fiber contribution from
Equation (2-29) can be added to t88A A23.3-O4shear stress model from
Equation (2-5) for normal weight RC members withfilogrs. By rearranging and
taking into account the average value of paranfefer a large data base of tests
used in regression analysis, the ultimate sheasstof SFRC members was

calculated as:

‘ L
Vo = 258y T, (1+ 07V, =R, )% MPa) fora/d<2.5 (2-30a)
f
. L
Vo = By f. (14 0V, D—f R,) WMPa) fora/d>2.5 (2-30b)
f

The location of the critical section in shear f@imple span member subjected to

a concentrated load and its own weight is not isehd in theYakoul(2011) shear
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model; however, the critical section in shear tus tcase may be assumed at a

distance ofl from the point load.

Yakoub(2011) compared the Equation (2-30) against pubtistesults for 103
SFRC specimens including hooked end steel fibeid showed that Equation (2-
30) gives conservative predictions for ultimateashg&rength of SFRC members
(averag&Viest/VimodeF1.43 withCOV=19%).
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3. Mechanical Properties of SFRC.:

Experimental Program

In this chapter the mix design development for radretrength, high strength and
lightweight concrete with and without fibers is dissed. The experimental
methods and relevant standardized test protocothaoacterize the mechanical
properties of mix designs in compressi&sTM C39-0§ flexure ASTM C1609-
05 & JSCE-G 552-199%nd direct sheadSCE-G 553-199%re also explained.

3.1 Mix Development
The mix designs for three types of plain concre¢eendeveloped:

* Normal strength, normal weight concrete (NSC)
* Normal strength, lightweight concrete (LWC)
* High strength, normal weight concrete (HSC)

For each matrix, several trial mixes were develosdection of target mixes was

based on consideration of the following factors:
1) Compressive strength
Two different compressive strengths were considered

I) f':=30-40 MPafor both the regular normal strength concrete and

lightweight concrete

i) f:=80-90 MPafor high strength concrete
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A similar compressive strength=30-40 MPawas selected for both NSC and
LWC, to enable study of the influence of aggredgiee on the mechanical
properties of concrete largely separate from angit@aeal influence off..
Meanwhile, for HSC, a higher compressive strength vargetf .=80-90 MPa
allowed studying the effect of compressive strerggththe constitutive response
of normal weight concrete. The rangef@t80-90 MPafor HSC was selected
to provide more than two times stronger concretegared to NSC and to
exceed the limif' =70 MPawhere aggregate fracture is known to influence the
shear resistance of plain RC bearadelakos et al2001,Lubell et al.2004).
Note that as described in Section (4.1), some nfigeé . exceedind.00 MPa

2) Density
Two different densities were targeted for concreitd f' :=30-40 MPa

i) Normal weight concrete with a density of ab2460 kg/m

i) Lightweight aggregate concrete with a densitg kesn 200&g/n?
In addition to the normal weight concret24Q0 kg/m), a semi-low-density
concrete with y=1900~2000 kg/fh including locally available lightweight
aggregates was selected to study the influencegregate type and density on
the mechanical properties of mix designs.
3) Workability
Since adding steel fibers to the RC matrix woultbee the workabilityJohnston

1974, a minimum slump oflOOmmfor plain concrete was targeted to provide
adequate workability after addition of steel fibé&tmmp > 50 mm
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4) Proximity of aggregates source

Locally available aggregates were utilized forralk designs. The properties of
these aggregates are shown in Table (3-1). Thewlapht concrete included
angular expanded clay with maximum particle siz&@mmand crushed bottom
ash with maximum particle size of 4.#6m as coarse and fine aggregates,
respectively. In order to keep the maximum aggeegsize as a constant
parameter, most of the normal density trial mixesemdesigned to also include
angular pea gravel with maximum size of fm Natural river sand with
maximum particle size of 4.781m was used as fine aggregate for the normal

weight concrete.

Table 3-1: Properties of the Aggregates

Max. Particle . Moisture .
Aggregate Size Bul(i D/s]g)s ity Content Abs(%/rp))tmn
(mm) 9 (%) ’
Normal weight 10 2500 0.1 1.32
Aggregates Pea Gravel
20 2500 0.1 1.32
River Sand 4.75 2700 0.4 1.46
Lightweight Expanded 10 1770 0.7 10
Aggregates Clay
Bottom Ash 4.75 1360 10.9 20.3

As described in Section (2.1), hooked end steetréibbetter improved the
mechanical responses of plain concrete comparttetother types of steel fibers,
mainly due to the mechanical contribution of enedk® Therefore, hooked end
steel fibers typ@P305(see Section 3.3) were used to produce the SFREsnm

the current study.
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3.1.1Mixing Procedure

A portable drum mixer with 7bters capacity was employed for concrete mixing
in this phase of the project. The drum mixer wased with water and completely
drained before each mixing. First, the dry mateniatluding cement or
cementitious material (cement + silica fume + flghp fine and coarse
aggregates, and steel fibers (in the case of SFREs)nwere mixed together and
then the water or (water + super plasticizer ‘eatraining admixture) was added.
In the case of high strength concrete, the retander added to the mix near the
end of the mixing process (see Section 3.1.3).ligbtweight concrete, the total
material was divided into three or four parts anded in sequence (see Section
3.1.4). The total time of mixing was about 8~10 uwt@s for normal weight
concrete and 12~15 minutes for lightweight concréié aggregates were in a
wet condition with moisture contents shown in Tafdel). To cast the concrete
samples, the concrete was placed in the moldsan2layers and compacted by
using a vibrating table with frequency of 60 to K@ For regular curing, the
specimens were demolded 24 hours after castingwanel placed in a controlled

environment chamber (humidity = 100%; temperatug3= 2 °C).

3.1.2 Regular Normal Strength Concrete (NSC)

For regular normal strength concrete, eight tridas were produced (Table 3-2).
No supplementary cementitious material (e.g. silfoane and fly ash) or
admixtures such as super plasticizer were addettheatrial mixes. The main
variable in the trial mixedll, N2, andN4 was the water to cement ratc. The

material proportions for triainixesN2 andN3 were identical, but the maximum
aggregate size was different. For trial miX¢§ N6, N7, and N8, the cement

guantity was lower compared M1, N2, N3, andN4. With reference to the trial
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mix N5, the main variables in the trial mix&, N7, andN8 were fine aggregate

guantity, maximum aggregate size, and steel fibatemt, respectively.

Note that in Table (3-2), the required water fos@iption (Table 3-1) is also

included in the water to cement ragic.
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Table 3-2: Trial mixes for regular normal strengtmcrete (NSC)

Trial Mix N1 N2 N3 N4 N5 N6 N7 N8
Targ(el\jlg’g)ength 30-40 | 30-40| 30-40| 30-40 30-40 30-40 30-40  30-40
Max. Agg. Size | 4, 10 20 10 10 10 20 10

(mm)
Material proportions per 1 m
Cement-General Use ;50 | 460 | 460 | 460| 391| 390 391 391
type (kg)
Silica Fume-Dry
compacted
Rheomac SF100
(kg)
Fly Ash-type CI (kg)
Fine Agg.-Sand (kg)| 841 841 841 841 655 714 655 655
Coarse Agg-Pea | gg5 | g7 | 682 | 682| 993| 990| 993 993
Gravel (kg)
w/c 0.45 0.5 0.5 0.55 0.6 0.6 0.6 0.6
HRWR-Glenium
3030 ()
Retarder-Pozolith L L L L
122R (ml)
Air Admixture- L L L L
MB-AE 90 (ml)
Hooked Steel Fibers; 40
Dramix ZP305 (kg)
Measz*r;en‘j)s'“mp 90 130 | 100 | 200| 180| 180| 200 134
Dry hardened
Concrete Density 2410 2405 2405 2395 2390 2390 2385 2390
(kg/m’)
Accelerated Method
28.5 hours strength
(MPa) 26.9 24.6 22.9 20.2 15.7 15. 12.9 ---
Estimated 28 days
5 —_—
strength* (MPa) 48.3 45.2 42.9 39.3 32.6 33.2 29.5
7 days hot water
curing strength 38 36 32
(MPa)
Regular curing strength (MPa)
Measured 3 days
Measured 7 days | ... 38 34 22 26 20 24
Estimated 28-days
- -—- 43.3 40.0 30.1 334 28.5 31.8
strength
Measured 28 days | 46.8 43.1 42.3 41.1 325 33 30.2 318

* According to Equation (3-1) froriMalhotra and Zoldners (1969)

** According to Equation (3-2)
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3.1.3 High Strength Concrete (HSC)

As a starting point for trial mixes of high strengtoncrete, some available data
from previous researctK@smatka et al2002) were used. Then, the material
proportions were modified to be applicable for tbemmercially available
admixtures and to meet the target strength and atdity. In total, four trial
mixes were produced for high strength concrete IET8k3). In order to increase
the strength without reducing the workability ofrentitious paste, silica fume
(dry compacted-Rheomac SF)nd fly ash type C) were used in two trial
mixes, as partial replacement for general sd)(cement. Silica fume and fly
ash were dry-mixed with the cement at the beginoinipe mixing process. Note
that in Table (3-3)w/c is the ratio of total weight of water includingethequired

water for absorption (Table 3-1) to the total weighcementitious material.

A high range water reducer-HRWHRSIenium 303D and a retarderPozzolith
122R were added into the concrete mixture to reduee vlater content and
improve the workability. Also, adding a very smainount of air-entraining
admixture(MB-AE 90Q improved the workability without reducing the coete
strength. The super plasticizer and air admixtueeawnixed into the water at the
beginning of the mixing process, but the retardeis vadded to the concrete
mixture at the end of mixing to provide enough tifioe casting the samples.
However, in order to have a reasonable workabilitg, casting and finishing time
for the fresh high strength concrete should no¢ takger than 20-30 minutes.
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Table 3-3: Trial mixes for high strength concrd#S(C)

Trial Mix H1 H2 H3 H4
Target Strength (MPa) 80-90 80-90 80-90 80-90
Max. Agg. Size (mm) 10 10 10 10
Material proportions per 1 m
Cement-General Use type (kg 564 564 327 500
Silica Fume-Dry compacted | | 27 20
Rheomac SF100 (kg)
Fly Ash-type Cl (kg) | - | - 87 20
Fine Agg.-Sand (kg) 647 640 734 640
Coarse Agg.-Pea Gravel (kg) 1068 1055 1107 1055
wic 0.28 0.32 0.37 0.31
HRWR-Glenium 3030 (1) 11.61 11.61 9.52 1161
Retarder- Pozolith 122R (ml) 1040 1040 | - 1040
Air Admixture- MB-AE 90 (ml) 220 220 170 220
Hooked Steel Fibers-Dramix | (|
ZP305 (kg)

Measured Slump (mm) 140 190 200 200
Dry Concrete Density (kg/f) 2445 2440 2425 2450
Accelerated Method
28.5 hours strength (MPa) | _____. 482 | - 57.1

Estimated 28 days strength*
™MPay | T 769 | - 88.9
Regular curing strength (MPa)
Measured 3 days 66 58 345 58.2
Measured 7 days 76.9 67.2 44 68
Estimated 28-days strength** 75.2 67.2 48.2 67.9
Measured 28 days 86 76 60 90

*According to Equation (3-1) frolwlalhotra and Zoldners (1969)
** According to Equation (3-2)
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3.1.4 Lightweight Concrete

For the structural lightweight concrete, a lightgiei expanded clay coarse
aggregate was obtained from a local supplier. Médglewcrushed bottom ash
was used as the fine aggregate and was sourcedafronal-fed thermal power
plant near Edmonton (Figure 3-1). The water absompdf the bottom ash and
expanded clay were much higher than that of rimedsand pea gravel used in the
normal weight mixes (Table 3-1). This fact was takato consideration during
the mix design and proportioning the required wakerTable (3-4)w/c is the
ratio of the total weight of water including theyugred water for absorption to the
total weight of cementitious material. Silica fumwas added to the lightweight
mixes to achieve the desired compressive strefgthlightweight concrete, nine
trial mixes were investigated (Table 3-4). The meamiables in these nine trial
mixes werew/c and/or super plasticizer quantity. For trial mix&sandL4, while
the mix proportions for cement, silica fume, andgragates were slightly
different, the main variable was the amount of ria used in the mix.
Furthermore, in trial mixek8 andL9, the type and/or amount of fine aggregates

were also different compared to the other trialesix

Bottom Ash

Expanded
Clay

Figure 3-1: Coarse and fine lightweigbgregates
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From the trial mixes, it was observed that for #ane measured slump, the
workability of the lightweight concrete was qudivaly superior to that of
normal aggregate concrete. Adding more water toease the workability (or
slump) resulted in a weaker strength; thereforeHRWR (Glenium 303) was
used for the lightweight concrete mixes to achidwe desired slump with less
added water. However, in contrast to the normakeggie concrete, using the
HRWR beyond 8.5I/m* caused a weaker lightweight concrete even with a
considerably reduced/c ratio. It was observed that using a maximum &7
super plasticizer along with adjustment of thé ratio resulted in acceptable
mixes in terms of strength and workability. Alsddang a very small amount of
air-entraining admixture helped to improve the vadtnikty without decreasing the
concrete strength. The super plasticizer and dmaging admixture were mixed

into the water at the beginning of the mixing pie

The bottom ash retained a considerable amount térvam its surface beyond
what was required for absorption. This would reddlbe amount of water
available for chemical reaction with the cement] amght result in a qualitatively
dry concrete without any slump. Mixing the dry miaks together first, including
the cement, silica fume, bottom ash, expanded atal steel fibers (in case of
SFRC), and then adding the water to the dry mipdetlto avoid the dryness of
the mix. Furthermore, the total material for ligletght concrete (dry materials
and water) were divided into three or four partsj @ach part was added and
mixed based on the procedure explained above imeseg (i.e. dry material part
1, water part 1, dry material part 2, water part 2, The approximate mixing time

for each part of dry materials or water was 2~3utes.
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Table 3-4: Trial mixes for lightweight concrete (IG)V

Trial Mix L1 L2 L3 L4 L5 L6 L7 L8 L9
Target Strength (MPa) 30 30 30 30 30 30 30 30 3@
Max. Agg. Size (mm) 10 10 10 10 10 10 10 10 10
Material proportions per 1 m
Cement-General Use type (kg) 394 | 394 | 394| 410 394 394 41p 430 394
Silica Fume-Dry Compacted
Rheomac SF100 (kg) 28 28 | 39.4| 35 28 28 32 37 28
Fly Ash-type CI (kg) | === | === | === | === | =mmomm | mmmemm | o | e | e
Fine Agg.-Bottom Ash (kg) | 412 | 412| 509| 478 417 412 378 33300
Coarse Agg('k's)’(pa”ded Clay| 793 | 713| s531| 572 719 713 748 7d6 802
/ 0.49 | 047 | 0.37 | 0.37 | 0.42 | 0.43 | 0.45| 0.51 | 0.40
Mixi thAb ti + + + + + + + + +
(Mixing water+ Absorption) | g »5 | 925 | 0.22 | 0.22 | 0.25 | 0.25 | 0.23 | 0.22 | 0.19
HRWR-Glenium 3030 (I) | ------ 7.0 12.0| 12.0) 125 157 8.5 ----+- 10|10
Retarder- Pozolith 122R (ml) | ------ | ------ 1000 | ------| =mmem| | - s | =
Alr Adm'xu(‘:fli MB-AE 90 175 | 175 | 175! 175| el ol ol ]
Hooked Steel Fibers-Dramix | | | (4 |
ZP305 (kg)
Measured Slump (mm) 0 120 50 50 0 50 90 50 200
Dry Concrete Density (kg/f) | 1930 | 1920, 182Q 1820 1920 1920 1910 1930 1960
Accelerated Method
28.5 hours strength (MPa) | 173 | 19.3| 17| 129 212 131 244 199 175
Estimated 28-days strength*
347 | 37.2| 343 29 39.7T 293 438 38 34.9
(MPa)
Regular curing strength (MPa)-Humidity room
Measured 7 days strength | 23 | 228| 14| 10| 154 102 2201 247 214
Estimated 28-days strength*™ | 31 0| 30.8| 23.§ 20.3 24J 205 30.2 324 29.6
Measured 28 days strength | 31.4 | 31.2| 234 208 25 20f 317 329 265

* According to Equation (3-1) froriMalhotra and Zoldners (1969)

** According to Equation (3-2)
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3.2 Accelerated Method for Estimating 28-Day
Compressive Strength

The boiling water test method based GBA A23.2-00was employed as an
accelerated test method to estimate the 28-daydmii compressive strength.
According to this method, 2Bours(+/-0.25 hour) after casting, the samples in
plastic molds were placed in a boiling water tanthw8C or higher temperature
for a period of 3.5 hours (+/-0.25 hour). Then, shenples were removed from the
hot water tank, demolded and allowed to cool unither ambient laboratory
condition of 28C (+/-2°C) for 1 hour before being tested under compresJiba
total time between casting and testing did not ed@8.5 hours.

Malhotra and Zoldners(1969) proposed an equation to estimate the 28-day

compressive strength from the accelerated curieggth:

where f,c (MPa) is the compression strength resulted from thelacated boiling

water test method arfghg is the estimated 28-day compressive strength.

Based on the results from trial mixes in this stuBguation (3-1) gives good
estimations with less than 5% error for the 28-daypressive strength of moist
cured normal density concrete having either norstr@ngth (Table 3-2) or high
strength (Table 3-3). However, using the same icglship for the lightweight
concrete resulted in 11% to 59% error in estimabbithe 28-day compressive
strength (see Table 3-4). Figure (3-2) also shimasfor lightweight trial mixes in
this study, a linear estimation can not accuratdiimate the 28-day strength
based on the accelerated method results. InsteadeR3-3) shows a good linear
correlation between the strength of one week reguliaing f;; and the 28-day

strength:
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fos= 12.1+ 0.8%4;  (MPa) (3-2)

Equation (3-2) can also accurately estimate thel@8compressive strength of
normal density concrete with normal strength (TébR) with less than 7% error.
However, Equation (3-2) gives inaccurate estimatiaith 12% to 25% error for
the compressive strength of normal density conasétte high strength (Table 3-
3).
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3.3 Selected mix compositions for SFRC

From the trial mixes described in Section 3.1, éhneatrices were selected to
further evaluate the mechanical properties of nbmstrangth, high strength and
lightweight SFRC. The selected mixes included maxmaggregate size of 10

mm and achieved the target strength and workabiidicated in Section 3.1:

- Trial mix N5 for regular normal strength concrete (Table 3-2)
- Trial mix H4 for high strength concrete (Table 3-3)
- Trial mix L2 for lightweight concrete (Table 3-4)

For each matrix composition, hooked end steel $ilfgpeDramix ZP303 shown
in Figure (3-4) were included. The steel fibers ladect ratid /Ds = 55, L; =30
mm and yielding strength of 1108Pa. Three different volume fractions of
fibers 0%, 0.5% and 1% were used for each matrimpmsition, resulting in 9
mixes in all. The summary of SFRC mix designs aesighations are shown in
Table (3-5).

B ‘ S e —:;“—j A 7 =3
Figure 3-4: Hooked end steel fibetR305
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Table 3-5: SFRC mix design penf and designation

Normal Strength mixes| Lightweight mixes High Strength mixes
NSO (LWC) (HSCO)
Cement-General Use 391 394 500
type (kg)
Silica Fume-Dry
Compacted | T 28 40
Rheomac SF100 (kg
Fly Ash-typeCl (kg)| ~  —™ | = 20
655 412 640
Fine Aggregate (kg) (Sand) (Bottom Ash) (Sand)
Coarse Aggregate 993 713 1055
(kg) (Pea Gravel) (Expanded Clay) (Pea Gravel)
wi/c 0.6 0.72 0.31
HRWR-Glenium | . 7000 11610
3030 (ml)
Retarder- Pozolith | .. | . 1040
122R (ml)
Air Admixture- MB- | 175 220
AE 90 (ml)
Mix Designation N-0| N-0.5 N-1 L-0 L-0.5| L-1 H-0 H-6 | H-1
Hooked Steel Fibers-
] 0 40 80 0 40 80 0 40 80
Dramix ZP305 (kg)

3.4 Test Methods for Mechanical Properties

All mechanical property tests in this study weref@ened using two universal
testing frames (MTS) with 100KN and 260N capacities. Three cylinders (100
mmx 200mm) and three prisms (10@mx 100mmx 400mm) were cast per each
mix to be tested in compression and flexure, respEy. Three prisms (106hm

X 100 mmx 400mm) per mix were also cast for direct shear testscast the
concrete samples, the concrete was placed in tHdsmio 2 or 3 layers and
compacted by using a vibrating table with frequeoc§0 to 90Hz. In each case,
the specimens were demolded Bdur after casting, and were placed in a
controlled environment chamber (humidity = 100%mperature = 23 2 °C) for

further 12 to 21 weeks before tests. It was assuimeidthe compressive strength
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of concrete specimens remained largely constaet aftaching the age of 12

weeks (e.gkosmatka et al2002)

3.4.1 Compression Test

Quasi-static loading was applied at the rate of t0.2.3 MPa/s according to
ASTM C39-05Three cylindrical specimens (100m x 200 mn) per mix were
tested. The axial displacement of the cylindrigg@@smen was obtained from the
travel in the loading platens which was recordedH®MTS-2600test machine
shown in Figure (3-5). This was used to computeatrerage axial strain of each

cylinder. Note that all the cylinders were end-grdyrior to testing.

Loading

Concrete
Cylinder

Platens

3.4.2 Flexural Test

The flexural response was evaluated according30M C1609-O5under third
point loading in theMTS-100Qest machine (Figure 3-6). Three prisms (b2 x
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100mmx 400mm) per mix were tested. Noting that the crack offemiates from
the expected path in the middle of the span, a 2bl@ep notch was sawn on the
tension face at mid-span (Figure 3-7). This notaddefined the crack plane and
imposed a flexural failure at the prescribed lawati Two Linear Variable
Displacement Transducers (LVDTs) were attached tgoke as described in
JSCE-G 552-199% obtain the mid-span deflection relative to specimen mid-
height. Displacement-controlled loading at a rated @5 mm/minwas applied
until the mid-span deflection reached 1/150 ofdlear span.

Concrete
Specimen

Figure 3-6: Test set-up for flexural test

Plain Concrete
Specimen v Flexural failure
crack

Figure 3-7: A notched spaen failed in flexure
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3.4.3 Direct shear test

Direct shear tests were performed based on a maddifersion of the)]SCE-G
553-1999 standard (Section 2.1.4) using tIMTS-1000test machine. Three
prisms (100mmx 100mmx 400 mmn) per mix were tested. As shown in Figure
(3-8), the shear load was applied by a loadingkbleith two knife edges 106hm
apart. A second rigid block under the specimen stipd the beam by means of
two knife edges separated by 1®5n This left a 2.5mmwide gap between the
loading and the supporting knife edges that wagestdxdl to a concentrated shear
stress, with the shear failure plane expected turohere. HoweverMirsayah
and Banthia(2002) showed that the failure plane often devift@s the expected
location making the results invalid for evaluationdirect shear. To impose the
shear failure in the prescribed plane, an#fdeep notch was sawn all around the

specimen in the region of the gap (Figures 3-9340).

Displacement-controlled loading was applied cordimly at a rate of 0.0thm/s
as an equivalent rate for 0.0R8Pa/s as perJSCE-G 553-1999Data from two
LVDTs attached to the sides of the specimens atntidspan was further
analyzed to obtain the shear displacement, defieee as the linear displacement
of the central block as it pushed away from theaeeljt sections of the prismatic
specimen (Figure 3-10).

P
10 mm
4k |
TR
Notch e '.-‘-_*_;':__.‘ Notch
N 100 mm 7
100 mm
/V
Concrete C ,:;,l 5
Specimen T
Eﬁq‘-f.'-

Figure 3-8: Schematic of the Direct Shear Test
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Figure 3-9: Direct shear test in progress

Figure 3-10: Displacement of central block of speam in direct shear failure
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4. Mechanical Properties of Concrete with/without

Steel Fibers: Results and Discussion

In this chapter, the material test results for coeapion, flexure, and direct shear
responses of regular normal strength concrete (N®&@h strength concrete
(HSC), and lightweight concrete (LWC) with and vaith fibers are analyzed and
discussed. The correlation between flexural andarsbheughness for different
mixes is also studied. The flexural test data f6RS prisms is employed to
derive a relationship between a uniform tensilesstralong a flexural crack versus

the crack mouth opening displacement (CMOD).

4.1 Compressive Strength

Figure (4-1) and Table (4-1) show the compressagponse of the mixes studied
in this testing program. Note that each graph gufé (4-1) as well as strengths
and toughness factors shown in Table (4-1) reptesien average of three
replicate tests performed for each mix. The defaiksults of tests can be found

in Appendix A.

As expected, within a given type of concrete th@kpeompressive strength
remained largely unchanged regardless of the fibatentsimilar to the results
reported byFanella and Naamar§1985). However, the strain corresponding to
peak stresg'; was slightly higher with an increase in the filwentent. This is
similar to the results reported IBproushian and Baya$i991). Also, the strain
corresponding to the peak stregsvas generally larger for LWC and HSC mixes
in comparison to that obtained for NSC. For fibententV; =0% to 1%.¢'c was
between 0.002 and 0.0025 for NSC, 0.0024 and 0.@@2WC and 0.003 and
0.0035 for HSC. The modulus of elastidiyin Figure (4-1) was calculated using
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a secant line between the origin and a point cpareding to the stress 0f4 on

the compression stress—strain diagram. For a gy of concrete the modulus

of elasticity Ec was found to be largely independent of the fibentent.

Meanwhile, the average modulus of elastidgtyof LWC was 24% lower than
that of the NSC, which in turn was 21% lower thdmattof the HSC. The

compressive toughness of different mixes is dismligs Section (4.4).

Table 4-1: Mechanical Response in Com

pressionxudeand Direct Shear

NSC LWC HSC
Vs (%) 0 | 05 1 o| 05| 1 0 0.5 1
Compressive
Strength | Average(MPa) | 45 | 45 44 42| 40| 40| 106 104 108
f!
¢ COV (%) 31| 13| 57| 14| 23 12 16 12B 54
Modulus of f(‘)’gel[fge 247 | 249| 241| 193 189 17[7 323 308 309
Elasticity ( a)
E. COV (%) 153| 92| 72| 67/ 67 95 11 29 538
Compressive | Average(MPa) | 0.12 | 0.20| 0.26| 0.10 01f 0.2 015 033 088
Toughness
Faftor COV (%) 83| 32| 87| 30| 03 25 14 16k 135
C
Modulus of | Average(MPa) | 3.53 | 4.18| 5.27| 26 364 621 52 6P 941
Rupture
f, COV (%) 86 | 90| 49| 34| 213 54 14 09 25
Flexural | Average(MPa) | 0.17 | 3.78| 4.84| 004 308 497 012 398 81
Toughness
Fagtor COV (%) 91| 9 37 | 474 314 32 17p 2077 63
f
Shear Average(MPa) | 3.12 | 557| 8.77| 3271 4.44 589 350 841 1158
Strength
f, COV (%) 203 | 14.2| 133| 114 225 5 6.2 173 16.0
Shear Average(MPa) | 0.98 | 529| 10.69 1.3 492 674 173 6.04 1021
Toughness
Fa"“}“”‘:%) cov(%) |233| 53| 178| 191 376 88 25 135 d
s.2t

NSC=Normal Strength Concrete; LWC=Lightweight Cate; HSC=High Strength Concrete;
COV= Coefficient of Variation (for three test tieates)
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4.2 Flexural Strength

The load-deflection responses from representatieeufal tests on the mixes
evaluated in this study are shown in Figure (4¥he modulus of rupturg was

evaluated as the maximum tensile stress correspgridithe peak flexural load
and is listed in Table (4-1). The height of prisettion after accounting for the
notch depth was used in the evaluatior,.oNote that each graph in Figure (4-2)
as well as strengths and toughness factors showrealike (4-1) represent the
average of three replicate tests performed for enish The detailed results of

tests can be found in Appendix A.

For plain NSC and LWC mixes with averafig=45 MPa andf' =41 MPa,
respectively, the values §fand corresponding deflection were simil&hang et
al. (2004) have noted a similar trend. Whereas thetiaddof fibers resulted in an
increase in the modulus of rupture for all thregety of concrete, the steel fibers
were most effective in the case of the LWC mixagyFe 4-3), especially at the
higher dosage rate. Adding steel fibers at 0.5%vddyme improved thé, by
18% for the NSC, 10% for the HSC mix and 12% in IMgC; however, the
corresponding increase fnfor 1% fiber volume fraction were 50%, 70% and
100%, respectively (Figure 4-3 and Table 4-1). lPxev studies on the effect of
steel fibers on the tensile response of strucWM&C indicate a similar trend both

in flexure and in splitting tensioB&laguru and Fodei996).

The flexural toughness of different mixes is disadin Section (4.4).
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Figure 4-3: Modulus of rupture of SFRC expressddtive to that of the
corresponding plain matrix.(NSC: Normal StrengtlgiRar Concrete; LWC:
Lightweight Concrete; HSC: High Strength Concrete)

4.3 Shear Strength

The load-displacement response in shear is showigure (4-4). The maximum
shear stresd,, was calculated as an average value of the stnessthe loaded

cross-section as follows:
fy = Ppea/ (2bh) (4-1)

where Ppeak refers to the peak load recorded during the dishetar test. The
dimensionsb andh are the width and height, respectively, of thesmrisection

after accounting for the notch dimensions. Based&guation (4-1), the average
shear strengths of the nine mixes in this studyliared in Table (4-1). Note that
each graph in Figure (4-4) as well as strengthstanghness factors shown in
Table (4-1) represent the average of three replitedts performed for each mix.

The detailed results of tests can be found in AdpeA.

80



60

50
—~ JAN
- 40 / \
=
30
©
S //'\ \ 1.0%
N \L\\\
M
0 T T T T T
0 1 2 3 4 5
Displacement (mm)
60 (b)
50
= 40
X
30
2 1.0%
(3]
BTG =
10 S \I—'—.‘l—._\_.\._.
0% 0.5%
0 T T T T T
0 1 2 3 4 5
Displacement (mm)
60 ( )
C
50 /\\
’240 A \
X
30
©
AR
S 9 / \k/\ 1.0%
O T T T T T
0 1 2 3 4 5

Displacement (mm)

Figure 4-4: Representative Shear Test Resultsganhl Strength Regular

Concrete; b) Lightweight Concrete and c) High SgterConcrete.

81



Inclusion of steel fiber led to an increase in thect shear strength for all the
mixes evaluated in this study. To estimate thecefbé the steel fiber content on
the shear strength of different types of concrébe, following relationships

derived and plotted in Figure (4-5) from the sh&taength and the fiber volume

fraction using a linear regression analysis:

f\/’n = fv01n+ 565\/]‘ (NSC) (4-28_)
fo1=fio, +2.62  (LWC) (4-2D)
fun=fion+ 8.74  (HSC) (4-2c)

Here,f, is the shear strength (MPa) for SFR,is the shear strength for plain
concrete (MPa) and/; is the volume fraction of steel fibers. Furthenge t
subscripts, | andh refer to the NSC, LWC and HSC mixes, respectively.
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Valle and Buyukozturk1993) noted about 60% increase in shear resistahc
HSC . =62~80MPa) and 36% for NSCf(. =26~34MPa) after including 1%
by volume of steel fibers. This is similar to thesults in the current study. As
seen in Figure (4-6) the relative improvement ia ghear strength due to fibers
was highest for the HSC, which was followed closieyythe NSC. It is well
known that the fiber-matrix bond is superior integ strength mortardN@aman
and Najm1991). This was reflected in the stronger pre-madar response of the
fiber reinforced high strength specimens. Howeirethe absence of steel fibers,
the regular and high strength concrete mixes hadasi shear strength (Table 4-
1).
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S D Ao
o uu o u o
| | | |
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o o
o ul
|

NSC LWC HSC

Figure 4-6: Shear strength of SFRC expressedveltdithat of the corresponding
plain matrix. (NSC: Normal Strength Regular ConerétSC: High Strength
Concrete; LWC: Lightweight Concrete)

The lightweight matrix did not benefit as much frahe presence of fibers in
terms of peak shear strength enhancement. Thisqwis the opposite of the
trend observed with their flexural response desdibn Section (4.2) and
illustrated in Figure (4-3). However, between th8Nand the LWC, while the
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compressive strength of the matrix remains the salhmemechanism of failure
was distinctly different as seen in Figure (4-7heThormal weight aggregates in
the NSC resisted shearing so that the path of tbgr@ssing crack through the
mortar and around aggregates was longer. This gedvadditional keying action
for the aggregate interlock mechanism and allowesd steel fibers to be more
active in bridging the paste along the crackinghp&n the other hand, in the
LWC (Figure 4-7b), the weaker lightweight aggregdtactured and so reduced
the length of the cracking path. Therefore, in thgC, the aggregate interlock
and the ability of fibers to bridge the paste wieres than the NSC. Meanwhile,
the sudden and early fracture of lightweight aggteg did not allow the fiber-
paste bond to be sufficiently mobilized. A weakbef-paste bond along a shorter
cracking path in LWC both resulted in smaller erdement in the peak shear
strength. Fracture in normal aggregates was alsereed for the HSC mixes,
likely due to the improvement in the strength oé thaste compared to the
strength of the aggregates. However, the aggregaistance before fracture and
the fiber-paste bond were both strong enough ter @gtlequate crack resistance
even along a shorter cracking path. As a resudtfibier efficiency was highest for

the shear strength of the HSC mixes.

The shear toughness of different mixes is discuss&ection (4.4).
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c) High Strengthr@rete

Figure 4-7: Fracture Surface of SFRC Mixes with?0.VVolume Fraction of Steel
Fibers.

86



4.4 Toughness Factors (Post-Peak Response)

In this section, the compressive, flexural, andasheughness of concrete with
and without fibers is discussed. The correlatiotwben flexural and shear
toughness for different mixes is also studied.

4.4.1 Compressive Toughness Factor

While the introduction of steel macro-fibers to caete has negligible effect on
either the compressive strength or the pre-peagBore®, there is a significant
influence on the post-peak energy dissipatienglla and Naamaa985,Ezeldin
and Balagurul992). The improvement in ductility in the postkehase can be
captured by a parameter called the Compressive hrmsg Factor (CTF) and a
similar approach has been taken here. To this #med|oad-deformation plots
from the ASTM C39-0Fests on 100nm x 200 mm cylinders were analyzed to
yield the stress-strain curves. The post peak respadn compression was
evaluated in previous research (d=gnella and Naamai985,Taerwe 199p by
considering an area under the stress strain plat dertain value of axial strain
(0.7%~1.5%). Taking in to account the brittle natof the HSC and LWC mixes
during this study, the CTF was defined here asattea under the compressive
stress-strain plot up to 1% axial strain (Table)47he CTF from each type of
concrete was normalized with respect to the coomding plain mix without
fibers (Tc.srrc/Tepain) and plotted in Figure (4-8). In compression, fiteer
efficiency as given by the relative increase in Gi&s the same in all three types

of concrete.
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4.4.2 Flexural Toughness Factor

As described in Section (2.1.2), steel macro-fihateoduce post-crack energy
dissipation under flexural loading. KSTM C1609-05this change from a brittle
failure to a ductile failure is captured by a paesen called the flexural toughness

T,2- The flexural toughneds, is measured as the area under flexural load-
deflection curve up to a maximum deflection of D1 the span. Th@SCE-G
552-1999normalizesT,., by bh?/150 to arrive at a size-independent parameter

called Flexural Toughness Factor (FTF). TI®CE-G 552-199@xpression has

the following form:

L
T, =0

=t 4-3
8,.,b’ (4-3)

where:

T¢: flexural toughness factoN(mnf)
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As: the area under load-deflection diagram from agfi@ O to L/150 KN.mn)
L: specimen spamm)

Omax deflection of L/150Hhm

b: width of the specimenm{m)

h: height of the specimen after accounting for tbeeh depthhim

The flexural toughness factors in this study weralated as per Equation (4-3)
and shown in Table (4-1). The FTF from each typeaicrete was normalized
with respect to the corresponding plain mix withdibers (T;srrc/Ttplain) and
plotted in Figure (4-9). The LWC mixes gained thghlest flexural toughness
enhancement due to fibers. The superior fiber iefficy for the FTF in LWC
mixes may in some measure be due to the relatieglyabsolute value in the
plain LWC.
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Figure 4-9: Flexural toughness factor for steedfiteinforced concrete
normalized with respect to the corresponding phaix.
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4.4.3 Shear Toughness Factor

An approach similar to the derivation of the flexiutoughness factor described
by Equation (4-3) in Section (4.4.2) was adoptedHiyashiyama and Banthia
(2008) to define a Shear Toughness Factor (STEBF&C beams tested as per the
JSCE-G 553-199%nethod. In this study, a similar approach hamnle&en to

evaluate the STH;s m, by using the following equation:

__Ah _ A
T, = = 4-4
s~ 8.bhe ~ 5.bh (4-4)

where:

Tsm: shear toughness factd/mnf)

A, : the area under direct shear load-displacemereduwom displacement 0O to
ds=h/m (N.mnj) (the parametanis discussed below)

b: width of the specimen after accounting for thé&chalepth ihm)

h: height of the specimen after accounting for tbeeh depthhim

Given the relative familiarity with standardize@xural testing and absence of a
standard direct shear test in the North Ametitigashiyama and Banthié2008)
proposed use of a linear correlation between STHFRIF. They used different
values ofés=h /m, wherem=80, 40, 20 and 10 to compare the FTF from Equation
(4-3) versus STF from Equation (4-4) for 6 specimmehnormal strength SFRC
(41~47MPa) and lightweight aggregates SFRC (21-MBa) including crimped
steel fibers. A similar exercise was performedhia turrent study to compare the
flexural and shear toughness factors for NSC, LW@ IdSC mixes with hooked
end steel fibers. However, in order to study thie af the aggregate type and
concrete density on toughness of SFRC, the NSCL#W/d mixes in the current
study were cast to the same compressive strefigti#1~45MPa). Meanwhile,
the HSC mix was cast to the same density as NSChuonixwith much higher
strength {{ .=104~108MP4a), to also examine the effect of high matrix stténgn
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the toughness factors of SFRC. The maximum sheptatiemends was taken to
be h/m, wherem was variously chosen as 10, 20, 25, 40 and 5@hencesults are
plotted versus FTF in Figures (4-10) to (4-12). &lue ofm = 50 gave the best
linear fit for NSC mixes (Figure 4-10), while thedt fit was obtained fan = 10
in the cases of the LWC (Figure 4-11) and HSC miXegure 4-12).
Accordingly, the best linear correlation betweer-Sihd FTF for different type

of mixes was obtained as:

Tenso= 1.78T +1.33  (MPa)  for NSC (4-5a)
Ta10=0.66T4 +0.49 (MPa) for LWC (4-5b)
Tsh10= 1.14Ty, +0.44  (MPa) for HSC (4-5¢)
Where:

Tsnso : Shear toughness factor for NSC and50
Tt : flexural toughness factor for NSC
Ts10: Shear toughness factor for LWC amg10
Ty : flexural toughness factor for LWC
Tsh1o0: Shear toughness factor for HSC and10

T : flexural toughness factor for HSC

Note that the FTF or STF value for each data pwirfigures (4-10) to (4-12)
represent average FTF or STF for three replicageisgens taken from the same
mix batch. The coefficient of variation for FTF a8@F (m=25) values are shown
in Table (4-1). The FTF and STF values for all spens in this study are given
in Appendix A.
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Equations (4-5a) to (4-5c) indicate that the FTAIN&C, LWC and HSC can be
used to estimate the corresponding STF up to ar shgplacement 0ds=h/50,
0s=h/10, andds=h/10, respectivelyHowever, with little loss of accuracy in the
linear estimation, the correlation between FTF &itF for all mixes was
examined in Figure (4-13). The best fit was obtdifog m=25 or 6:=h/25:

Ts 5= 1.24T; +1.29 (MPa) (4-6)

whereTs 25 is the STF fom=25 or 6=h/25.

In the current study the height of shear specinadtes deducting the notch depth
was abouth=50 mm This means thai=h/25=2 mm Higashiyama and Banthia
(2008) also used notchdd0 mmx 100 mmx 350 mmprisms for direct shear
tests and the height of specimens after accoufingotch depth wab=80 mm
They obtained the best linear correlation betweB#R &d STF for the case=40
or 6=h/40=2 mmwhich is the same absolute displacement value rddain this
research for the best fit. Furthermore, this vadfemaximum direct shear
displacement in STF (&) is identical to the maximum flexural deflectiosed
for FTF in both studies i.edma=L/150=2 mm However, further research is

needed to understand the relation betweedsthaddax
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To compare the influence of fibers on the sheaghoess of all mixes in this
study, the STF was evaluated basedrs25 and shown in Table (4-1). The STF
(with &= h/25) from each type of concrete was normalized witspeet to the
corresponding plain concrete miXssrrc/Tsplai and plotted in Figure (4-14).
Under direct shear, the fiber efficiency on thetgmsak response was highest in
the NSC and not in the HSC mixes as may be expdcted their pre-peak
response. Recall that the improvement with fibenstioe shear strength was
highest for the HSC mixes (Figure 4-6). Howevere do the fracture of
aggregates in both LWC and HSC mixes, the post-pglakse was most
promising with the NSC mixes, where the cracksedlad around the aggregate as
illustrated in Figure (4-7). Clearly, while fibexsan significantly enhance the
shear strength of concrete, the nature of aggregate their mode of failure can
limit the improvement on the residual shear striendts discussed in Section
(2.1.4), Higashiyama and Banthia(2008) studied normal strength SFRC
(f=41~47 MPa) and lightweight SFRCf'(=21~25 MPa), and indicated that
improvement in post-peak shear strength due td &tess (Vi =0.5~1%) was
higher for normal strength concrete compared totlWgight concrete. However,
they did not isolate the role of the aggregate tgpd matrix strength that may

significantly affect the shear response of SFRC.
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4.5 Equivalent Uniform Tensile Stresssy

In this section, the contribution of steel fibessthe tension resistance across the
flexural crack surfaces is quantified. An approaamilar to that employed by
Dinh (2009) (Section 2.1.2) is taken to determine tipeiva@lent uniform tensile
stressor imparted by the steel fibers across a flexurallcr&tgure (4-15) shows
the details of a flexural test accordingA8TM C1609-0%nd an idealized model
for the deflection and rigid body rotation of thesm after cracking.

Figure (4-15) shows mid-span section of a flexaesk prism. Since the SFRC
flexural specimens in this study were notched at rifid-span, the heiglht is
taken as specimen effective depth after deductiomotch depth. An equivalent
uniform tensile streser representing the tension in the steel fibers ssim&d and
applied across the vertical flexural crack. Simtlarthe flexural model for RC
members INCSA A23.3-04 a uniform compressive stress block with stress

magnitude ot f'c and depth of;c is assumed here, where

01=0.85-0.0015f;> 0.67 4-7)
$1=0.97-0.0025f.> 0.67 (4-8)
The assumption of concrete crushing at the extremngpression fiber might not
be reasonable for all stages of the flexural testyever, the depth of compression
zonec represents a very small percentagd %) of the total height of the prism,

and the effect of this error on estimation of th@iealent tensile stress would be
negligible Oinh 2009).
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Figure 4-15: a) A typical four point flexural téet SFRC prism according to
ASTM C1609b) Bending moment diagram c) Idealized defleeted cracked
SFRC prism (adapted frodrmelin and Banthid 997)
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Figure 4-16: The equivalent uniform stress acrbessection of an SFRC prism in
flexural test a) The notched section at mid-spaBtlgss distribution
c) Compression and Tension forces.

From flexural test at each stage of loading, tlexutal moment at the notch

location can be obtained as:
M=— (4-9)

This moment must be equal to the calculated monfemh the tensile and

compressive forces in the section shown in Figdf2gc):

_ o [h+@a-g)c]_Pa _
M—alfcﬁlct{ - }_ . (4-10)

The neutral axis depth from the compression fafog a given value oM can be
obtained by solving Equation (4-10). Then, fromigoium of the axial forces in

the section, the equivalent uniform tensile stesssbe calculated:

a,f.Bcb-o, (h-cb=0 (4-11a)
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o f(:Blc

4-11b
. (4-11b)

_’O-f

The geometry shown in Figure (4-15c) is employedaigulate the corresponding
crack mouth opening displacement (CMOD)y. At each stage of the flexural

test with a deflection ado, the following relation can be applied:

dod dd
Cu=2d6 (h-c)=2(h-c) —=4(h—-c)— 4-12
w=20d0 ("-0=2(h-0) oo =4h -9 @12)

Using the flexural test results from Section (4iRg graph ob; versusCy has
been plotted for normal strength, lightweight amghhstrength SFRC containing
Vi=0.5% and Vi=1% (Figure 4-17). Note that each graph in Figure 13-1

represents an average of three flexural test apkc
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Figure 4-17: Equivalent uniform tensile stress usr&€MOD for a)vi=0.5%
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It is observed from Figure (4-17) thatis higher for the case of high strength
SFRC compared to the NSC and LWC. This is mainigbatted to the higher
compressive strengthi; and stronger bond between fibers and cement-based

matrix (Naaman and Najmi991). However, ifx is normalized by/V,.f_ , all six

SFRC mixes give a similar relationship with respged@y (Figure 4-18).

To simplify the normalized; versusCy relationship, a bilinear model is proposed
(Figure 4-18). According to this model a peak vatdier =2.9,/V,.f, occurs at

Cuv=0.2mmands; reaches zero &= 6 mm so:

o, =29V, 1. (%) Fo€y < 0.2 mm (4-13a)
o, =29V £ (1.03—%) FoiCy > 0.2mm (4-13b)
3.60

Bilinear Model

NSC-0.5%

LWC-0.5%

0.2 mm

Normalized Uniform Tensile Stress
o; NV f'. (MPa)
=
[e0]
o

0.00 +———++
0 1 2 3 4 5 6 7 8
Crack Mouth Opening Displacement, C ,(mm)

Figure 4-18: Normalized equivalent unifictensile stress versus CMOD
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5. Shear Strength of Structural SFRC Members:

Experimental Program

A total of 18 steel fiber reinforced concrete (SHRfTructural specimens were
designed, constructed, and tested to failure taorgthe understanding of the
behavior of shear-critical SFRC members. The spexegrcontained longitudinal
reinforcement but no stirrups, and utilized differanix types selected from
Chapters 3 & 4. All specimens had simple suppants\aere tested under single
concentrated loading at mid-span (Figure 5-1). fbHewing parameters were the

main test variables considered in these 18 spea@men

- overall depthh
- SFRC compressive strength,
- SFRC densityy

- longitudinal reinforcement rati@,
The constant parameters were:

- shear span to effective depth raadg
- steel fiber content and geometyy, L, andDs
- width of the specimens,

- maximum aggregate siza,

In this chapter, the experimental program relatedtesting SFRC structural
specimens is discussed. The specimen design pneceghecimen configurations,
and test setup are provided. The construction etisgens and the mechanical
properties of material used in the constructionase discussed. Meanwhile, the

instrumentation and test procedure are explained.
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Figure 5-1: Schematic of test set-up and specirefiguration.
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5.1 Test Set-up and Specimen Configuration

Specimens were tested under 3-point bending in &48000 loading frame as
shown in Figure (5-1). Simple supports with knifiges and rollers were used at
each support location to allow horizontal translatand rotation. Bearing plates
with dimensions 150 x 300 x S@mwere used at the supports and at the loading
point. To provide uniform contact between the aad the concrete specimens,
a thin layer of plaster was used at each locatDetails of the specimen

configurations and the test set-up are summarizd@ble (5-1).

Table 5-1: Details of 18 SFRC specimens testedismstudy

. b h d L fe y P Vs Age fy
Specimen | oy | mm) | mm) | (mm) | (MPa) | kaim?) | % | ¥9| @) | YO | @ays)| (MPa)
N31 | 310 | 308 | 258| 1548 23| 237 250 30 10 85  1B4  4p4

N61 300 600 531 | 3184 23 2370 1.88 3.0 10

fdul
a1
[N
=
&%)
N

04

N62 300 600 523 | 3138 23 2370 2% 3.0 10 55 112 449

H31 310 308 258 | 1548 41 2410 2.5

o
Q)
o
=
o
"
a1
[N

19 404

N32 310 308 240 | 1440 41 2400 403 30 10

2.
(¢
w

D8 404

H61 300 600 531| 3186 41 2410 1.88 3.0 10 55 1p6 404

H62 300 600 523 | 3138 41 2410 2% 3.0 10

3.1
(6]
[N

D9 404

N10-1 300 | 1000| 923| 553§ 41 2400 144 30 10 55 284 404

N10-2 300 | 1000| 920| 552@ 41 2400 203 30 10 55 269 415

H32 310 308 240 | 1440 80 2450 403 30 10 55 300 404

H10-1 300 1000 923| 5534 80 2450 144 30 1.0 55 283 404

H10-2 300 | 1000| 920| 552@ 80 2450 203 3.0 10 55 279 415

L31 310 308 258 | 1548 22 1900 1.88 3.0 1.0 55 92 4D4
L32 310 308 258 | 1548 31 1930 250 3.0 10 55 287 404
L61 300 600 550 | 330(¢ 30 1920 091 3.0 10 55 85 4p4
L62 300 600 550 | 330(¢ 30 1920 121 30 10 55 g1 4p4

L10-1 300 | 1000| 950| 570Q 31 1930 053 3.0 10 55 219 404

L10-2 300 | 1000| 950| 570Q 31 1930 o7 30 10

3.1
]
N

75 404
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5.2 Specimen Design
5.2.1 Selecting the SFRC Mixes for the Structuralt8ge

The results of the material tests presented in @hap showed that the
compressive strength and density of concrete b pnportant roles in the
shear and flexural performance of SFRC. Also, amtiregg mixes studied in
Chapters 3 and 4, the SFRC mixes contaiMpgl% of hooked end steel fibers
showed higher improvement in the shear and flextespponse compared to the
mixes withVi=0.5%. Furthermore, the SFRC mixes with 1% fiber contasat the
performance criteria for use of steel fibers in cplaof minimum shear
reinforcement quantities based on Clause (5.6.6(2Cl 318-08(Table 5-2).
According to these performance criteria the SFRRutal strength at mid-span
deflections of 1/300 and 1/150 of the span lengtistibe greater than or equal to
90% and 75% of the first-peak flexural strengtltspextively, using thSTM
C1609-05procedure. Therefore, three mix designs from Té&B) in Chapter 3
with Vi=1% were selected for regular normal strength, higrengjth and
lightweight SFRC.

Table 5-2: Comparing flexural strength of SFRC mifg=1%) from Chapters 3 & 4 witiAClI
318-08performance criteria

Flexural Strength )
Meeting the
(MPa)
_ ACI 318-08 Clause
SFRC Mix
) (5.6.6.2) Performance
First-Peak L/300 L/150 o

Criteria?

NSC 5.27 5.34 4.43 yes

LwcC 6.12 5.55 4.56 yes

HSC 9.41 8.80 7.17 yes

The SFRC ready-mixes used for casting of struckpatimens in Table (5-1)

will be discussed in section (5.3).
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5.2.2 Overall Member Geometry

To study the influence of the member effective Hepbn the shear performance
of SFRC members, a scaling factor of 3.7 has beasidered in this project.
Geometrically scaled specimens with total depthheB08~1000 mm were
constructed. As discussed in Section (2.2Z<@ni et al. (1979) showed that for
shear-span to effective depth ratios of 3 and higihe width of a member does
not influence the shear stress at which shearré&ibccurs. Hence, a constant

width of b=300mmhas been used for all specimens in this project.

A constant shear-span to effective depth raticaw=3 was adopted for all
specimen sizes. This ratio was selected to obtaonatant ratio between bending
moment and shear at the critical section in shedrta obtain a failure mode
dominated by beam-action rather than arch actios. dfscussed in Section
(2.2.2), previous research on the shear resistinceth RC members (e.gsutty
1968, Kani et al.1979) and SFRC members (eMansur et al.1986; Ashour et
al. 1992, Kwak et al.2002) indicated that members witid > 2.5 can be
predicted with sectional shear models.

5.2.3 Longitudinal Reinforcement Ratio

The SFRC members were designed so that they wealthrtheir shear capacity
before failing in flexure. To achieve this goale tthaximum shear capacity of the
SFRC specimens was initially estimated. Then, twegitudinal reinforcement
configuration was selected so that the predictexiflal capacity according to the
CSA A23.3-04lexural model was at least 10% greater than ¢batesponding to
the estimated shear resistance.

The critical section in shear for a simple span mensubjected to a concentrated

load (Figure 5-1) and its own weight is assumeteat about,=0.9d from the
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mid-span, where the imposed bending moment and stteaboth considerable.
At this critical section, ¥z of the strain in thengptudinal reinforcementzs{ from
Equation 2-7) reaches a high level and thereforeakons (2-6) & (2-5) give
lower estimates of shear strength fétsa For a given ratio of longitudinal
reinforcement, the flexural capacity of a memberssfsection can be calculated
(CSA A23.3-04 The value of the concentrated IoRatan also be solved for the
condition where the shear at the critical sectieaches the estimated shear
capacity of the SFRC specimen. In order to havikearsfailure at this point, the
maximum bending moment at the mid-span must reress than the flexural
capacity, otherwise the flexural failure will happdirst. The longitudinal
reinforcement configuration for each specimen vescsed using a trial and error

method.

Based on published research on the shear streh@RRC members, the shear
strength for each specimen size was estimated gméssed relative to the shear
strength of geometrically similar RC members withdibers. Dinh (2009)
observed that the shear strength of normal weidgRC beams containinys;
=0.75~1.5%steel fibers reached ab@Nxc, to 3.6Vac), WhereVac, represents the
shear strength of similar RC beams without fibexsoeding toACI 318-08 Test
results from several researchers summarized Payra-Montesinos (2006)
typically showed shear strengths betwé@eB\Vac; and 3.8Vac for normal weight
SFRC members with 1% steel fiber content &rRd18~104 MPa. The shear
resistance mechanism of SFRC members is more ccaigdi than direct shear
resistance of SFRC prisms; however, the resultirett shear tests from Chapter
4 of this study show that the shear strength ofnabrand high strength SFRC
specimens with/s =1% can reach about 3.2 and 4.2 times, respectiveat, dh
similar concrete prisms without fibers. This inf@ahon provided useful data for
estimating the shear strength of normal weight SER&nbers in the current

study.
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As discussed in Section (2.2.Kang & Kim (2009) reported that addition bf
=0.5% andV; =0.75% hooked steel fibers increased the sheargitreaf plain
lightweight concrete by about 25% and 45%, respelsti Swamy et al(1993)
tested lightweight SFRC beams with I-shaped crestiems, and showed that for
V; =1% the ultimate shear strength increased by 60%921@% compared to
equivalent beams without steel fibers. The resaftdirect shear tests from
Chapter 4 of current study indicate that the skst@ngth of lightweight SFRC
specimens with/; =1% can reach about 1.6 times of that of RC prisms auth

fibers.

The SFRC specimens with normal strength and nodeasity concretedEl) in
this project were initially estimated to fail atestr capacities equal ®15Vcsa or
3.2Vcsa Where theVesa is the shear strength of a reinforced concrete Ineem
obtained fromCSA A23.3-04see Section 2.3.1). By usiMgsa according to the
CSA A23.3-04it is assumed that the size effect in shear ekists for SFRC
members. Similarly, the shear strength of lightwei$FRC specimens (semi-
low-densityA=0.85) were assumed to reatlB5\Wsa or 2.5Vcsa While for high
strength and normal densitpH1) SFRC specimens the shear capacities of
2.5Vcsa0r 4Vesawere estimated. However, all of these shear capacieed to be
investigated during the real tests on the SFRCisets, toward development of
a model that directly consider the influences af tbngitudinal reinforcement

ratio, the member depth, and the steel fibers erskiear strength.

Based on the procedure explained above and thetisel®f two shear capacity
estimates per size, two different longitudinal fernement ratios were designed.
Thus, the experimental results would also provideful data to study the
influence of the longitudinal reinforcement rapoon the shear performance of
SFRC members.
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5.3 Materials
5.3.1 Concrete

As discussed in Section (5.2.1), the mix designN&C, HSC and LWC with
Vi=1% from Table (3-5) were provided to a ready-mix ceaterlocal supplier.
Concrete was supplied by trucks in batch sizes.®fr# or 5.5m> one concrete
batch had a smaller volume ofif (see Table 5-3). Hooked end steel fibers (type
Dramix ZP305with L /Df = 55, Ly =30 mnm) were added and mixed with the
concrete inside the truck. The maximum aggregate fair all mixes was 16m

In the concrete batches 1, 2 and 3b (Table 5-8)a# noticed that some unknown
amount of extra water was added at the ready-nairtptompared to the original
mix design provided to the supplier. The main sewtthis extra water was the
remaining frozen water inside the truck mixer aftershing the mixer in a cold
weather during winter time. This extra water insexhthe water to cement ratio
w/c, and therefore the compressive strength achiesdlower than the targeted
strength Kosmatka et al2002). A lower compressive strength could redinee t
bond strength between fibers and the concrete xnatriSFRC Naaman and
Najm 1991). However, in Section (4.5), it was obsertleat for different SFRC

mixes, regardless of difference in compressivengtie and density, the relation

between CMOD and normalized tensile stress of $ibef /\/f f, was almost the

same. Hence, the effect of a lower compressivengtine on this trend was
considered negligible, and the produced ready mix&® accepted. No flexural

prism tests ASTM C1609-06 were performed for the ready mixes, but the
relationship between CMOD and normalized tensitesst of fiberso; / v, 1

was assumed to be the same as that observed fanites in Chapter 4. Table (5-
3) shows the details of different concrete batdas corresponding constructed
specimens. Compression tests accordirgSdM C39-05vere performed on 100
mm x 200 mm concrete cylinders prepared from each concretehband cured
under the same conditions as the structural spesirfieable 5-3 & Figure 5-2).
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Table 5-3: SFRC batches used for construction efispens

f'c at the Day of Test
Batch Casti (MPa)
atc asting .
Batch | Volume Date EI)(Z??%/ C;;;ém%ﬁg Cylinder Sample cov
(m*) (mm/ddlyy) Average | o
oL@ 0

N31 21.7| 225 224 22.2 2.0
Normal

1 25 02/12/09 weight N61 23.2| 21.9| 22.7 22.6 2.9
(2370)

N62 225| 23.3| 228 22.9 1.8

H31 40.2| 38.3| 36.3 38.3 5.1
Normal

2 25 02/26/09 weight H61 38.5| 40.8| 39.1 39.5 3.0
(2410)

H62 38.1| 38.6| 39.9 38.9 2.4

Light L61 30.5| 31.9| 29.7 30.7 3.6
3a 25 03/23/09 weight

(1920) L62 309 32.1| 295 30.8 4.2
Light

3b 1 03/23/09 weight L31 20.3| 20.2| 195 20.0 2.2
(1900)

N32 435| 425| 442 434 2.0
Normal

4 55 07/31/09 weight N10-1 415| 439 439 43.1 3.2
(2400)

N10-2 44.1| 42.6| 43.0 43.2 1.8

H32 82.1| 83.1| 82.2 82.5 0.7
Normal

5 55 08/11/09 weight H10-1 82.7| 82.7| 82.3 82.6 0.3
(2450)

H10-2 81.2| 84.1| 814 82.2 2.0

L32 299 | 32.6| 31.9 315 4.4
Light

6 5.5 08/26/09 weight L10-1 32.7| 30.1| 31.1 31.3 4.2
(1930)

L10-2 31.2| 322 310 315 2.0
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Figure 5-2: Representative compressive stressrsaponse at the day of test
for SFRC batches, a) normal weight SFRC, b) lighgheSFRC
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5.3.2 Longitudinal Reinforcing Steel

All specimens excepiN10-2 and H10-2 contained25M deformed longitudinal
reinforcement (Area=50fnf/bar). Specimensl10-2andH10-2 contained30M
deformed rebars (Area=70@nf/bar). Coupon tests were performed on random
samples from the steel to obtain the yielding strigsind modulus of elasticitlys
(Table 5-4). For specimeN62 only, a group o25M (IlI) deformed rebars with
different fy were utilized. Representative stress-strain resgofsr steel rebars

are shown in Figure (5-3).

A standard 90 hook as pelCSA A23.3-04vas used at the end of each bar in
specimens with overall height=600 andh=1000 mm, while bars in specimens
with h=308 mm had a straight extension about 656 beyond the outer face of

the support bearing plate. The details of reinfggcsteel for each specimen are

shown in Appendix B.

Table 5-4: Yielding stredg and modulus of elasticitlysfor steel rebars

f, Es
Bar (MPa) (MPa)
Size
Sample Average | COV Sample Average | COV
(MPa) (%) (MPa) (%)
1) | @] @G (1) (2) 3)
25M(l) | 401 | 407| 405 404 0.8 | 185400 | 181800, 184100 183800 1
25M(ll) | 455 | 445| 448| 449 1.1 | 206700 | 203500 205800  20530D 0.B
30M 411 | 418| 416 415 0.9 | 213400| 210600, 212800 21280D 0.7

115



600
30M

500 \ /25'\/'('/')_//
oo | ( X /
[

25M(l)

300 -

Stress(MPa)

200 ~

100

o
————

0 0.006 0.012 0.018 0.024 0.03 0.036
Strain(mm/mm)

Figure 5-3: Representative tensile sttmin response of Steel rebars

5.4 Formwork for Casting Structural Specimens

An existing metal formwork in the I. F. Morrison r&ttural Engineering
Laboratory at the University of Alberta was useddasting the SFRC specimens
with total height oh=308 mm(Figure 5-4). Specimens witlF600 mmwere cast

into a pair of available wooden formwork supporgch steel frame.

To cast the large size specimens wit000 mm a new wooden formwork was
built (Figure 5-5). This formwork had an overalhtgh of 7.5 meters and was
supported by an exterior steel-wooden frame forbiiiéom 600mm of the height
along the entire length. Additional bracing wasvded by 2"x4” timber pieces
and metal clamps at the top of the formwork. Thages of formwork

construction and casting the large specimens aeridbed and shown in Figure

(5-5).
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Wooden Formwork (8 = Metal Formwork

Figure 5-4: Formwork for specimens witk808 mm & h=600 mm

For concrete batches 1, 2, 3a, and 3b (see TaB)eabeoncrete bucket was used
to cast the concrete into the formwork for specisneith h=308 mmandh=600
mm The truck chute was used to cast the concreeettirfrom the truck mixer
into the formworks withh=308 mmandh=1000 mmfor batches 4, 5, and 6 (see
Figure 5-5e). The concrete was cast in layers ouaBB00mm height into the

formwork and then compacted by an internal vibrator
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Figure 5-5: Formwork and casting for large sizecgpens withh=1000 mm
a) building the wooden walls of the formwork; bgeting the wooden walls;
c) bolting the walls to the wooden base; d) extesigpporting steel-wooden
frame ; e) casting fresh SFRC mix; f) removing 8#RC large specimen from
formwork by crane
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5.5 Instrumentation

Different instruments were employed to measuredgiftection and strain in the
SFRC specimens. Electrical resistance strain gawges mounted on the surface
of the longitudinal reinforcing bars at certaindtions as shown in Figure (5-1)
and Appendix B. These locations were selected taimlihe steel strain at the
flexural critical section (mid-span), at the estiethshear critical sectionl&0.9d
from mid-span), and at a section adjacent to tippeu where the imposed shear
is considerable. Five LVDTs were used to measusevérttical deflections at the
mid-span, the quarter span points and at each sugpar 9 specimens (N32,
H32, L32, N10-1, N10-2, H10-1, H10-2, L10-1, L1Q-2)ree pi ) gauges at
three levels of the height were mounted on theaserof the specimen at mid-
span. The data from these pi gauges could be osdetérmine the distribution of
surface longitudinal strain over the height of #pecimens at mid-span. A cable
potentiometer was used to measure the horizortastation between the support
bearing plates. The details of the instrumentattwreach specimen including the
position and designation of strain gauges and LVBrEsshown in Appendix B.

To facilitate photography of the crack pattern atheload stage, a 106m grid
(200 mm grid for specimens with=1000 mm) was drawn on the face of the
specimens (Figure 5-6). Reflective target stickegse also used on the surface of
the specimen at the cross points of the grid téecolthe images required for
future work based on a photogrammetric measuresystém. In this system, the
reflection of target stickers is employed to analylae images and to capture the
relative movement of points on the specimen surfagceng test.
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Reflective Target Stickerd

Figure 5-6: Reflective target stickers for photagnaetric system

A digital image correlation (DIC) system (Vic-3D @@ was employed to
continuously record and measure the strain andagisment on the surface of the
specimens during each test (Figure 5-7). This systecluded three pairs of
digital cameras with 12.Bamor 35mmfocal length lenses to capture images at
10 second intervals during the test. Based on dhgeca lens sizes, their distance
from the specimen, and their angular separatiof~@), each pair of cameras
imaged a specific area of interest on the specisugface. Accordingly, and by
using a speckling spray gun, the specimen surfaa® speckled with dots. The
dot diameter was about five pixels in size. Sofav@vic-3D 2009) was used to
process and analyze the images to calculate thersind displacement at any
point of the imaged area. The crack width or tHatree movement of any two
points on the specimen surface can be measuredibg the data from the DIC.
The crack width at each stage of loading during td&t was measured by
calculating the relative distance between two oot a line perpendicular to the
crack path. At the service limit state (SLS), tleenparator gauges were not able
to measure the flexural cracks widths less thaB ti and the DIC system was
employed for this purpose. For the diagonal sheacks, the crack width was
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projected from the relative horizontal and vertidestance between two points on

a line perpendicular to the crack path.

Correlation
System
Cameras

Figure 5-7: Digital image correlation system

5.6 Test Procedure

All structural tests reported in this study werefpened using an MTS 6000
universal testing machine. Displacement-controltediing was used to apply the
quasi-static load at a rate of 0.15~0:28n/minuteat mid-span (Figure 5-1 &
Figure 5-8). During the test and up to failure,068tload stages were used. At
each load stage, the displacement was briefly White the cracks were marked,
measured by comparator gauges and photographed, Heflection, and strain
gauge data were recorded continuously all the wayoufailure. Digital images
were continuously taken by the digital image catieh system cameras
throughout the loading process of each test. Tted tluration of each test was 3
to 4 hours, depending on the reinforcement conditjoin of the specimen and the

number of load stages. All the presented data fml-gpan and quarter-point

121



deflections in Chapter 6 and Appendix B was coe@dbr the measured support

settlement.

SFRC
| Specimen

Simple
Support

Acquisition
System

Figure 5-8: SFRC specinéi under loading during test

122



6. Shear Strength of Structural Normal Weight

SFRC Members: Results and Discussion

The ultimate shear capacity and failure mode of XBenormal weight SFRC
specimens are shown in Table (6-1). Eleven speanfated in shear and only
one specimenH61) failed in flexure. In this chapter, the behavidreach group
of specimens with the same depth is studied. Cdaslelopment, failure mode,
load-deflection response, load-steel strain respans load-crack width response
for each group of specimens are investigated. Hileaion and crack width of
SFRC specimens at service load are also examingel.influence of member
depth and longitudinal reinforcement ratio on thHeeas strength of SFRC
specimens are investigated. The observed sheacitapd SFRC members are
also compared tACI 318-08 and CSA A23.3-04predictions for similar RC
members without fibers. The detailed test resultsehch specimen can be found
in AppendixB.

Table 6-1: Test results for normal weight SFRC Bpens

. b h d f Failure | Pma® | Vies™ s
Specimen| o immy | emy | (vBa) | % | Type | (k) | () \(Es:)
N31 | 310 | 308 | 258| 23| 250 sSheat 420 211 055
N61 | 300 | 600| 531| 23| 188 Sheaf 495 252  0.32
N62 | 300 | 600| 523| 23| 255 Sheal 476 242 032
H31 | 310 | 308 | 258| 41| 250 Sheaf] 554 | 278 | 054
N32 | 310 | 308 | 240| 41| 408 sheal 56p 28] 059
H61 | 300 | 600| 531| 41| 1.88 Flexure 838 423 0.41
H62 | 300 | 600| 523| 41| 255 Sheal 88D 444 044
N10-1 | 300 | 1000| 923| 41| 1.44 Shea] 958 492 047
N10-2 | 300 | 1000| 920| 41| 20B Sheaf 968 497 0.7
H32 | 310 | 308| 240| 80| 408 Shear 915 | 458 | 055
H10-1 | 300 | 1000| 923] 80| 1.4k Sheaf 1265 64  0.32
H10-2 | 300 | 1000| 920] 80| 208 Sheaf 1261 64k 032

* The maximum applied load at mid-span

*The maximum shear force during test includinghseight at a sectio@d from mid-span

++ These specimens approached their shear and flecapatities simultaneously (see
Section 6.1.1.2)
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6.1 Behavior of SFRC Specimens without Stirrups

6.1.1 Specimens with=308 mm(N31, N32, H31, H32)
6.1.1.1 Crack Development and Failure Mode

The crack patterns after failure of shear critga@cimens witin=308 mm(N31,
N32 H31 andH32) are shown in Figure (6-1). For all four specimettexural
cracks near mid-span were detected first durinjalnioad stages. Then, new
flexural cracks formed in the shear spans and cunliagonally towards the
loading point. The diagonal crack widths graduatigreased as the applied load
at mid-span increased. At the last stages of Igabdefore failure ® > 0.9 Ry,
an existing diagonal crack rapidly widened and edésl upwards to the loading
plate. The widening of the critical shear cracksealia relative rotation of the two
pieces of the specimens around the compression aotie top end of the shear
crack. A combination of this rotation with the shestress carried by the
uncracked concrete caused a significant compressi@am in the compressive
zone. The shear failure occurred when the commpeszincrete crushed in the
region between the top end of the diagonal cracktae edge of the loading plate

at mid-span (Figure 6-1).

During the shear failure and after occurrence ef ctushing mechanism in the
compressive concrete, cracking along the longitidieinforcement towards the
support region was also observed in specinid®§ H31 andH32 The curved

shapes for the primary diagonal cracks intercefitedongitudinal reinforcement
at considerable distance8.71 d ~ 1.12 dfrom the support plates, confirming
that the shear failure was representative of “saetl shear model behavior
rather than arch actioinh (2009) observed that slender RC members without
stirrups exhibit a single diagonal crack followeg b brittle shear failure;
however, shear critical SFRC members with=0.75% ~ 1.5% typically exhibit
multiple inclined cracks followed by widening of bast one diagonal crack

before shear failure. This was also observed irctineent study.
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Loading Point at
Qid-span

AN

g -_S=132.mm=d.51d i

&GS L i 1 —=5>1
L=470mm=1.88 d

b) SpecimeHh31: =41 MPa, p=2.50 %

d) Specimeii32: =80 MPa, p=4.03 %

Figur 6-1: Crack pattern after shear failure fapécimens witlh=308 mm Size
of grid on the specimen surface is 10t
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The average crack spacing) (at the mid-depth level was determined by
considering all the distinct inclined cracks whigmopagated beyond the
specimen mid-depth level at angles between 0 antegbees with respect to the
longitudinal axis of the specimen. The average kciggacing § at mid-depth
level are shown in Figure (6-1) and summarized abl& (6-2). For specimens
N31landH31 with similar configurations, the average crackcspg decreased by
17% with an increase in the compressive strefigfhom 23 MPato 41 MPa For
specimendH31 and N32 with similar compressive strength but with diffete,
the average crack spacing was 32% larger for smeriM32 with higher
longitudinal reinforcement ratio. As shown in Figu(6-1), the average crack

spacing for specimens witiF308 mmranged fron0.39dto 0.6d

Dinh (2009) reported that the average horizontal crapkcing for SFRC
members without stirrups was ab@ud In other words, an increase in effective
depth of SFRC members frodr375mmto d=610 mm resulted in larger crack
spacing, but when represented based on effectipth dethe average horizontal
crack spacing for all members were approximatetysame. No clear trend was
observed byDinh (2009) for the relationship between the longitadin
reinforcement ratio and diagonal crack spacing, betiveen fiber contentv{
=0.75% ~ 1.5%) and inclined crack spacitgvak et al.(2002) reported that
average crack spacing in SFRC members With0.5% ~ 0.75% was about 38%
smaller compared to that of RC members without ribd-or RC members
without stirrups Shioyaet al. (1989) showed that the spacing of cracks at tlte mi
height of the web is abodf2 of the member depth.

For each specimen in Figure (6-1), the distancen freid-sparlL. of interception
point of critical shear crack with the longitudirgtkel is shown. The measured
values ofl. are also presented in Table (6-2). The resultasghat for specimens
with similar longitudinal reinforcement ratidNB1 & H31), L. decreases with an
increase in the concrete compressive strefigthFor specimen$i31 and N32

with similar compressive strength but with differgn the distance.. increased
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17% whenp increased from 2.5% to 4.03%. As shown in Figusel), for
specimens witth=308 mm L. ranged betweeh.88dand2.29d The exact values
of L. from previous research on SFRC members have rdregn reported;
however, from the illustrated crack patterns Dyh (2009) for both RC and
SFRC specimens witd=3.5 one can estimate a rangeLef=1.5d~2.5d

Table 6-2: Crack observations for SFRC specimeftshwi308 mm

b d f p Failure 6 Cwmax L S

Specimen mm) | (mm) (Mpfa) % Type | (degree)| (mm) | (mm) | (mm)

N31 310 258 23 2.50 Shear 32.4 0.58 590 132
H31 310 258 41 2.50 Shear 32.4 1.0p 470 110
N32 310 240 41 4.03 Shear 33.6 0.74 550 145
H32 310 240 80 4.03 Shear 29.5 0.70 510 98

The crack widthCymax Of the critical shear crack at the level of longihal
reinforcement just before failure &=Pn.x was determined by using the data
obtained from the digital image correlation measweet system. The results for
Cwmax are shown in Figure (6-1) and summarized in T#6i2). For specimens
H31 and N32 with similar f; but with different p, the crack widthCywmax
decreased whep increased from 2.5% to 4.03%. Table (6-2) doesshotwv a
consistent trend i€wmaxWhen the concrete compressive strerfgtithanges for
the SFRC specimens witih=308 mm Minelli and Plizzari (2006) reported that
for shear-critical RC specimens witlx435 mm the maximum value of the shear
crack width at mid-depth before failure was eqoad tL-0.2mm while for similar
SFRC specimens, this value was about 1rBA3 The load-crack width response
for specimen®N31, N32 H31 andH32 s discussed in Section (6.1.1.4).

The idealized angle of the critical shear cratkwas determined using a secant
line taken between the crack interception pointhat level of the longitudinal
reinforcement and a point about 80% of the totacspen height above the

bottom. The results fof are shown in Figure (6-1) and summarized in Téble
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2). Regardless of the differencesfinand p, similar values foi® were obtained
for specimendN31, N32 andH31. However, for specimeH32 with f’=80 MPa,
the idealized anglé® was slightly smaller than that di31, N32 and H31
According toDinh (2009), the average crack angle for the shearcalibeams
which failed due to compressive concrete crushings vabout 37 degrees.
However, for beams that failed due to sudden exdansf diagonal shear crack
without compressive concrete crushing, the avesaagge for the critical inclined

crack was approximately 27 degrees.

6.1.1.2 Load-Deflection Response

The load-deflection response of specimens withl tdepth of h=308 mmis
shown in Figure (6-2). In contrast to typical belbav of RC members without
steel fibers, the SFRC specimens in this groupndidexhibit a sudden or large
change of slope in the load-deflection plot atithigation of flexural cracking. A
non-linear relationship with gradually reducingmonas observed for specimens
N31andN32up to shear failure. The load-deflection respdosespecimen$i31
and H32 in Figure (6-2) started to exhibit a plateau afemching the ultimate
load, mainly due to non-linear behavior of the litugdjnal reinforcement shown
in Figure (6-3). After some additional deformationspecimerH31 andH32, a
significant diagonal crack formed leading to a sta#ure. In all four specimens,
a sudden and large drop in load was recordedlatdadue to concrete crushing at
the area between the top of the diagonal cracktlaadide edge of the loading
plate at mid-span (Figure 6-1). In specimét& andH32, no significant flexural
crack or concrete crushing in the compression znmid-span was observed
prior to the shear failure. However, exhibiting latpau at ultimate load due to
reinforcement yielding at mid-span indicates tha¢csmensH31 andH32 were
both approaching their flexural and shear capacit@multaneously. The
maximum deflections at mid-span before shear faifor specimen®31, N32
H31 and H32 were 7.48mm 5.64mm 13.76mmand 17.52mm respectively.
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Note that for specimenhkl32 and H31 with similar f;=41 MPa but different

longitudinal reinforcement ratios, the ultimate ahecapacities were almost

identical.
1000
| N32 H32
800 f.=41 MPa f'.=80 MPa, p=4.03 %
= p=4.03 %
< 600 H31
a f.=41 MPa, p=2.50 %
© 400 -
(@]
—
N31
200 - f.=23 MPa, p=2.50 %
O T T T T T T T T T T T T T T T T T T T T T T
0 4 8 12 16 20

Mid-span Deflection & (mm)

Figure 6-2: Load-Deflection response at mid-sparsfecimens witthh=308 mm

6.1.1.3 Load-Steel Strain Response

The load-steel strain response at mid-span forisees with total depth of
h=308 mmis shown in Figure (6-3). The mid-span load-stna@eponse of the
reinforcement remained linear for specim®&f&l andN32 up to failure indicating
that reinforcement vyielding did not occur. Howevdre mid-span load-strain
response for specimeH3l in Figure (6-3) started to exhibit a plateau rafte
reaching the ultimate load, due to yielding of tbegitudinal reinforcement. For
specimerH32, the strain gauges became unbonded since widkschatercepted

the strain gauge locations on the longitudinalfeecement at mid-span.
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Figure 6-3: Load-steel strain response at mid-$pagpecimens witthh=308 mm

Specimens N31 and H31 were similar in configuratimut they were cast using
two different SFRC mixes with,=23 MPa andf.;=41 MPa, respectively. As
shown in Figure (6-3), specim&iB1 failed in a shear mode before reinforcement
yielding at mid-span while specim&i81 was observed to have steel yielding at
mid-span before shear failure. A similar trend @nforcement yielding and
failure mode was identified for specimeN82 andH32, both with similarp but
different f. Meanwhile, the difference in behaviour Id81 compared td\N32
both withf;’=41 MPa can be attributed to the lower reinforcement rati¢i31
which resulted in higher reinforcement strainsiatilar load levels compared to
N32 (Figure 6-3).

6.1.1.4 Load-Crack Width Response of Shear Criticabpecimens

The load-crack width response for specimens withl tdepth ofh=308 mmis
shown in Figure (6-4). The crack wid@y was measured for the critical shear
crack at the level of the longitudinal reinforcemésee Figure 6-1) by using the

data obtained from digital image correlation systend the crack comparator
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gauges. A non-linear relationship with graduallgueing slope was observed for
all four specimensN31, N32 H31, andH32) up to 90% of the maximum applied
load before shear failure. It was observed thathen last stage of loading just
before shear failure, the crack widths increasqudha and reached very large
values relative to the crack widths recorded at ¥0%max (Se€Cwmax vValues in
Table 6-2). A similar trend in crack width increasemid-depth was reported by
Minelli and Plizzari(2006) (see Section 2.2.1). Note that unlike thecsnens
H31 andH32, reinforcement yielding at mid-span did not occuspecimeniN31
and N32 (Section 6.1.1.3), but a similar increase in theck widths at the last
stage of loading before failure was observed. Assalt of this large increase of
the crack widths, the aggregate interlock is redusignificantly. Meanwhile,
from a structural behavior point of view, the cragidening in SFRC members
prior to shear failure can be important, sincer@vdes warning about imminent
shear failure. The large increase of crack wid#fete failure can be attributed to
the pullout of fibers out of the concrete matrixedio the tension between the
adjacent crack surfaces (also see Figure 6-14atidpe6.1.3.4).

1000
H31
800 f.=80 MPa
p=4.03 %
=
< 600 - —
a - H31
T N32 f.=41 MPa
c 4007 N31 f'.=41 MPa p=2.50 %
—
f.=23 MPa p=4.03 %
200 | p=2.50 %
O T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Crack Width C , (mm)

Figure 6-4: Load-crack width response for critishéar crack at level of
longitudinal reinforcement in specimens with308 mm
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6.1.1.5 Deflection and Crack Width at Service LimitState (SLS)

In order to study the behavior of SFRC specimertbatquivalent service load,
the ratio of service load to the ultimate capaaiyst be estimated. Considering
the design procedure at the ultimate limit stateA@l 318-08or other similar
codes, the relation between nominal ultimate capag;i the capacity resistance
factor ¢, and the load combination of dead ldad and live loadL, with load

factors off; andf,, respectively, can be written as:

OR=(f,D +f,L ) (6-1)

If the live-to-dead load ratib, / D, =14, then the service load will be:

S=L +D.=D_ (ﬂ,l'*'l) (6-2)

From Equations (6-1) and (6-2), the ratio of sesvioad to nominal ultimate

capacity can be expressed as:

S__ D(A*D 6 +1) ©3)
R ( leL + fZ)\lDL )/¢ fl + fZ)\l

Assuming a typical ratio df, / D =1, and applying the load factofs=1.4 andf,

=1.7 from ACI 318-08 one can observe:

i) For shear critical specimens wig0.75:
S /R =0.75(1+1)/ (1.4+1.7) = 0.48

i) For flexure critical specimens witp=0.9:

S /R =0.9(1+1)/ (1.4+1.7) = 0.58
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From Equation (6-3), one can observe BdR decreases with an increase in the
ratioL, / D_.. However, the rati@ /R =0.48was used in this study to establish the
equivalent SLS deflection and crack widths repome@able (6-3).

As shown in Table (6-3), all relative deflectionlues at service load/L are
lower than the common deflection limit bf360for RC members under live load

alone according tA&Cl 318-08or CSA A23.3-04

Table 6-3: Deflection and crack width of SFRC speais withh=308 mmat SLS

0.48P Behavior at SLS
. Failure o mex Mid-span Max. Flexural
Specimen Type from test Deflection &/L Crack Width
(kN)
(mm) (mm)
N31 Shear 202 1.76 0.0011 0.05
H31 Shear 266 1.60 0.0010 0.06
N32 Shear 269 1.63 0.0011 0.08
H32 Shear 439 2.56 0.0018 0.06

The detected cracks at SLS were all very narrowufi@ cracks near the mid-
span; however, the crack control factanight also be checked accordingAGI
318-08or CSA A23-04rovisions for RC members without fibers, where:

2= 1,(d,A) 6-4)

The requirement iz < 30000 N/mnior RC members with interior exposure.
Consider specimem32 with the largest crack width reported in Table3|6-
According to ACI 318-08or CSA A23-0460% of yielding strengtt, =400

N/mnf can be used as tensile stress in reinforcement sedéce load:
f=0.6 f, =240 N/mmA

From Figure (5-1), the distanck from the centroid of the lowest row of tension

steel to the bottom (tension) face of member is:
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d=50 mm

The areaA is calculated as twice the area enclosed betwsercentroid of the
tension steel and the bottom (tension) face ohtleenber, divided by the number

of steel reinforcing bars:

A= M =7027mnt
Therefore,
7= f.(d.A)3 = (240)50x 7027)% =16928N / mms 3000N / mm OK

These calculations for crack control fackoshow that the maximum crack width
for specimenN32 was within the acceptable range for design of Rénivers

with interior exposure.
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6.1.2 Specimens witth=600 mm(N61, N62, H61, H62)

6.1.2.1 Crack Development and Failure Mode

The crack patterns after failure of specimens wi#600 mmare shown in
Figures (6-5) and (6-6). The speciméitsl, N62 andH62 failed in shear (Figure
6-5), while specimei61 had a flexural failure mode (Figure 6-6). For fallir
specimens, flexural cracks near mid-span were tatefrst during initial load
stages. Then, new flexural cracks formed in theushpans and curved diagonally
towards the loading point. The diagonal crack wsdgnadually increased as the

applied load at mid-span increased.

For shear critical specimem$61, N62 andH62, the crack development before
failure was similar to that observed for specimesitt h=308 mmand described
in Section (6.1.1.1). An existing diagonal crackidly widened and extended
upwards to the loading plate at the last stagdsaufing before failureR > 0.9
Pmay. After widening of the diagonal shear crack, katree rotation of the two
pieces of the specimens around the compressiveatdhe top of the shear crack
was observed. This rotation plus the shear stresged by the uncracked
concrete caused a significant compression strainthen compressive zone,
followed by a shear failure due to concrete crughmthe region between the top
of the diagonal crack and the edge of the loadilagepat mid-span. At shear
failure and after compressive concrete crushingcks also extended along the
longitudinal reinforcement and stopped at the suppegion (Figure 6-5). The
primary diagonal cracks intercepted the longitubineinforcement at
considerable distance8.81 d ~ 1.06 dfrom the support plates, confirming that
the shear failure was representative of “sectiois@éar model behavior rather

than arch action.
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12
L=1150mm=2.19 d
b) SpecimemN62: f';=23 MPa,p=2.55 %

L 1130mm =2. 16 d

c) SpecimermH62: f' ;=41 MPa,p=2.55 %

Figure 6-5: Crack patterns after shear failure3fgpecimens with = 600 mm
Size of grid on the specimen surface is i@

SpecimenH61 was the only specimen out of 12 normal weight spens that

failed in flexure (Figure 6-6). For this speciman, significant diagonal crack was
observed before or during the failure. The flexdadllure occurred when one of
the existing flexural cracks near mid-span extencmusiderably upwards to the

loading plate, and a large increase in crack wijdgsel strains and specimen
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deflection was observed, followed by concrete angslin the compressive zone

adjacent to the loading point at mid-span.

Concrete - s ' ‘-—1‘
Crushing . '

s ‘
1 SEEST

Figure 6-6: Crack pattern after flexural failure gpecimerH61 with h=600mm
fe=41 MPa, andp= 1.88 %.Size of grid on the specimen surface is 100 mm.

For shear critical specimens in Figure (6-5), ttealized angle of critical shear
crack 6, the crack widthCwmax Of the critical shear crack at the level of the
longitudinal reinforcement just before failure RtPma, and the distance from
mid-spanL. of interception point of critical shear crack witie longitudinal steel
are shown. The results féx C, andL. as well as average crack spactgt the

mid-depth level are summarized in Table (6-4).

Table 6-4: Crack observations for SFRC specimetishwi600 mm

. b d fe p Failure 6 Cwmax L S
Specimen (mm) | (mm) | (MPa) % Type (degree)| (mm) | (mm) | (mm)
N61 300 531 23 1.88 Shear 29.9 3.4y 1030 320
N62 300 523 23 2.55 Shear 317 3.4b 1150 250
H61 300 531 41 1.88 Flexure - - -
H62 300 523 41 2.55 Shear 34.9 2.5p 1LFO 227
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The results show that for specimé¥82 andH62 with similar configuration, the
average crack spacing decreased slightly (9%) wdth increase in the
compressive strengtly from 23 MPato 41 MPa For specimensl61l andN62
with similar compressive strength @23 MPa but with differentp, the average
crack spacing was 22% smaller for specimé62 with higher longitudinal
reinforcement ratio. This trend in the crack spgaifi specimendN61 and N62
with f’'=23 MPa was in contrast to that observed 81 andH31 with f/=41
MPa and h=308 mm(Section 6.1.1.1). The range of average crackisgdor
specimens witlh=600 mmwasS=0.43d~ 0.6dwhich is approximately the same
range seen for specimens with308 mm(S=0.39d~ 0.6d in Figure (6-1).

The L. values in Table (6-4) show that for specimens githilar longitudinal
reinforcement ratiosN62 & H62 but with differentf;, L. remained almost
constant. For specimemN61 andN62 with similar concrete compressive strength
but with differentp, the distance.; increased by 12% whep increased from
1.88% to 2.55%. As shown in Figure (6-5), for speas withh=600 mm L.
ranged betweerl.94d and 2.21d which is similar to the observed range
L.=1.88d~2.29dfor specimens witth=308 mm(Section 6.1.1.1).

For specimendl61l andN62 with similar compressive strength but with differe
p, the crack widthiCywmaxremained almost the same whemncreased from 2.5%
to 4.03%. Also, the results for idealized anglemtical shear crack in Table (6-4)
indicate a range d® = 29.9~34.9 for N61, N62and H62, which is similar to the
observed rangé = 29.5~33.6 for specimens withh=308 mm(Section 6.1.1.1).

6.1.2.2 Load-Deflection Response

The load-deflection response of specimens withl tdepth of h=600 mmis

shown in Figure (6-7). Similar to SFRC specimenshwi=308 mmand in
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contrast to typical behaviour of RC members withetgel fibers, the SFRC
specimens witthh=600 mmdid not exhibit a sudden or large change of slope
the load-deflection plot at the initiation of flenah cracking. For specimend6],
N62 and H62 a non-linear relationship with gradually reducistppe was
observed up to shear failure. The maximum deflastiat mid-span before shear
failure for specimensl6l, N62 andH62 were 9.12nm 8.10mmand 10.78nm
respectively. In these three specimens, a sudddnlaage drop in load was
recorded at failure due to concrete crushing atatlea between the top end of
diagonal crack and the edge of the loading platmidtspan (Figure 6-5). Both
specimensN61 and N62 with similar f;=23 MPa but different longitudinal
reinforcement ratio, failed in shear with less tl#6 difference in the ultimate
capacity, and about 11% difference in the maxinaaftection before failure.

The load-deflection response for specinté8il started to exhibit a plateau after
reaching the ultimate load, mainly due to non-lImieahavior of the longitudinal
reinforcement shown in Figure (6-8). In this spemimno significant diagonal
crack was observed. The flexural failure occurredemv large increases in
deflection at mid-span were observéd33.25mm), followed by a drop in the
load due to concrete crushing in the compressive zmder the loading point at

mid-span.
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Figure 6-7: Load-Deflection response at mid-sparsfecimens witthh=600 mm

6.1.2.3 Load-Steel Strain Response

The load-steel strain response at mid-span forisges with total depth of
h=600 mmis shown in Figure (6-8). The mid-span load-stnaeponse of the
reinforcement remained almost linear for specimiigg, N62 and H62 up to

shear failure indicating that reinforcement yielylidid not occur. For specimen
H61, however, the mid-span load-strain response staotexhibit a plateau after

reaching the ultimate load, due to yielding of liniegitudinal reinforcement.

SpecimendN61 andH61 were similar in configuration, but they were casing
two different SFRC mixes witliy = 23 MPa andf., =41 MPa, respectively. As
shown in Figure (6-8), specimé&itl failed in a shear mode before reinforcement
yielding while specimem61 was observed to have a flexural failure afterlstee
yielding. However, for specimem$62 andH62, a similar trend was not observed
with reference td., and both specimens failed in shear before stieddligg.
Meanwhile, the differences in behavior and failonede ofH61 compared to
H62, both withf,=41 MPa, can be attributed to the lower reinforcementorati
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H61 which resulted in higher reinforcement strains samnilar load levels
compared td162 (Figure 6-8).
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Figure 6-8: Load-steel strain response at mid-$paspecimens witth=600 mm

6.1.2.4 Load-Crack Width Response of Shear Criticabpecimens

The load-crack width response for shear criticacgpens with total depth of
h=600 mmis shown in Figure (6-9). A non-linear relationstwith gradually
reducing slope was observed for speciméfg N62 and H62up to about 90%
of maximum applied load before shear failure. Samito the behavior of
specimens withh=308 mmstudied in Section (6.1.1.4), in the last stagés o
loading just before shear failure, the crack widtlttseased dramatically, reaching
large values relative to the crack widths recoraed. P ax(seeCwmaxin Table 6-
4). No reinforcement yielding at mid-span was obsérfor specimenbl6l1, N62
andH62 before this large increase in the crack widthi{ie 6.1.2.3). The crack
widening in SFRC members prior to shear failuraioed the aggregate interlock
significantly. By comparing the values Gfymaxin Tables (6-4) and (6-2), one can
observe thaCwmax increases with an increase in the height of spexsrfrom
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h=308 mmto h=600 mm As explained in Section (6.1.1.4), the large éase of

crack widths before failure can be attributed te pullout of fibers out of the

concrete matrix due to the tension between thecadjacrack surfaces (also see
Figure 6-14 in Section 6.1.3.4).
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Figure 6-9: Load-crack width response fitical shear crack at level of

longitudinal reinforcement in specimenshwit600 mm

6.1.2.5 Deflection and Crack Width at SLS

According to the procedure explained in Sectiod.65), an equivalent service
load S =0.48 PnaxWas used to determine the SLS deflection and cnadths for

specimens witth=600 mmin Table (6-5). All relative deflection valuessarvice

load 6/L are lower than the common deflection limit loB60 for RC members
under live load aloneACl 318-09.
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Table 6-5: Deflection and crack width of SFRC speais withh=600 mmat SLS

0.48 P Behavior at SLS
. C o M Failure Mid-span Max. Flexural
Specimen fro(rkn’\lt)e st Type Deflection & &/L Crack Width
(mm) (mm)
N61 238 Shear 2.47 0.0008 0.06
N62 228 Shear 1.79 0.0006 0.04
H61 402 Flexure 471 0.0015 0.05
H62 422 Shear 3.16 0.0010 0.06

The detected cracks at SLS were all very narroxufi@ cracks near the mid-span.
The crack control factor (see Section 6.1.1.5) indicated that the crackhsidor
specimensN61 and H61 (z=16825 N/mm as well as specimend62 and H62
(z=15856 N/mmare expected to be within the acceptable rangeldsign of RC
members with interior exposure(30000 N/mm
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6.1.3 Specimens witlin=1000 mm(N10-1, N10-2 H10-1, H10-2)

6.1.3.1 Crack Development and Failure Mode

The crack patterns after failure of shear critgyacimens witih=1000 mm(N10-

1, N10-2 H10-1andH10-2 are shown in Figure (6-10). For all four speansnie
flexural cracks near mid-span were detected fiwsing initial load stages. Then,
new flexural cracks formed in the shear spans amded diagonally towards the
loading point. The diagonal crack widths graduatigreased as the applied load
at mid-span increased. At the last stages of Igabdefore failure ® > 0.9 Ry,

an existing diagonal crack rapidly widened and moéel upwards to the loading
plate. For specimeN10-2 the depth of the uncracked compression zone above
the tip of the diagonal crack before failure wasalien (aboutl/2) compared to
that of the other three specimens whik1000 mm Shear failure forN10-2
occurred when the critical shear crack extendedutiin the remaining
compression zone between top end of shear craclsidededge of loading plate
at mid-span without causing crushing in the comcrétigure 6-10b). For
specimensN10-1, H10-1 and H10-2 the widening of the critical shear crack
caused a relative rotation of the two pieces of #ipecimens around the
compressive zone at the top of the shear crackorAbmation of this rotation
with the shear stress carried by the uncracked retexacaused a significant
compression strain in the compressive zone. Thardailure occurred when the
compressive concrete crushed at the area betweetophof the diagonal crack
and the edge of the loading plate at mid-span (EigtL0).

During the shear failure, cracking along the londimal reinforcement towards
the support region was also observed in speciidis], H10-1andH10-2 after
compressive concrete crushing. The curved shapesh® primary diagonal
cracks intercepted the longitudinal reinforcemedrdamsiderable distance8.61 d
~ 1.16 d from the support plates, confirming that the shéalure was

representative of “sectional” shear model beharatter than arch action.
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For shear critical specimens in Figure (6-10), ittemlized angle of the critical
shear crackd, the crack widttCwmaxOf the critical shear crack at the level of the
longitudinal reinforcement just before failure RtPma, and the distance from
mid-spanL. of interception point of critical shear crack witie longitudinal steel
are shown. The results féx C, andL. as well as average crack spactgt the

mid-depth level are summarized in Table (6-6).

Table 6-6: Crack observations for SFRC specimetisiwil000 mm

. b d fe p Failure (2] Ciwmax L. S
Specimen (mm) | (mm) | (MPa) % Type (degree)| (mm) [ (mm) | (mm)
N10-1 300 923 41 1.44 Shear 314 4.08 1800 329
N10-2 300 920 41 2.03 Shear 32.6 3.98 2200 385
H10-1 300 923 80 1.44 Shear 318 4.3p 1800 433
H10-2 300 920 80 2.03 Shear 31.0 4.49 1700 320

No clear trend was observed for the relationshipveen average crack spacing
and the reinforcement rator compressive strengfii. As shown in Figure (6-
10), the range of average crack spacing for spew@nvath h=1000 mmwas
S=0.35d~ 0.47d This range oS normalized by the effective depth is smaller
than the ranges seen for specimerts h=600 mm(S=0.43d~ 0.6d andh=308
mm(S=0.39d~ 0.69 in Figures (6-5) and (6-1).

The values of.. in Table (6-6) do not show a clear trend in rafesstop or f; .
Figure (6-10) shows thdt. for specimens witth=1000 mm ranged between
1.84dand1.95dfor N10-1, H10-1 andH10-2 For specimeiN10-2 which failed
as a result of diagonal crack extension into thmmession zone without concrete
crushing, the interception point of the criticaleah crack with the longitudinal
reinforcement was closer to the support comparedemther three specimens (
=2.39d). However, the total range bf=1.84d~2.39dfor specimens witin=1000
mmis comparable to the rangks=1.94d~2.21dfor specimens witth=600 mm
andL.=1.88d~2.29dor specimens witlhh=308 mm(Sections 6.1.2.1 & 6.1.1.1).
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Table (6-6) shows that for specimens with1000 mm regardless of differences
in p andf;’, the maximum crack widtRwmaxdid not vary considerably. Also, the
results for the idealized angle of the critical aherack indicate a range 6f=
31.0~32.6 for N10-1 N10-2 H10-1 and H10-2, which is close to the observed
ranges® = 29.5~33.6 for specimens witrh=308 mm(Table 6-2) andd =
29.9~34.9 for specimens withh=600 mm(Table 6-4).

6.1.3.2 Load-Deflection Response

The load-deflection response of specimens withl toégth of h=1000 mmis
shown in Figure (6-11). Similar to SFRC specimetith Ww=308 mmandh=600
mm the SFRC specimens with=1000 mmdid not exhibit a sudden or large
change of slope in the load-deflection plot at itligation of flexural cracking.
For all four specimens, a non-linear behaviour witadually reducing slope was
observed up to shear failure. The maximum deflastiat mid-span before shear
failure for specimensl10-1 N10-2 H10-1andH10-2were 19.24mnm 9.99mm
18.35mmand 16.80nm respectively. In specimem¢l0-1, H10-1 andH10-2 a
sudden and large drop in load was recorded atréadue to concrete crushing in
the region between the top end of the diagonalkcaaa the edge of the loading
plate at mid-span (Figure 6-10). For specinkl0-2 a large drop in load was
observed when the critical shear crack extendedatgsvto the edge of the
loading plate at mid-span without causing conceeteshing. As shown in Figure
(6-11), for each pair of specimens with simifar but with differentp, the
ultimate load capacity was almost identical. However specimendN10-1 and
N10-2 with similarf;’=41 MPa but different longitudinal reinforcement ratiogth
maximum deflection before failure IN10-1was almost twice that observed in
N10-2
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Figure 6-11: Load-Deflection response at mid-sparspecimens with=1000
mm

6.1.3.3 Load-Steel Strain Response

The load-steel strain response at mid-span foris@es with total depth of
h=1000 mmis shown in Figure (6-12). The mid-span load-str@sponse of the
reinforcement remained almost linear up to shealur& indicating that
reinforcement yielding did not occur for any of tepecimens. However, for
specimerH10-2 the strain gauges became unbonded mainly dustéoception
of wide cracks with the strain gauge locationst@longitudinal reinforcement at

mid-span.
The difference in steel strain fét10-1 compared taH10-2 both with f;=80

MPa, might be attributed to the lower reinforcemetitoren H10-1 which resulted
in higher reinforcement strains at similar loadelsvcompared té110-2 (Figure
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6-12). However, for specimemsl0-1andN10-2 both withf’=41 MPa, a similar

trend in steel strain was not observed with refegenp.
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Figure 6-12: Load-steel strain response at mid-$paspecimens withh=1000
mm

6.1.3.4 Load-Crack Width Response of Shear Criticabpecimens

The load-crack width response for shear criticacgpens with total depth of
h=1000 mmis shown in Figure (6-13). A non-linear relatiomskvith gradually
reducing slope was observed for all four specimgn about 90% of maximum
applied load before shear failure. Similar to thehdwior of specimens with
h=308 mmandh=600 mm discussed in Sections (6.1.1.4) and (6.1.2.4}hén
last stages of loading just before shear failures track widths increased
dramatically, reaching relatively large values cam@ol to the crack widths
recorded at 0P (See Cwmax in Table 6-6). Before this large increase in the

crack widths, no reinforcement yielding at mid-speas observed for specimens
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N10-1, N10-2, H10-1landH10-2 (Section 6.1.3.3). This crack widening in SFRC
members prior to shear failure reduces the aggeeigatriock significantly. As
shown in Tables (6-6), (6-4) and (6-Bwmax iNCreases with an increase in the
height of specimens fromm=308 mmto h=1000 mm The large increase of crack
widths before failure can be attributed to the qulof fibers from the concrete
matrix due to the tension between the adjacenkcsacfaces. As a sample, the
critical shear crack after failure and the pulladtfibers out of the matrix are
shown in Figure (6-14) for the specimétiO-2 Note that in contrast to the
fracture of the normal aggregates in direct shesir for the high strength SFRC
prisms (Figure 4-7 in Section 4.3) no extensivectfree in aggregates was
indicated in Figure (6-14) for the high strengtle@menH10-2 with f/=80 MPa.
This confirms that before shear failure, the fipetlout due to tension between

crack surfaces was the dominant mode rather thengtear dislocation.

1400 H10-2
1200 H10-1
;=80 MPa
1000 - p=1.44%
g /
x .
g 50 N10-2 \Nlo—l
5 Fo=41MPa f,=41 MPa
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-
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Figure 6-13: Load-crack width response for critislaéar crack at level of
longitudinal reinforcement in specimens with1000 mm
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Figure 6-14: Critical shear crack after failure #otypical normal weight SFRC

specimen.

6.1.3.5 Deflection and Crack Width at SLS

Considering an equivalent service 1080d=0.48 Pnax (See Section 6.1.1.5), the

SLS deflection and crack widths for specimens Wwi#1000 mmwere determined

(Table 6-7). All relative deflection values at seevloadé/L were lower than the

common deflection limit ol./360 for RC members under live load alone (ACI

318-08).

Table 6-7: Deflection and crack width of SFRC spesris withh=1000 mmat SLS

. 0.48 Fnax Failure Mid-span Penavioret SI_SMax. Flexural
Specimen fro(rll‘,\}f“ Type | Deflections SIL Crack Width
(mm) (mm)
N10-1 466 Shear 5.58 0.0010 0.10
N10-2 468 Shear 3.42 0.0006 0.15
H10-1 613 Shear 5.78 0.0010 0.10
H10-2 612 Shear 4.90 0.0009 0.10
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The detected cracks at SLS were all very narroxufi@ cracks near the mid-span.
The crack control factor (see Section 6.1.1.5) indicated that the crackhaidor
specimensN10-1 and H10-1 (z=15856 N/mm as well as specimend10-2 and
H10-2(z=16060 N/mmare expected to be within the acceptable rangddsign of
RC members with interior exposuz<30000 N/mm
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6.2 Size Effect in the Shear Strength of Normal Wght
SFRC Specimens

6.2.1 Normalized Shear Stress versus Effective Dépt

The test results of 11 specimens which failed ieashare used to evaluate the
influence of effective deptl on the shear capacity of SFRC specimens without
stirrups. Based on thie; values (i.e. the distance from mid-span of intptios
point of critical shear crack with the longitudirséel) in Figures (6-1), (6-6), and
(6-11), the critical section was taken at ab@dtfrom mid-span. Using the

maximum shear force at the critical section inahgdmember self weight, the

normalized shear stre¥gs/(bd \/Tc ) from Table (6-1) versus the effective depth

d is plotted in Figure (6-15). Note that for specamsdd31 and H32 which
approached their shear and flexural capacities lsamepusly (see Section
6.1.1.2), different symbols are shown in Figurel¥- The normalized shear
stress is observed to decreasel ascreases. The average normalized shear stress
for specimens withh=1000 mmwas only about 53% of that observed in
specimens with=308 mmThis trend clearly indicates that a size effecshear

is present in the case of SFRC members.
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Figure 6-15: Normalized shearssreersus effective depth for shear
critical SFRC specimens (Nok31 andH32 approached their shear and
flexural capacities simultaneously).

Shioyaet al. (1989) observed a similar size effect for RC membeithout
stirrups, where the shear stress at failure deedeéy about 49% when the
effective depth increased fron=250 mm to d=975 mm Kwak et al.(2002)
compared the shear strength of small size SFRC membom different
researchers, mostly with< 300 mmand did not observe a significant size effect
on the shear strength. HowevBgsenbusch and Teuts(002) reported that an
increase in effective depth froB60 mmto 540 mm while other parameters were

kept mostly constant, resulted in a 26% decreafigeimverage shear strength.

As discussed in Section (2.2.3), the size effechiear for RC members without
stirrups and without fibers can be captured by whamsg the decreased ability of
wide cracks to transmit shear streggdchioand Collins 1986,Walraven1981).
When the crack widths increase, the aggregatelactedecreasesShioyaet al.
(1989) have shown that doubling the member deplildaiible the crack width at
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mid-depth, if the strain in the longitudinal steekept the same. Hence, the shear
stress at failure in large members is lower thasnrall members, and this has
been experimentally verified in many studies (&gni 1967,Shioya et al1989,
Collins and Kuchmd.999).

However, the new test results from this study (®ac6.1) as well as previous
research bwinelli and Plizzari (2006) have both shown that the width of the
critical shear crack in SFRC members increasesiderably at the last stages of
loading before failure. The results in Section J@ridicate that the maximum
crack width before shear failu@uymaxincreases with an increase in the member
depth fromh=308 mmto h=1000 mm Even for small SFRC members with
h=308 mmthe crack widths before shear failulg/max (Table 6-2) were large
enough (0.58nm~1.09 mm) to cause a considerable reduction in the aggeegat
interlock. Thus, decrease of shear stress at éaikith increase in SFRC member
depth (Figure 6-15) can not be attributed mainlhatdecrease in the aggregate
interlock. Instead, the bridging action of fibers@ss the adjacent surfaces of a
diagonal crack in SFRC members can be consideralbgous to the aggregate
interlock action on the crack surfaces of RC membAs discussed in Section
(4.5), for the steel fiber type used in this stidy/Ds =55, L =30 mm) and crack
widths larger than abo®5 mm the equivalent fiber tensile stress across adjface
surfaces of a cracky decreases with an increase in the crack width. életine
shear stress at failure in large SFRC members haatier crack widths is lower

than that in small SFRC members.
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6.2.2 Size Effect in Shear Strength: Comparing TefResults with
ACI 318-08and CSA A23.3-04Approaches

6.2.2.1 Test Results from Current Study

Even though size effect still exists for SFRC spemis (Section 6.2.1), a large
increase in shear capacity was observed for SFRRGrepns in comparison to the
ACl 318-08 shear model for conventional RC members withoutb we
reinforcement and without fibers (Figure 6-15). Fadr cases, the normalized
shear stress was above the equivafedt 318-08shear capacity predictioviac,

for plain concrete (Equation 2-4b). For SFRC spectisnwithh=308 mm(or d
=240 mm ~258 mn), the average enhancement in shear capacity wa% 26
compared to th&Cl 318 model. The average enhancement in shear capacity f
specimens withh=600 mm(or d =523 mm ~531 mm and specimens with
h=1000 mm(or d =920 mm ~923 mn) were 126% and 67%, respectively. The
effectiveness of steel fibers in shear capacityaanbment relative to th&Cl 318
prediction, decreases with an increase in the tl#pth of specimens frolm=308

mmto h=1000 mm

Figure (6-16) compares the maximum shear capatitgilare for the 11 shear
critical SFRC specimens in this study against @®A A23.3-04rediction for
similar RC members without steel fibers. Addingestibers into the concrete
matrix gave considerable enhancement to the shegaeicdy of RC members
relative to theCSA A23.3-O4shear prediction for members without fibers. As
illustrated in Figure (6-16), for specimens wit-308 mm h=600 mmand
h=1000 mm the average increases in shear capacity were ,13%% and 88%,
respectively, compared to tiESA A23.3-04nodel. The ratid/ies{Vesain Figure
(6-16) does not show a clear trenddamcreases from 24tmto 923mm The
average ratiovies{Vcsa decreases when total depth of specimens incréesas
h=308 mmto h=600 mm but thenincreases slightly with an increasehrfrom
600 mmto 1000mm
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Figure 6-16: Comparing the shear capacity fromenirstudy against
CSA A23.3-04nodel

6.2.2.2 Test Results from Previous Research and Gent Study

A data base including 56 shear critical SFRC meslb@m previous research
and the current study was used to compare the maxighear capacity at failure
against theACI 318-08and CSA A23.3-04redictions for similar RC members
without steel fibers (Figures 6-17 & 6-18). The€ge FFRC members satisfy the
following criteria (also see Table 7-3 in Chaptgr 7

* Rectangular sections witB0 mm< h <1000 mmandb > 100 mm

e a/d>25

o 0.75%< V; <1.5%, 45 < L+/D; < 100 and25mm< L; < 60 mm(hooked end
steel fibers)

* 20 MPax<f <90 MPa
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Figure 6-17: Comparing the shear capacity from iptessresearch and current
study againsACI 318-08model.

While Figure (6-17) does not indicate a size effecspecimens witldl <400mm

it clearly shows that shear capacity at failurerdases with an increase in the
effective depthd from 400mmto 923mm Note that the specimens in Figure (6-
17) have a large range pf1.15%~4.03% which is not accounted for in &el
318-08prediction, and this may influence thigs{Vac ratio, too. However, for all
specimens, the normalized shear stress was abevedqhivalentACI 318-08
prediction V¢, for plain concrete. The minimum enhancement iraslwapacity
of SFRC members compared\fp from theACI 318-08model was 53% for the
case 0fd=923mm(h=1000 mn). These results validate the approacA@i 318-
08 for using steel fibers instead of minimum stirrdpenhance the useable shear
capacity from0.5¢V. up to V. in members witth <600 mmf.< 41 MPaand

without transverse reinforcement. The current stundijcates that this approach
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can also be extended for members with larger deptkis1000 mmor higher

compressive strengtlis <80 MPa

3.5

& Other

‘ | Researchers
® Current

Study

Vtest / VCSA

’56 Specimens
0.0 ‘ ‘ i i
0 200 400 600 800 1000
Effective Depth d (mm)

Figure 6-18: Comparing the shear capacity from iptessresearch and current
study agains€SA A23.3-04nodel.

Figure (6-18) shows that shear capacity of SFRC beesnwas at least 35%
higher than theCSA A23.3-04&hear capacity prediction for similar RC members
without fibers. In Section (2.3.1), it was notedattithe CSA A23.3-04dmodel
accounts for size effect related to the aggregatiock at the cracks for plain
concrete. The rati¥es{Vcsain Figure (6-18) does not show a decreasing teend
h increases from 186mto 1000mm As explained in Section (6.2.1), the size
effect mechanism in SFRC members is different frdrat of RC members
without fibers. However, the trend &fes{Vcsa in Figure (6-18) indicates that
there is no additional size effect for SFRC memlimrgond that considered in
CSA A23.3-04nodel for RC members. Note th@BA A23.3-04nodel for RC
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members also accounts for the steel strain effSect{on 2.3.1). Hence, the
differences in longitudinal reinforcement ratio armgadhe specimens are reflected
in the calculation of shear capacWysa for similar RC members without fibers.
The effect of longitudinal reinforcement ratio dmetshear strength of SFRC

specimens is discussed in Section (6.3).

According toCollins et al.(1996), the size and strain effects on shear dypae
not independent. However, in deriving t68A A23.3-04rovisions Bentz et al.
2006) based on simplifications to the MCKVecchio and Collinsl986), the
interdependence of the two effects is ignoreds Bssumed that the parameier
used in establishing the shear stress at failue,be taken as the product of a
strain effect term and a size effect term for RCmhbers (Section 2.3.1).
However, validity of a similar approach for sepamatand formulation of strain
and size effect terms in SFRC members needs tavastigated through further

research.

Based on the results in Figure (6-18) and the dsous in this section, tHeSA
A23.3-04shear model (Equation 2-5) can be modified to actdor the shear
capacity enhancement due to use of steel fibers. feomal weight SFRC

members A=1) which satisfy the same criteria indicated earlfor the 56
members in Figure (6-18), a fiber contribution &acy may be proposed as

follows:

Vesai 4 By f, bd, (6-5)

wheren =1.33 representing a lower bound for the shear capasityancement
due to the contribution of hooked end steel fib@ee Figure 6-18). All other

parameters for Equation (2-5) remain unchanged.
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6.3 Influence of Longitudinal Reinforcement on the
Shear Behavior of SFRC

6.3.1 Relationship between Normalized Shear Streaad

Reinforcement Ratio

Figures (6-19), (6-20) and (6-21) summarize thduerfce of the longitudinal
reinforcement ratigp on the shear capacity of SFRC specimens hatB08 mm)
h=600 mmandh=1000 mm respectively. These results indicate that forrdrege
of p used in this study, the influence of the longitidireinforcement ratio on the
normalized shear stress at failure was very sriall.specimens with=308 mm
andf' =41 MPain Figure (6-19), there was a 9% increase in bte@ascapacity as
p varied from 2.50% to 4.03%. In specimens witt600 mm whenp increased
by 36%, the increase in shear capacity of specimahsf’ ;=41 MPa andf’ ;=23
MPawas about 7% and 0%, respectively. Meanwhilesp@cimens witih=1000
mm as the longitudinal reinforcement ratio variednfr 1.44% to 2.03%, there
was 4% and 0% variation in normalized shear stegsiilure for cases with
=41 MPa andf ;=80 MPaq, respectively. Test results reported Dyh (2009)
showed that the shear capacity of SFRC specimahs#+1%, f':=38 MPa, and
h=457 mmdid not change considerably (1.4%) when the reggment ratio
varied from 1.96% to 2.67%.

This study and research lyinh (2009) both have shown that changes in the

longitudinal reinforcement ratio (36% ~ 61%) do fedd to a significant change

in the shear capacity of SFRC members With1%.
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Figure 6-19: Effect of longitudinal reinforcemeatio on the shear capacity of
SFRC specimens with=308 mm.
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Figure 6-20: Effect of longitudinal reinforcemeatio on the shear capacity of
SFRC specimens with=600 mm
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Figure 6-21: Effect of longitudinal reinforcemeatio on the shear capacity of
SFRC specimens witi=1000 mm.

6.3.2 Estimation of Tensile Steel Strains in SFRC &mbers

As discussed in Section (2.3.1), t8&A A23.3-04hear model for RC members

accounts for the decrease in shear stress atdaillug to increases in the member
longitudinal strain. According t&€SA A23.34, this strain effect is considered

through parameter, which is taken as 1/2 of the strain in the longjibal tensile

steel at the critical section for RC members, amllme estimated from:

M +V
g =M/d,+V 2-7)
2EA

In this section, the validity of this formula foFBC members will be examined.
Note that the shear term in Equation (2-7) for R€mhers, represents the shear

force transferred through the aggregate interlbckyever, for the specimens in
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the current study the aggregate interlock is nédgigdue to the large crack
widths observed before failure (Section 6.1). Huse specimens the bridging
action of steel fibers is assumed to replace tlyeemgte interlock across the shear
crack. As shown in Equation (2-7), tensile strainhe longitudinal reinforcement
changes wheRs, V andM change. Since the ratio betwednandV is related to
the shear-span to effective depth ratid, this formula also includes the effect of

a/dimplicitly.

For the SFRC members in the current study, twarnsggauges were installed at
the distanced, =0.9d from mid-span (one at each side), where the begndin
moment and shear force are both considerable. {Ele¢ Straines estimated from
the CSA A23.34 shear model (i.e. doublg from Equation 2-7) and the average
measured strain gauge magnitudes have been comparable (6-8) for 8 shear
critical specimens at the ultimate condition beftadure P=Pnmnay. The strain
gauges at distance df =0.9d from mid-span in specimeh$32, H10-1, andH10-

2 became unbonded before shear failure, so thesargges were not included in
Table (6-8). The bending momekt and the shear forcé for Equation (2-7),
were calculated from the applied load at the ultemeondition before shear

failure P=Pmnay at a sectiom, =0.9d from mid-span.

Table 6-8: Comparing the measured strain fromviétbtthe strain from Equation (2-7) at the
ultimate condition before failurd*EP o)

Specimen Name ?;?)St &5 =26 (;r;m CSA &l &s test
N31 1682 1860 1.11

N32 1358 1660 1.2

H31 2077 2000 0.96

N61 1290 1460 1.13

N62 952 1060 1.11

H62 1803 1940 1.08
N10-1 2220 2000 0.90
N10-2 1551 1400 0.90
Average 1.05~1
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The calculatecks=2¢, using Equation (2-7) shows a good agreement whieh t
results obtained from strain gauges during test4s~ s g at the ultimate load
before failure P=Pnay. This demonstrates that Equation (2-7) is spiblecable

to SFRC members and therefore it can also be wusedtimate the steel strain at
the distancel. from mid-span where the critical shear crack irgpts the
longitudinal reinforcement (Section 6.1). The Edquat(2-7) was employed to
estimate the tensile steel strain for shear ctit®@RC specimens at a typical
distancel; ~2d from mid-span at the ultimate lo&d=P.,,) before failure (Table
6-9). The estimated values of tensile strain inl@#6-9) indicate that no yielding
occurred in longitudinal reinforcement 2dl from mid-span, and the steel stress

values were betwedgr0.35f, and f=0.91f,.

Table 6-9: Tensile Steel strainzat from mid-span at
the ultimate loadR=P,.,)

Specimen p gsat 2d from mid-span
(%) (ue)
N31 2.56 1180
N32 4.13 1040
N61 1.88 880
N62 2.56 660
H31 2.56 1540
H32 413 1700
H62 2.56 1220
N10-1 1.44 1340
N10-2 2.03 860
H10-1 1.44 1760
H10-2 2.03 1140
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6.4 Flexural Capacity Enhancement in Comparison to
ACI 318-08Flexural Model

In this section, the flexural capacity enhancentkrg to the contribution of the
steel fibers is studied for the normal weight ceterspecimensi3l, H32, and
H62 in comparison to thACl 318-08flexural model for similar RC members
without fibers (Table 6-10). In Section (6.1), iasvobserved that specimgi$l
failed in flexure before reaching its shear cagaditeanwhile, it was noted that
specimensH31 and H32 both approached their flexural and shear capacitie
simultaneously, with reinforcement yielding at nsiglan.

Table 6-10: Flexural capacity of speciméii®l, H32, andH62

b d i » | Failure | Poat | Mo | Mag | Mes!/

H C
Specimen| oy | mm) | (MPa) | % | Type | (kN) | (kN.m) | (kN.m) | Mac
H31 310 | 258 41 | 250 Shear| 554 215 177 1.22
H61 300 | 531 41 | 1.88 Flexure 839 673 568 1.19
H32 310 | 240 80 | 4.03 Shear| 915 333 258 1.29

* The maximum applied load at mid-span

*The maximum moment at mid-span during test inaigdselfweight

++ These specimens approached their shear and flecapatities simultaneously (see
Section 6.1.1.2)

According toACI 318-08 the nominal flexural capacity of tension conedIIRC

members without fibers can be calculated from:

_ _Bey_ o Ty .
Mocr = Af,(d=—7) = pod™f, (1 pZaIf;) &5

where, the parametes =0.85 and3; can be obtained from:

{0.85 forf’ < 28 MPa
P71 10500072065 for £>28 MPa (2-28)
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Figure (6-22) compares the maximum flexural capaeit failure for SFRC
specimendd31, H32, andH61 against theACl 318-08prediction for similar RC
members without steel fibers. Adding steel fiber® ithe concrete matrix gave
considerable enhancement to the flexural capa¢isy@® members relative to the
ACI 318-08flexure prediction for members without fibers. iRgstrated in Figure
(6-22), for specimenbi31, H32, andH61 the increases in flexural capacity were
22%, 29% and 19%, respectively, compared toAiie318-08model.
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Figure 6-22: Comparing the flexural capacity of@pensH31, H32, andH61
againstACI 318-08flexural model
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7. Shear Modeling for Slender SFRC Members

without Stirrups

In this chapter, two shear capacity models for dgerSFRC members without
stirrups are developed. First, an analytical modeldeveloped based on
mechanical principles and empirical measurementgaifk geometry reported in
Section (6.1). Then, the analytical model is furteenplified to be suitable for
use in design. For validation, capacity predictifmrsboth models are examined
for a filtered database. Furthermore, the predictjoality of the simplified design
model is compared against results using seven ghddi SFRC shear models
from other researchers as well&S| 318-08andCSA A23.3-04hear models for

RC members without fibers.

The scope of the models developed in this chapelimited to structural
members which satisfy the following criteria:

Rectangular cross section witBO mm< h <1000 mm and b 100 mm

a/d>2.5

0.75%< V; <1.5%, 45 < L+/Ds< 100 and25mm< L;< 60mm(hooked end
steel fibers)

20 MPa<f'; <90 MPa

The range of overall member depth valuB80( mm< h < 1000 mn reflects the
typical size of concrete members without stirrups buildings and bridges,
including slabs, foundations and walls. Some of éhgpirical measurements of
crack geometry used to develop the models, wenaartd from structural tests
on specimens with a maximum deptir1000 mmin the current study. A
minimum section width ob > 100 mmwas considered to reflect SFRC members
with reasonable space for placing the reinforcenmenlie section with adequate
concrete cover. Note that a small section widtelative to the steel fiber length
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can also influence the alignment of fibers in taaete matrix. The shear-span
to effective deptla/d> 2.5was selected to represent slender SFRC membérs wit
a sectional shear behavior. As discussed in Se(@@n?2), this limiting value of
a/dis comparable to th&/d=2.5limit for RC members without fibers reported by
Zsutty (1968) andKani (1979) as a transition point between the beanomand
arch action. Commercially available hooked endldibers with an aspect ratio
between 45 and 100 and a length26inm< L; < 60 mm were considered. The
range of fiber contend.75% < V; < 1.5% represents a moderate and practical
volume fraction of fibers which can also satisfe {herformance requirements in
ACI 318-08 for use of steel fibers as a replacement for mimmshear
reinforcement. Also, the range 20 MPa< f'. < 90 MPawas selected to reflect
the typical and practical range of compressivengtifes used in most concrete

structures.

7.1 Analytical Model
7.1.1 Overview of the Approach

Consider a critical shear crack at the ultimateitlistate for a slender SFRC
member without stirrups just before shear faillfgre 7-1a). The shape of the
critical shear crack is typically curved, and a ghear failure it usually extends
rapidly toward the farthest compressive fiber of thember (Section 6.1). As
discussed in Section (6.1), this extension of titecal shear crack at shear failure

may occur with or without concrete crushing in tdoenpression zone.

Similar to prior research (e.gNarayanan and Darwisi987, Dinh 2009), an
idealized model for the crack shape was assumewhich the crack starts
vertically as a flexural crack from the tension gaof the member up to the
centroid of the longitudinal reinforcement (Figurdlb). Then, the crack extends
along an inclined line until it reaches the neutrals occurring at deptb below

the extreme compression face. The inclined linassumed to be straight and
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forms an angle o with the longitudinal axis of member. The crossties

through the uncracked compressive region is shaaa\eertical straight line.

(b)

Figure 7-1: a) A critical shear crack before sHadure b) Distribution of stress
along diagonal crack and compression zone for megonodel

At the ultimate state, the critical shear sectida slender SFRC member without
stirrups resists the shear force through four bssiomponents: 1) shearing in
the uncracked compression region 2) fiber briddioiges across the inclined
shear crack 3) aggregate interlock across thenedlishear crack and 4) dowel
action of longitudinal reinforcement. These mechars have been previously
described by several researchers (®lgnsur et al.1986, Ashour et al.1992,
Khuntia et al.1999). Most of these researchers assumed thabthponents 1, 3
and 4 are reflected in the shear resistavicef an RC member without stirrups
and without fibers. Accordingly, the contributiohfibers to the shear capacity of
SFRC members was added as an additional, independerponent to theé/.

prediction for RC members. However, in the curmaodel, components 3 and 4
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are neglected for some reasons which are discuisgbd following lines, and the

contribution from components 1 and 2 are directigysidered.

According to the empirical crack width measuremdatsthe SFRC members in
this study (Section 6.1) as well as test resulmomed byMinelli and Plizzari
(2006) the critical shear crack width increasessam®erably at the ultimate
condition just prior to shear failure (s€@maxin Table 7-1). The observed range
of crack widths is large enough to diminish any tdbation of aggregate
interlock to the shear resistance of SFRC membdss, the component of dowel
action is believed to be smaBresler and Pisted958) and is therefore neglected

here.

Table 7-1:.CywmaxandR; for shear critical specimens

R = Oy
Specimen (n:]m) ?n/’\llrrﬁ)x V, 'fc'

(MPa)

N31 308 0.58 2.70
N32 308 0.74 2.62
H31 308 1.09 2.44
H32 308 0.7 2.64
N61 600 3.47 1.25
N62 600 3.45 1.26
H62 600 2.52 1.73
N10-1 1000 4.08 0.95
N10-2 1000 3.98 1.00
H10-1 1000 4.32 0.83
H10-2 1000 4.49 0.74

The shear model developed in this study assumeshthahear force capacity of
SFRC members without stirrup&.: can be approximated by considering two

components, expressed as:

Vire1= Vee + Ve -
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where,
V.. : Shear force resistance from the uncracked cossjwe concrete zone
Vg : Shear force resistance from the vertical compbaogthe fiber crack bridging

force

The procedure and details for calculationvgfand Vi are described in Sections
(7.1.3) and (7.1.4), respectively.

As discussed in section (2.3.2), a similar concgps also proposed bRinh
(2009). However, in the current study, the modeiiaations for the resistance
components as well as the scope of model are difterAfter explaining the
procedure for development of current model, thecieficy of the proposed shear
strength model is compared agaifshh (2009) and other published models in
Section (7.2.2).

7.1.2 Geometry

7.1.2.1 Angle of Diagonal Shear Crack and Criticabection Location

In Section (6.1), the diagonal shear crack afgénd the distance of interception
point with longitudinal reinforcement from mid-spap were calculated for the
shear critical specimens. The valu#s6 andL. for all normal weight concrete
shear critical specimens are shown in Table (7A8)shown in Table (7-2), no
relationship betwee® or L. /d andp could be established for SFRC specimens
with similard andf’.. Parameter® andL./d were treated as independenipoiin

the model development.
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Table 7-2:0 andL./d for normal weight shear critical specimens in therent study

Sgepegcmtécna' d(mm) (Nf S | oy | Lemm) LJd 0 (degree)
N31 258 23 2.50 590 2.29 32.4
N32 240 a1 4.03 550 2.29 33.6
H31 258 a1 2.50 470 1.82 32.0
H32 240 80 4.03 510 212 295
N61 531 23 1.88 1030 1.04 29.9
NG2 523 23 255 1150 219 31.7
H62 523 a1 255 1130 216 34.9

N10-1 923 a1 1.44 1800 1.95 31.4
N10-2 920 a1 2.03 2200 2.39 32.6
H10-1 923 80 1.44 1800 1.95 31.8
H10-2 920 80 2.03 1700 1.84 31.0
Average 2.09= 2 31.9= 32

cov 9.4% 4.8%

From Table (7-2), the average values oandL. are approximately 32and2d,
respectively, with Coefficients of Variation of 48and 9.4%. Thus, constant
values of 6=32° and Ls=2d are assumed for the proposed analytical model
(Figure 7-2).

_— L ~2d ——

Figure 7-2: The assumed valuedndL for the proposed analytical model
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7.1.2.2 Depth of Compression Zone

As discussed in Section (6.1), for most of the SERE&nbers in the current study,
the compression strain in the compressive zonecased dramatically at the
ultimate load before shear failure. The shear failoccurred when the
compressive concrete crushed at the region bettheetop of the diagonal crack
and the edge of the loading plate at mid-span. ;Tihissassumed that the strain in
the extreme concrete compressive fiber reachesvéihee of 0.0035mm/mm
according to theCSA A23.3-04lexural design model for RC members without
fibers. The results of compression tests on SFRiG@ders from the current study
(Section 4.1) and previous research (Eanella and Naamari 985, Soroushian
and Bayasil991, Ezeldin and Balagurul992) have shown that addition of a
moderate volume fraction of steel fibers has inficgmt influence on the pre-
peak compressive strength of SFRC. However, thems wonsiderable
improvement in ductility in the post-peak phase $6{RC compared to the plain
concrete. The strain corresponding to the peaksinas slightly higher in SFRC
compared to that in plain concrete. In the currantel, a uniform compressive
stress block with stress magnitudeogf ; and depth ofs;.c was assumed in the
compression zone, similar to flexural model for R@mbers (Figure 7-1Db).
While the post-peak response of SFRC cylinders atlayv some adjustment to
az andpy, for simplicity these two parameters were takeadnordance witicSA
A23.3-04

21=0.85-0.0015f, > 0.67 (4-7)

$1=0.97-0.0025%> 0.67 (4-8)

From the critical shear section shown in Figurell§Y- the axial forces for static

equilibrium can be written as:
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S F.=0 - alf;ﬂlcb—aflb(% )sind-o,,(h-d)-Af, =0 (7-2a)

~ a,f.pcb-o,, (h-chb-Af, =0 (7)2b

L Cc= Asf's+0f1bh (7-2C)
CANSREPY

As discussed in Section (6.3.2), the tensile ss&lin &5 can be estimated as
doublee, determined from Equation (2-7). Therefore, theelstgress ad from

mid-span can be calculated as:

f=pe =M OV (MPa) (7-3)

s s¢s Ag y

For a simple span member with shear-span to effedepth rati@/d > 2.5and
negligible selfweight, the momeht atL. ~2d from mid-span can be calculated

as:
M :V(a—2d):Vd(%—2) (7-4)

Therefore, the Equation (7-3) can be expressed as:

f, = 0\;—&(5_ 1)< f, (MPa) (7-5)
For Equation (7-5), the shear for¥eat the critical section needs to initially be
estimated and then checked against the shear tapéeh obtained from the
current model at the end. Iterations can be perddras needed until convergence
(V= Vic1) happens. The procedure for calculation of the exjent tensile stress

of fibers of; for structural SFRC members will be discussed ictiSe (7.1.4).
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7.1.3 Calculation ofV

From Figure (7-1b), resistance from shearing aatifothe concrete compressive
block V.. can be calculated as:

Vcc = Tcu[?’le (7'6)

where,z, is the ultimate shear stress in the compressivekbivhich is subjected
to a uniform compression stress @f’.. To calculatez.,, the failure criterion
proposed byBresler and Piste1958) for plain concrete subjected to combined

normal compressive stress and shear stress wateddspe Section 2.3.1):

acu _ ﬁ 2 -
¢ )— 846( ¢ ) (2-9)

[ C

chs* =01 \/ 062+ 786(

c

where o, and 7., are the ultimate uniform compressive stress am@rshtress,
respectively.As discussed above and shown in Figure (7-1a),tHer current
model o, /f' =a4. By substitutingoe, /f’ c=as from Equation (4-7)nto Equation (2-

9), the ultimate shear stress in the compressivekbl, can be calculated as:

r., = 01f./062+786a, - 846(a, )’ (7-7)

Bresler and Pistef1958) did not indicate an upper limit Bf in Equation (2-9)
for prediction of shear strength of RC members auithstirrups. However, they
observed that the calculated shear strength froomatian (2-9) correlates well
with the test data for 21 RC specimens which hadviPla < f'. < 41 MPa
(Section 2.3.1)Dinh (2009) used thBresler and Pistef1958) failure criterion in
his model to estimate the shearing stress in cossfme zone of SFRC members
with ¢ < 55 MPa For the current study, it is assumed that Eqnafi9) is
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applicable for highef . up to 90 MPa, and model validation for SFRC specisn
with 20MPa< f' <90 MPais studied in Section (7.1.6).

7.1.4 Calculation ofVy

The fiber tension across the critical shear craefore failure depends on the
crack width which varies along the crack lengthe(§ections 6.1 & 4.5). The
number of fibers bridging the crack, fibers alignmhand the distribution of fibers
can also affect the fiber tension across the skemck Swamy and Al-Taan
1981). However, similar to the previous research.(darayanan and Darwish
1987, Khuntia et al.1999,Dinh 2009) an equivalent uniform stress distribution
or1 is proposed here to simplify the calculation pchoe (Figure 7-1b).
Accordingly, the vertical component of the steddefi tensile force can be
calculated from:

d-c f' . (7-8)

c
V. =0, b—— cosf@=0,,b——
t T sing " tang

From Section (7.1.2), the shear crack angle wasifsggk as a constant value of
6=32° based on the tests in this study. The equivalaifoun tensile stressy;
can be obtained from an analogy between the diagsimear crack and the
vertical flexural crack in the material bendingttascording toASTM C1609-05
(see Section 4.5). The observations in Sectior),(6dout widening of the critical
shear crack just before shear failure and theivelabtation of the two pieces of
the specimens around the compressive zone at pheftine shear crack support
this analogy. Based on this analogy, shear crackhwat the level of tensile
reinforcemeniCymax can be considered as similar to the crack mouéniog in
the material bending te€y. For a giverCywmax> 0.2mm an equivalent uniform
tensile stressy; can be determined from Equation (4-13b) in Sec{#b) and

then applied along the diagonal shear crack inreigt-1b):
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O =29V, fc (103—%) foilCwmax> 0.2mm (7-9)

Note that for shear critical specimens with normvalght concrete in the current
study having total height 308 mm< h < 1000mm the measure@max from
Section (6.1) are all larger than v#m (Table 7-1). From Equation (7-9), the

normalized fiber tensile streBs can be calculated as:

g
R =—+—=299- Cuvimax (7-10)

vV, .f 2

C

The values ofR; were determined for the 11 specimens in Table)(dsing
Equation (7-10). Based on the test results in 8ec6.1), for specimens with
similar total depthh and different longitudinal reinforcement ratip, no
relationship betweeRwmax0r Ry and the longitudinal reinforcement strain could
be established. HoweveGwmax increased with an increase in the total depth of
specimens fronmh=308 mmto h=1000 mm For the 11 shear critical specimens in
Table (7-1), the relationship betwe&a and h is plotted in Figure (7-3). It is
observed thalR; decreases with an increasehinThis means thd®; can represent

a size effect term in the proposed model.

In Figure (7-3), an empirical linear formula wadested as a simple fit to
facilitate calculation oR; from total depth and without the need for ustignax

directly:

_go_ N
R=3270a (B

Note that additional refinement of the empirical ugtion (7-11) may be

warranted as additional test data for the relabgnbetweernCymax0Or Ry and the

member depth in shear critical SFRC members becanakable.
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Figure 7-3: Factd¥, versus the total depth for shear critical specsnen

By using the empirical Equation (7-11) for the natired fiber tensile streds,,

Equation (7-9) folCwmax=> 0.2mmcan be rewritten as:
- h
o, =V .t (32-— ForL¢/Ds=55, and300mm < k& 1000mm (7-12
f2 f -l ( 43]) fILf ( )

For structural members with smaller height, 180 mm< h < 300mm it is
assumed thalywmax> 0.2 mm and therefore the Equation (7-9) is also appleab
Note that the crack widtlCwma=0.20 mmis still large enough to reduce the

aggregate interlock considerably.

According to the previous shear models for SFRC bers(e.gNarayanan and
Darwish 1987, Ashour et al.1992, Khuntia et al.1999), the equivalent tensile
stressor> for hooked steel fibers increases with an in@eaghe aspect ratio of
fibers Lt /Ds. Dinh (2009) adapted an empirical formula for: in which an
increase in L; /Dy results in a higher value afr. Similar to Dinh (2009)

approach, the Equation (7-12) 1o/Ds=55 can be expanded as:
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. L
o=V f(32-N )t 1 (7-13)

Commercially available hooked end steel fibers liguaave an aspect ratio
between 45 and 100. However, the reported testldasmme researchers like

et al(1992) show a limited effect of aspect ratio on siear strength when it
exceedd/Ds=60. Balaguru et al.(1992) investigated the flexural toughness of
SFRC containing hooked end steel fibers \@ifh< L¢/Ds <100and concluded that
post-crack strength was not significantly affeddgdhe change in the fiber aspect
ratio. Naaman and NajniL991) observed that increasing the embedmentHenfg
hooked end steel fibers did not significantly affde load-slip response of fibers
because the bond strength for hooked end steekfibas mainly provided by the
end hooks. Thus, in order to have a safe and siraplEnation foross, the
constant aspect ratio bf/D;=60 is assumed and applied to Equation (7-13). The

formula for the equivalent uniform tensile stresghien expressed as below:

0., =+ .f (349- 325) (7-14)

Accordingly, the equivalent uniform tensile stresg should replaceoy; in
Equations (7-2c) and (7-8). By replaciMy. from Equation (7-6) and/ from
Equation (7-8) withd=32° into Equation (7-1), the shear force capacity of a

SFRC member without stirrupé1 can be estimated as:

Vfrcl = [ Tculglc + 160f4(d -C )] b (7'15)

7.1.5 Summary of the Proposed Analytical Model

Shear capacity predictions based on the analytmalel are summarized in the
following flowchart:
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Calculate the effective fiber tensile stress

af4:1/\/f.f;(349—325) (MPa)  (7-14)

\4

Estimate the ultimate shear force at critical ®#cti |—
\Y (N)

Calculate the tensile stress in reinforcement far
members subject to concentrated load
\%

f=— (2-11)<f, (MPa)  (7-5)
09A, ' d Y
4 _ N
Calculate the depth of compression zone
Af,+0a,bh

c=—>—*— (M (7-2c)
(@.ff+0¢,)b

wherea;=0.85-0.0015f; > 0.67and $,=0.97-0.0025f;> 0.67

N y

v

4 2\
Calculate the shearing stress in the compressankbl

1, =01f,,/062+ 7860, - 846(a,)> MPa)  (7-7)

(. J/

Calculate the total shear force capacity

Vfrcl = [ Tcuﬂlc + 160f4(d -C )]b (N) (7'15)

IS Vi~ V No

Yes

Vi1 IS the predicted shear force
capacity of SFRC member

Figure 7-4: The steps of shear capacity predidiased on proposed analytical model
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7.1.6 Validation of Analytical Model for Database 6 SFRC

Members without Stirrups

In addition to SFRC specimens tested in the curstidy, a large database of
shear critical SFRC specimens without stirrups veasembled for use in
validation of the proposed analytical model. Fois thurpose, reported shear
critical specimens by several researché@mif 2009, Cucchiara et al.2004,
Rosenbusch and Teuts@®02a,Rosenbusch and Teuts@®02b, Dupont and
Vandewalle2003, Noghabai2000, Casanova and R0s4i999,Lim et al. 1987)
were reviewed. Many of these tests were also sumethbyYakoub(2011). The
analytical model was validated against a total®Epecimens which satisfied the
criteria of the proposed analytical model (Tabl®)7As stated in the introduction
of this chapter, the scope of the proposed modeioismembers with the

following limits:

* Rectangular cross section witBO mm< h <1000 mm and b 100 mm

e a/d>25

e 0.75% V; <1.5%, 45 < L¢/D¢< 100 and25mm< L¢< 60 mm(hooked end
steel fibers)

» 20 MPa<f <90 MPa

As shown in Table (7-3), the analytical shear ma\ats good predictions for the

shear capacity of slender SFRC members withoutipsrwith an average test to

predicted capacity ratite/Vi.;=1.03 andCOV=18%
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Table 7-3: Validation of proposed analytical moftelthe available database

Vfrcl
B b h d f’ c Vf Vtest Eq.(7- Vtesl
Researcher | Specimen mm) | mm) | (mm) | (vPa) Ef/z ald | L/Ds % (kN) gS() Noey
(kN)
N31 310 308 258 23 2.50 3 55 1 211 17f 1.19
N61 300 600 531 23 1.88 3 55 1 282 28[L 0.90
N62 300 600 523 23 2.55 3 55 1 242 27f7 0.87
H31 310 308 258 41 2.50 3 55 1 218 26p 1.06
Current N32 310 308 240 41 4.0% 3 55 1 281 24? 1.15
study H62 300 600 523 41 2.55 3 55 1 444 406 1.10
N10-1 300 1000 923 41 1.44 3 54 1 492 391 1.26
N10-2 300 1000 920 41 2.08 3 54 1 497 390 1{27
H32 310 308 242 80 4.08 3 55 1 458 390 1/17
H10-1 300 1000 923 80 1.44 3 54 1 646 614 105
H10-2 300 1000 920 80 2.0B 3 54 1 644 612 105
B18-l1a 152 457 381 45 1.96 3.43 5b 07871 163 1.05
B18-1b 152 457 381 45 196 343 55 0[75160 171 0.93
B18-2a 152 457 381 38 1.96 3.50 5b L 175 169 1.04
B18-2b 152 457 381 38 1.96 3.0 55 L 178 169 1.05
B18-2c 152 457 381 38 2.6/ 3.50 55 L 201 169 1.19
B18-2d 152 457 381 38 2.6/ 3.50 55 L 147 169 0.87
B27-1a 203 686 610 51 2.00 3.50 5b 0j75 363 326 111
B27-1b 203 686 610 51 2.00 3.50 55 075 334 326 31.0
B27-3b 203 686 610 42 1.56 .50 55 0[75 339 284 911
B18-3a 152 457 381 31 267 3.43 5b 1.5 149 165 0.90
B18-3b 152 457 381 31 2.6/ 3.43 55 15196 165 1.18
Dinh (2009) B18-3c 152 457 381 45 2.6/ 3.43 5§ 15191 216 0.88
B18-3d 152 457 381 45 2.6/ 3.43 55 115190 216 0.88
B18-5a 152 457 381 49 267 3.43 8D 1173 201 0.86
B18-5b 152 457 381 49 2.6/ 3.43 80 L 219 201 1.09
B18-7a 152 457 381 43 196 3.43 8D 0J78.92 166 1.16
B18-7b 152 457 381 43 196 3.43 80 0[75.89 166 1.14
B27-2a 203 686 610 29 2 3.5 8( 0.5 349 2201.58
B27-2b 203 686 610 29 2 3.5 8( 0.5 341 220 1155
B27-4a 203 686 610 30 1.56 3.50 80 0j75 267 2?5 81.1
B27-4b 203 686 610 30 156 3.50 80 0[75 2p2 225 90.9
B27-5 203 686 610 45 2.00 3.50 5% 115 482 383 1.13
B27-6 203 686 610 43 2.00 3.50 8 115419 371 1.13
Rosenbusch 1.2/4 200 300 260 48.3 356 3b 6y 0[/6 155182 0.85
&Teutsch 2.3/3 200 300 262 38.7 1.15 2.1 67 0.6 108 144 0.75
(2002) 2.4/3 200 300 260 38.7 1.81 2.1 67 0.6 144 143 1.01
2.6/3 200 300 260 40.3 1.81 4 67 0.76 117 168 0.70
Noghabai 9 Type C 200 500 410 68.4 3 2.9 86 0.7 339 291 1.17
(2000) 10 Type C 200 500 410 86 3 2.9 86 0.7 292 341 0.86
4 Type D 300 700 570 68.4 2.9 3 86 0.76 510 501 1.p2
Lietal. 1 127 229 203 22.7 2.2 3 60 1 79 59 1.33
(1992) 2 127 229 203 26 2.2 3 100 1 79 65 1.21
c2 152 22¢ 197 29.¢ 132 | 2.8 6C 0.78 | 6C 74 0.81
Mansur E2 152 229 197 20.6 134 2.8 6 0./545 58 0.77
(1986) E3 152 229 197 20.6 2 2. 60 0.Y560 58 1.03
F3 152 229 197 334 2 2. 60 0.7586 80 1.07
Lim et al. 4/1.0/2.5 152 254 221 34 239 2H 60 L g2 98 0,84
(1987) 4/1.0/3.5 152 254 221 34 239 3H 60 L q7 103 0.66
Cucchiara et -
al. (2004) Al10 150 250 219 40.9 1.9 2.19 6 96 110 088
Casanova& <
Rossi(1999) HSFRC1 125 250 225 90 357 29 60D 1.3 1654 177 0.87
18 20C 30C 262 38.€ 1.1t | 2.E 6E 0.78 | 10¢ 143 0.7€
Dupont & 27 20C 30C 262 27.2 1.15 | 2E 45 0.78 | 12C 11F 1.0¢
Rossi 30 20C 30C 26( 27.2 1.1¢ | 2. 45 0.78 | 12C 114 1.0¢
(2003) 21 20C 30C 26( 38.€ 1.1¢ | 2. 6E 0.78 | 144 142 1.C1
4 20C 30C 26( 47.€ 358 | 3. 6E 0.78 | 15E 17¢ 0.8€
Average 1.03
COoVv 18%
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7.2 Simplified Shear Design Model

In this section the proposed analytical model fsmuation (7.1) is simplified to be
more suitable for design purposes and to elimitieateration in the flowchart in
Figure (7-4). The scope of this design model is douctural members which
satisfy the same criteria indicated for the aneftimodel. The process of
simplification includes different stages which asglained below. The simplified
design model is validated against the databasellgfcted test results in Table (4-
3) and compared with design models proposed by otisearchers.

7.2.1 Simplification of Analytical Shear Model

For the compressive strength range indicated ferdiwrent modef’ .=20~90
MPa, thea; from Equation (4-7) is between 0.82 and 0.72. Aoy this range of
ay into Equation (7-7) gives an ultimate shear streggsacity of compression
block of 7, =0.117f. ~0.137f .. However, for a simple estimation d. an
ultimate shear stress at the lower limitzgf =0.117% ; is adopted for the current
design model. For high strength concrete Witgh> 70 MPa(a; < 0.79, therg,
from Equation (2-9) will be slightly higher th&an117f;, but due to the cleavage
of aggregates in the high strength concrete untatectdshear (Section 4.3), the

samerg, =0.117% . is used here.

For the analytical model in Section (7.1), Equati@h2c) was developed to
calculate the compression zone deptkrom the calculations af performed for

the 56 SFRC specimens in Table (7-3), it was oleskthat with a slight error
(COV=5%), Equation (7-2c) yields values which are an average of 1.20 times

those obtained from the same equation takipgO:

f +0.,bh
o= Al FOubN oy A (7-16)
(o fB+to, ) a,f.pb
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According to Equation (7-5), in all 56 SFRC speannén Table (7-3) the tensile
reinforcement at the critical shear section did yietd. Steel stress values were
calculated betweenfs=0.35f, and f=0.97f. Most specimens included
commercially available steel reinforcing bars with0 MP& f, <450 MPa For
simplicity and in order to avoid the iteration pess due to estimation &f in
Equation (7-5) (see Figure 7-4), an averkg8.67f and a typical reinforcement
steel withfy, = 400 MP has been assumed at the critical shear sectiothéor
current design model. As discussed in Section Z),.1he critical shear section
was assumed to occur at a distanc2dfrom the section with maximum flexural

moment.

When the tensile reinforcement strésshanges, the compression zone depth will
be affected. For instance, a decreasé; im Equation (7-16) will decrease the
compression zone depth A smallerc will decreaseV,. (Equation 7-6) and
increaseVy (Equation 7-8), but the total shear capad®iy; (Equation 7-15) will
not be affected considerably. By applyifig0.67(400)=268MPa into Equation

(7-16), the compression zone depttan be calculated as:

320A,
c= ;
a, fBb

7-17)

Using 7y =0.117 f'c and compression zone depthfrom Equation (7-17) in
Equation (7-6) will result in:

_ 3744pbd
al

V.

cc

(7-18)

Substitutingc and o from Equations (7-17) and (7-14), respectivelytoin
Equation (7-8) yields:
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- ~ _h _ 3200 ]
V, =V .f (558 227 ) — d (7-19)

The total shear capacity for the design modgh ¥an be obtained by adding
(Equation 7-19) t&/cc (Equation 7-18):

3744p : h 3200
V.., = +, V.t (558-——)(1- . bd 7-20
frc2 |: 0,1 f fc ( 247 )( al fcﬁl ):| ( )

Equation (7-20) is relatively simple and can beilgassed without iteration to

estimate the shear capacity of slender SFRC membirsut stirrups.

7.2.2 Validation of Proposed Design model

The simplified design Equation (7-20) was used redjet the shear capacity of
the 56 specimens previously reported in Table (713)e Vies{Virc2 ratios are
shown in Table (7-4). While the proposed design eh@&lsimple and easy to use,
it yields Viest Virc2 =1.07 and a coefficient of variation €€0OV=17% which are
comparable t&/est/Vic1 =1.03 andCOV=18%for the general analytical model in
Section (7.1). Meanwhile, these statistics are pamable to the available
statistics of widely accepted models suchA&d 318-08model for RC members
without stirrups and without fibers. Reineck et g&003) showed that for a
database of 361 slender RC specimens without gsiramd without fibersACl
318-08Equation (2-4b) yields an averadgs:/Vmode=1.43 andCOV=32%

The accuracy of the proposed design model (Equatigf), was also compared
to seven SFRC shear models proposed by other chsear TheViest Vmodel
results are shown in Table (7-4). These seven modelude:

* Yakoub(2011) (the modifiedCSA A23.3-04nodel for SFRC members)
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» Dinh (2009)

* Kwak et al.(2002)

* Khuntia et al.(1999)

* Ashour et al.(1992)(using a modifiedZsutty 1968 model for SFRC
members)

* Narayanan and Darwisil987)

« Sharma(1987)

The details and the locations of the critical s®cin shear for these models are
described in Section (2.3). Furthermore, the speadictions ofACI 318-08and
CSA A23.3-04nodels for RC members without fibers are showitable (7-4).
The ratioViest /Vmogeifor ACI 318-08andCSA A23.3-0O4vere already discussed in
Section (6.2.2) to show the shear capacity enhaeceiue to the addition of

steel fibers to RC members.
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Table 7-4: Comparing the accuracy of proposed dasigdel with other published models

Vtesllvmode\
é o 2 | 55| © g5 © S g
Researcher S 29| 2 |58 |=3| %Y |§ 2R EQ| & | <& | Ve
2 2o| T |xo|EZ| 530 |59 82| ™ N Vire2
& S8 £ |88 (27| 22 (82|52 g | ©F
a | < ¥ o) a9 Z 3 <
N31 140| 141] 106 1.81 132 114 187 3p9 2016 171
N61 107| 085 068 1.08 08 074 082 108 165 860.
N62 | 098| 082] 062 1.06 0.7 06Ff 080 193 150 790.
H31 148| 164] 119 178 154 134 186 3b5 2P8 101
Current N32 143| 1.78] 1.14 194 143 12p 147 3B3 2p0 111
study H62 143 133[ 006 145 126 100 110 265 219 071
N10-1 | 1.25| 0.90] 069 091 09 077 069 1l66 1193 1.19
N10-2 | 1.17| 0.85 069 092 085 073 O0y0 168 1)80 1.05
H32 178| 2.76] 143 224 198 16b 170 409 2j74 271
H10-1 | 1.29] 115 0.74 086 107 08D 0p5 156 1/98 1.19
H102 | 1.18| 1.06| 068 086 095 076 0p5 156 181 1.06
B18-1a | 1.50| 1.49] 1.29 168 150 136 114 2|64 2|28 1.11
B18-1b | 1.49| 1.39] 121 150 149 127 1p6 2l47 214 1.04
B18-2a | 1.63| 1.45 129 161 156 130 1p7 2|94 2|50 1.13
B18-2b | 1.66| 1.47] 132 164 158 132 1.p9 2|99 2|55 1.15
B182c | 1.72| 165 139 185 161 140 146 337 2|65 1.24
B18-2d | 1.26| 1.21] 1.0l 1.35 118 102 1.p7 2|47 1|94 0.90
B27-1a | 1.73| 145 129 15p 158 129 1p7 2/46 247 1.24
B27-1b | 159| 1.33] 119 140 141 119 0p8 2|26 2|27 1.14
B27-3b | 1.85| 148 134 156 168 135 1.0 2|53 265 1.35
B183a | 1.20| 1.14] 094 124 106 089 119 277 2/11092
B18-3b | 158| 151] 1.19 1.68 138 117 157 3|64 2|77 1.21
Dinh (2000) | B183¢ | 134] 137] 104 13p 126 106 L1p7 294 235095
B18-3d | 1.33| 1.37] 109 131 126 105 106 2|93 2|34 0.95
B185a | 1.19| 1.11] 09§ 116 11B 095 110 2|56 2|06 093
B185b | 151| 1.41] 129 147 148 121 140 3|23 2/61 1.18
B18-7a | 1.65| 1.37] 1.3 150 16D 1.33 1Bl 3|03 2/611.28
B187b | 1.63| 1.35] 128 157 157 130 109 2|98 2|57 1.26
B27-2a | 1.86| 1.25| 1.9 166 14y 1723 1B6 3|13 2|93 1.54
B27-2b | 181| 1.23] 124 161 14h 121 183 3|06 2|86 1.50
B27-4a | 1.50| 098 1.00 124 12p 098 1p2 2|36 2|36 1.24
B27-4b | 124| 081 083 108 10L 082 0B5 1|96 1|96 1.03
B275 | 1.76| 145 121 139 147 11B 185 3l11  3/08 1.26
B27-6 | 1.49| 1.13] 099 110 1.2 094 184 3J09  3j04 1.25
Rosenbusch | L.2/4 | 1.10| 1.33| 1.04 146 128 1.0B 111 257 1/66 0.87
&Teutsch 23/3 | 097 | 1.05| 074] 119 1164 09% 0.49 108 1.6 0.80
(2002) 24/3 | 1.15] 1.30| 089 151 134 116 146 267 174 1.02
26/3 | 1.14 | 1.05| 1.12] 12d 124 108 095 202 171 0.81
Noghabai | 9TweC | 138 | 157| 104] 151 144 123 134 2p9 2.3 1.20
(2000) 0TpeC | 1.09 | 1.36] 0.81] 1.4 119 098 095 280 176 0.93
aTyweD | 111 | 1.13| 0.78] 1.1d 104 090 090 2.6 179 .00
Lietal 1 157 | 157| 1.22] 203 154 13p 160 3B3 248 133
(1992) 2 125| 1.13| 0095 1.43 118 098 149 358 2[5 122
C2 108| 1.11] 087 131 122 108 090 2019 158 404
Mansur E2 093] 090 072 118 1.00 0.8# 081 198 135 80.]
(1986) E3 112| 1.14] 087 158 116 100 108 264 163 1 1
F3 133| 1.43] 109 1.7f 149 13 121 2096 1p4 9 1
Limetal. | #/1.0/25| 1.00] 1.14 073 138 106 092 100 252581 084
(1987) 4/1.0/35| 093] 093 082 108 096 082 0B9 205471 068
Cucchiara2004 | A10 123 | 1.33| 097 144 134 114 112 2[4 1p4 920.
Casanoval999| HSFRC1| 1.38| 222 112 16D 158 134 143 347 2/36098
18 105| 1.08] 075 1.15 117 09F 079 199 157 00.4
27 144| 158| 1.03 1.7% 158 137 105 263 108 7 1
R%igf?ZtOg(L)B) 30 144| 159] 1.03 1.76 158 137 106 265 1P8 8 1
21 140| 145| 1.00 154 156 120 1.06 267 2p9 8 1
4 121| 1.36] 1.07] 150 124 110 112 259 1B0 0.88
Average 136| 1.32] 1.0J 148 131 111 1.3 267 421 1.07
Ccov 19% | 25% | 21% | 21% | 19% | 20% | 22% | 22% | 20% | 17%
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As shown in Table (7-4), the models frdthuntia et al.(1999),Yakoub(2011),
Dinh (2009), andAshour et al.(1992) give conservative predictions of shear
capacity with averag®iest Vmodel ratios equal to 1.43, 1.36, 1.32 and 1.31,
respectively. Th®inh (2009) model shows a relatively high sca@€&V=25%in
shear estimation for the 56 SFRC specimens in T@kg.However, some of the
specimens in Table (7-4) do not fit into the linina of f' . <65 MPathat apply to
the Dinh (2009) model. By excluding the specimens wit»>55 MPa from the
databasethe Dinh (2009) model still gives relatively conservativeimations
with an averag®iest Vmodei=1.27 andCOV=19% TheKwak et al.(2002) and
Sharma(1986) models show good results for the averdgg /Vmodel ratios but
with relatively large scatteilCOV>20%). The results in Table (7-4) indicate that
about 1/4 of the&Kwak et al.(2002) predictions over-estimate the shear capacit
considerably with 0.62 Vies{Vmodet <0.85 and therefore give non-conservative
estimations for shear strength of SFRC memberdéndatabase. Among the
SFRC models from previous research in Table (Th4¢)Narayanan and Darwish
(1987) model withViest /Vmogel =1.11 and COV=20% gives relatively more
accurate predictions; however, the shear predistamtording to thé&larayanan
and Darwish(1987) model show a larger scatter compared t@tbposed design
model with Viest V2 =1.07 and COV=17% About 15% ofNarayanan and
Darwish (1987) predictions over-estimated the shear c@paocnsiderably with
0.6% ViesfVimodel<0.85, while 12% of the proposed design model (Eqoat-20)
predictions had 0.68Vies{Vi2<0.85 (Table 7-4).

To further compare the accuracy of the proposetgdasodel (Equation 7-20)
and theNarayanan and Darwisi{1987) model, as well as their sensitivity to
different variables, Figures (7-5), (7-6), (7-7hda(7-8) plot the ratidviest /Vmodel
versus effective deptld, tensile reinforcement ratip, concrete compressive
strengthf'c, and fiber volume fractioV;, respectively. The symbols with light
color in Figures (7-5) to (7-8) represent the ndrmeeight shear critical
specimens tested in the current study. For thedattbase in Table (7-4), the

parametersd, p, fc, and V; had relatively wider ranges compared to other
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parameters such asd. According tokang and Kim (201Q)he slope (steepness)
of a linear regression betwe¥gs:/Vmodeiand an independent variable can be used
as a statistical indicator for evaluation \gs: /Vmodel SENSItivity to that variable.
Note that the proposed analytical model (Equatieh5) and design model
(Equation 7-20) in this study yield similar resuligerm ofViest/VimogelfOr the test
database in Tables (7-3) and (7-4). Therefore, onky of them, i.e. the design
model (Equation 7-20) was considered for compargagainst théNarayanan and
Darwish (1987) model in Figures (7-5) to (7-8).

Figure (7-5) indicates that the rafi.s: /Vimodel fOr the Narayanan and Darwish
(1987) model is sensitive to the changes in thecéffe depthd. As shown in
Figure (7-5a) this model gives non-conservative estimations foe shear
capacity of large size members especially thosen wit1000 mm (0.73<
Vies{Vmodei< 0.80). However, Figure (7-5b) shows that the psmgl design model
(Equation 7-20) is less sensitive to the changed amd with a different trend
compared to théNarayanan and Darwisl{1987) model. With a decrease Im
especially wherh < 300 mm the average rati®est /Vmodel decreases for the

proposed design Equation (7-20).

According to Figure (7-6), the ratides: /Vimogel fOor the Narayanan and Darwish
(1987) model shows some level of sensitivity to ttteanges in the tensile
reinforcement ratiop. With an increase irp, the average ratio/iest /Vimodel
increases for theNarayanan and Darwish(1987) model, while very low
sensitivity is shown for the proposed design moBet. both models in Figure (7-
7), no significant sensitivity iViest /Vimodel IS Observed due to the changes in
concrete compressive strendtp=20~90 MPa. However, for theNarayanan and
Darwish (1987) model, the averad&.s:/Vmodel decreases slightly with a decrease
in f'. Furthermore, the slope of the regression lineBigure (7-8) indicate that
the ratio Viest /Vmodel fOr the Narayanan and Darwisi{1987) model is slightly

sensitive to the changes in fiber cont¥ht0.75~1.5%. For the proposed design
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model in Figure (7-8a), very low sensitivity West /Vmodel IS Observed due to the

changes in fiber content.
The discussions in this section indicate that amtbegSFRC shear models shown

in Table (7-4), the proposed design model (Equafi€#0) is the most accurate

model with a relatively low sensitivity to differewariables.
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Figure 7-5: The rati®iest/Vimodeiversusd for the proposed design Equation (7-20)
andNarayanan and Darwisfi1987) model (Note: the symbols with lighter color
indicate the specimens from the current study).
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Figure 7-6: The rati®/iest/Vimodelversusp for the proposed design Equation (7-20)
andNarayanan and Darwisi1987) model (Note: the symbols with lighter color
indicate the specimens from the current study).
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color indicate the specimens from the current study
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8. Shear Strength of Structural Lightweight SFRC
Members:
Results, Discussion, and Shear Modeling

The ultimate shear capacity and failure mode of €hdightweight SFRC

specimens are shown in Table (8-1). This table shilvat 3 specimens failed in
shear while the other 3 specimens had flexurauf@d. In this chapter, the
behavior of each group of tested specimens withsttree depth is studied. The
crack development, failure mode, load-deflectiosponse, load-steel strain
response and load-crack width response for eachipgmf specimens are

investigated. The deflection and maximum crack kidf the specimens at the
service load are established. The influences of peendepth and longitudinal

reinforcement ratio on the shear strength of lighglit SFRC specimens are also
investigated. The observed shear capacities ofwiglght SFRC members are
compared tAACI-318-08and CSA A23.3-04redictions for similar RC members
without fibers. Based on the test results for hggight SFRC members, the shear
models from Chapter 7 are modified to account fa@ toncrete density. The
details of test results for each lightweight SFRé2cmen can be found in

AppendixB.

Table 8-1: Test results for lightweight SFRC spemis

Vtest
. b h d fe y p Failure | Punax® | Vees™ | 770,
Specimen | ooy | (mm) | (mm) | (MPa) | (kg/m®) | % | Type | (kN) | (kN) J f.bd
(MPa)
L31 310 | 308 | 258| 22 1900| 1.88 Sheaf 405 203 0.54
L32 310 | 308 | 258| 31 1930| 2.50 Sheai 595 298 0.67
L61 300 | 600 | 550| 30 1920| 091 Flexute 497 252 0.28
L62 300 | 600 | 550| 30 1920| 121 Shéai 612 310 0.34
L10-1 | 300 | 1000| 950| 31 1930 053 Flexute 532 217 017
L10-2 | 300 | 1000| 950| 31 1930 0.7 Flexule 692 357 0.22

* The maximum applied load at mid-span

**The maximum shear force during test includinghseight at a sectio@d from mid-span

++ These specimens approached their shear and flecapatities simultaneously (see
Section 8.1)
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8.1 Behavior of Lightweight SFRC Specimens without
Stirrups

8.1.1 Specimens witih=308 mm(L31, L32)
8.1.1.1 Crack Development and Failure Mode

The crack patterns after failure of the shearaaitspecimens withh=308 mm
(L31, L32) are shown in Figure (8-1). For both specimelexufral cracks near
mid-span were detected first during initial loadggs. Then, new flexural cracks
formed in the shear spans and curved diagonallardsvthe loading point. The
diagonal crack widths gradually increased as thpliegh load at mid-span
increased. At the last stages of loading befordar&iP > 0.9 Ry,y), an existing
diagonal crack rapidly widened and extended upwsardbe loading plate. The
widening of the critical shear crack caused a indatotation of the two pieces of
the specimens around the compressive zone at thertd of shear crack. A
combination of this rotation with the shear stressried by the uncracked
concrete caused a significant compression straithencompressive zone. The
shear failure occurred when the compressive comcreished at the area between
the top of the diagonal crack and the edge ofdhdihg plate at mid-span (Figure
8-1). No significant flexural cracks or concretestting in the compression zone
at the top of the flexural cracks at mid-span whaseoved prior to the shear

failure.

The curved shapes for the primary diagonal crankergepted the longitudinal
reinforcement at considerable distance®.95 9 from the support plates,
confirming that the shear failure was represent¢ati¥ “sectional” shear model
behavior rather than arch action. During the sHea#dure, cracking along the
longitudinal reinforcement towards the support oegiwas also observed in
specimend.31 after compressive concrete crushing.
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Swamy et al. (1993pbserved that lightweight RC members without spisr
experience a single diagonal crack followed by ittlérshear failure and tensile
splitting along the longitudinal reinforcement; $amn to the crack patterns seen
in the specimen&31 and L32 in the current study (Figure 8-1wamy et al.
(1993) observed multiple inclined cracks in lightweighHtF8C members withv;
=1% followed by development of an existing inclinechck at shear failure.
However,Swamy et al. (1993kported that the final critical shear crack ieith
specimens cut across several other diagonal ctheksad formed earlier in the
loading history. They also reported that steelrBb&ppeared to reduce the bond
cracking along the tensile steel and the amourbaotrete spalling in the vicinity

of the support.

Concrete C Crushln' —

)

cw_o 82 m

L.=530mm=2.05d

a) Specimem.31: h=308 mm, =22 MPa,p=1.88 %

e e
L 55187 mm= 072
EFaLuR)
gty

- eﬁ

o ‘/J 34 | ) ":l T
L.=530mm=2.05 |

b) Specimen.32: h=308 mm, £=31 MPa,p=2.50 %
Figure 8-1: Crack pattern after shear failure fghtweight SFRC specimens with

h=308 mm Size of grid on the specimen surface is a0

As explained in Section (6.1.1.1), the average kcsgaacingS at the mid-depth
level was determined by considering all the digtinclined cracks at the shear

failure which propagated beyond the specimen mputkddevel at an angle
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between 0 and 75 degrees with respect to the lotigal axis of the specimen.
The average crack spacifat the mid-depth level are shown in Figure (8+id a
summarized in Table (8-2). As shown in Figure (8the number of inclined
cracks in specimeh32 which extended beyond the specimen mid-depth et th
shear failure were fewer than in specimedi, and therefore the average crack
spacing forL32 (S=0.72d was larger than that &f31 (S=0.41¢g. Swamy et al.
(1993)reported that lightweight SFRC specimens exhib#edncreased number
of both flexural and shear cracks at closer spacdomgpared to the similar
lightweight RC specimens without fibers. A simitaend was also observed for
the crack spacing in the normal weight SFRC spetama the current study
(Section 6.1).

Table 8-2: Crack observations for lightweight SFE@cimens witth=308 mm

. b d fe P Failure 6 Cwmax L S
Specimen (mm) | (mm) | (MPa) % Type (degree)| (mm) [ (mm) | (mm)
L31 310 258 22 1.88 Shear 34.8 1.1 530 106
L32 310 258 31 2.50 Shear 323 0.9p 530 187

For each specimen in Figure (8-1), the distancen fraid-sparlL. of interception
point of critical shear crack with the longitudirstkel is shown. The results oy
are also summarized in Table (8-2). For both spens, regardless of differences
in f¢ and p, a similarL. =2.05d was observed. The crack wid@wmax Of the
critical shear crack at the level of longitudinalnforcement just before failure
was determined by using the data obtained fromdilggal image correlation
measurement system. The results @gmax are shown in Figure (8-1) and
summarized in Table (8-2). The values@fmax for lightweight specimenk31
and L32 are comparable to the observed crack widths fomabweight SFRC
specimens with=308 mmin Table (6-2). The load-crack width response for

specimend.31andL32is discussed in Section (8.1.1.4).
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The idealized critical shear crack angk is shown in Figure (8-1) and
summarized in Table (8-2). Regardless of the diffees inf;’ or p, a similar@
was observed for specimebn31 andL32. Note that the range @ for lightweight
concrete specimenis31 and L32 was similar to that observed for the normal
weight SFRC specimens witi=308 mmin Table (6-2).

8.1.1.2 Load-Deflection Response

The load-deflection response of the lightweight EFpecimens with total depth
of h=308 mmis shown in Figure (8-2). The lightweight SFRC gpeens in this
group did not exhibit a sudden or large changdagfesin the load-deflection plot
at the initiation of flexural cracking. A non-lineaelationship with gradually
reducing slope was observed for specimeds andL32 up to the ultimate load
where the load-deflection response started to é@xhilplateau, mainly due to
yielding of the longitudinal reinforcement shown kigure (8-3). After some
additional deformation in specimdrB1 and L32, a significant diagonal crack
formed leading to a shear failure. In both specsnensudden and large drop in
load was recorded at failure due to concrete cngsim the region between the
top of the diagonal crack and the edge of the lapgiate at mid-span (Figure 8-
1). No wide flexural cracks or concrete crushingha compression zone at mid-
span was observed prior to the shear failure. Hewdke load-deflection plateau
at ultimate load due to reinforcement yielding atd4span indicates that
specimend.31 andL32 were both approaching their flexural and sheaaciies
simultaneously. The maximum deflections at mid-spafore shear failure for

specimens.31 andL32were 16.Immand 16.3nm respectively.
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Figure 8-2: Load-deflection response at mid-spanidgbtweight SFRC
specimens witlh=308 mm

8.1.1.3 Load-Steel Strain Response

The load-steel strain response at mid-span fodighgweight SFRC specimens
with h=308 mmis shown in Figure (8-3). An almost linear relagsbip was
observed for specimens31 andL32 up to the ultimate load, where the load-steel
strain response started to exhibit a plateau dugeioing of the longitudinal
reinforcement. As shown in Figure (8-3), for spemmi.32 with both higherf,

and p compared to specimdrB1, a larger slope in the load-steel strain response

at failure was observed.
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Figure 8-3: Load-steel strain response at mid-$palghtweight SFRC
specimens witlh=308 mm

8.1.1.4 Load-Crack Width Response of Shear Criticabpecimens

The load-crack width response for shear criticacapend_31 andL32 is shown

in Figure (8-4). As explained in Section (6.1.1.#)¢e crack widthCy was
measured for the critical shear crack at the let¢he longitudinal reinforcement
(see Figure 8-1) by using the data obtained frogitaliimage correlation system
and the comparator gauges. A non-linear relatignstith gradually reducing
slope was observed in both specimens up to 90%a&fmum applied load before
shear failure. It was observed that in the lasgestaf loading just before shear
failure, the crack widths increased suddenly amdhed large values compared to
the crack widths recorded at 90% Rfax (seeCwmax values in Table 8-2). As a
result of this large increase of the crack widths, aggregate interlock is reduced
significantly. Meanwhile, from a structural behavipoint of view, the crack
widening in lightweight SFRC members prior to shialure can be important,

since it provides warning about imminent shearufail The large increase of
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crack widths before failure can be attributed te flullout of fibers from the

concrete matrix due to the tension between thecadjacrack surfaces. Note that
the pullout of fibers out of the lightweight matnxas evident after shear failure
(Figure 8-5). In contrast to the fracture of aggteg in the direct shear test
(Figure 4-7 in Section 4.3) no extensive fracturdightweight aggregates was
indicated. This confirms that before shear failuhe, fiber pullout due to tension

between crack surfaces was the dominant mode ridiiepure shear dislocation.

800
132
700 + f'.=80 MPa
< 500 -
o
. 400 | (a1
© 300 f'.=22 MPa
p=1.88 %
200 -
100 -
O T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Crack Width C,, (mm)

Figure 8-4: Load-crack width response fatical shear crack at level of
longitudinal reinforcement in lightweighERBC specimens with=308 mm
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Figure 8-5: Critical shear crack after failure &typical lightweight SFRC

specimen.

8.1.1.5 Deflection and Crack Width at SLS

According to the procedure explained in Sectiod.65), an equivalent service
load S =0.48 PnaxWas used to determine the SLS deflection and cnadths for
the specimenk31 andL32in Table (8-3). All relative deflection values &rgice

load d/L were lower than the common deflection limitldB860 for RC members

under live load aloneACI 318-08.

Table 8-3: Deflection and crack width of lightweid@FRC specimens with=308 mmat SLS

. Behavior at SLS
Failure 0.48Rax -
. Mid-span Max. Crack
Specimen|  Type fro(rl‘:,\f)eSt Deflection 8 BIL Width
mm mm
(mm) (mm)
L31 Shear 194 2.31 0.0015 0.06 (flexurs
L32 Shear 286 2.90 0.0019 0.13 (shear

~
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The detected cracks at SLS for specirh8t were all very narrow flexural cracks
near the mid-span. However, for specimed®, both flexural and diagonal shear
cracks were observed at SL¥he crack control factorz (see Section 6.1.1.5)
indicated that the crack widths for specimd3l (z=19250 N/mm and L32
(z=17490 N/mmare expected to be within the acceptable rangeldsign of RC
members with interior exposure(30000 N/mm

8.1.2 Specimens witlh=600 mm(L61, L62)

8.1.2.1 Crack Development and Failure Mode

The crack patterns after failure of the lightwei@RRC specimens with=600
mmare shown in Figures (8-6) and (8-7). Specirhéf with p= 1.21%failed in
shear (Figure 8-6), while specimefl1 with p= 0.91% failed in flexure (Figure
8-7). For both specimens, flexural cracks near spidn were detected first during
initial load stages. Then, new flexural cracks fedmin the shear spans and
curved diagonally towards the loading point. Thagoinal crack widths gradually

increased as the applied load at mid-span increased

For shear critical specimér62, the crack development before failure was similar
to that observed for specimens with308 mmin Section (8.1.1.1). An existing
diagonal crack rapidly widened and extended upwtrdbe loading plate at the
last stages of loading before failufe ¥ 0.9 Rya,). After widening of the diagonal
shear crack, a relative rotation of the two pieoéghe specimen around the
compressive zone at the top end of shear crackobssrved. This rotation and
the shear stress carried by the uncracked conaatesed a significant
compression strain in the compressive zone, foltblwg a shear failure due to
concrete crushing in the region between the tap@tiagonal crack and the edge
of the loading plate at mid-span. At shear failanel after compressive concrete

crushing, cracks also extended along the longialdi@inforcement and stopped
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at the support region (Figure 8-6). No concretesiting in the compression zone
at the top of flexural cracks at mid-span was oleprior to the shear failure.
The primary diagonal crack intercepted the longitad reinforcement at
considerable distanc®.91 g from the support plates, confirming that the shea

failure was representative of “sectional” shear eidaehavior rather than arch

action.

3 JE A ‘,_1,_: = —t-k:-—v-iﬁv:f

g o3 =
Concrete $=183 mm=0.33d
Cru £ :

L=1150mm= 2 09 d

Figure 8-6: Crack patterns after shear failure $pecimerL62 with h = 600 mm
=30 MPa andp=1.21 % Size of grid on the specimen surface is &0

For specimen61 (Figure 8-7), no significant diagonal crack waseyged before
or during the failure. The flexural failure occutrevhen the existing flexural
cracks near mid-span extended upwards to the Iggdate, and a large increase
in crack widths, steel strains and specimen deflecvas observed, followed by
concrete crushing in the compressive zone unddo#ting point at mid-span.

Figure 8-7: Crack pattern after flexural failure gpecimen61 with h=600mm
=30 MPa, andp= 0.91 %.Size of grid on the specimen surface is 100 mm.
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For shear critical specimdr62 in Figure (8-6), the idealized critical shear &rac
angle 0, the crack widthCymax Of the critical shear crack at level of the
longitudinal reinforcement just before failure, eage crack spacingat the mid-
depth level, and the distance from mid-spgnof interception point of critical

shear crack with the longitudinal steel are shown.

The average crack spacing for specirh68 wasS=0.33dwhich is lower than the
range seen for lightweight SFRC specimens WitB08 mm(S=0.41d~ 0.729 in
Figure (8-1). As shown in Figure (8-6), for speamies2, the L.=2.09d was
similar to the observedd.=2.05dfor specimens witih=308 mm(Section 8.1.1.1).
Also, the idealized critical shear crack an§le 29.2is comparable to the range
6 = 32.3~34.8 for lightweight SFRC specimens witi+308 mm

8.1.2.2 Load-Deflection Response

The load-deflection response of lightweight SFRE€capens with total depth of
h=600 mmis shown in Figure (8-8). Similar to SFRC specimaith h=308 mm

the SFRC specimens witir600 mmdid not exhibit a sudden or large change of
slope in the load-deflection plot at the initiatiohflexural cracking. A non-linear
relationship with gradually reducing slope was obsé for specimem62 up to
the ultimate load where the load-deflection respostarted to exhibit a plateau,
mainly due to non-linear behavior of the longitiadimeinforcement shown in
Figure (8-9). After some additional deformationspecimenL62, a significant
diagonal crack formed leading to a shear failutee faximum deflection at mid-
span before shear failure was 36 In this specimen, a sudden and large drop
in load was recorded at failure due to concretshing in the region between the
top of diagonal crack and the edge of the loadiat¢epat mid-span (Figure 8-6).
No significant flexural crack or concrete crushinghe compression zone at mid-
span was observed prior to the shear failure. Hewdke load-deflection plateau
at the ultimate load due to reinforcement yieldeigmid-span indicates that
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specimen L62 was approaching both its flexural and shear -cépaci

simultaneously.

The load-deflection response for speciniéi started to exhibit a plateau after
reaching the ultimate load, mainly due to vyieldimj the longitudinal
reinforcement shown in Figure (8-9). In this spemimno significant diagonal
crack was observed. The flexural failure occurredemv large increases in
deflection at mid-span were observeéd%3.2 mm), followed by a drop in the

load due to concrete crushing in the compressive zmder the loading point at

mid-span.
700 L62
600 - '.=30 MPa
p=1.21%

=" 500 - —
< L61
g 2007 =30 MPa
© 300 - p=0.91 %
@®©
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Figure 8-8: Load-Deflection response at mid-sparifiitweight SFRC
specimens witlh=600 mm

8.1.2.3 Load-Steel Strain Response

The load-steel strain response at mid-span foris@es with total depth of

h=600 mmis shown in Figure (8-9). The mid-span load-stna@sponses of the
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reinforcement for specimens1 andL62 both started to exhibit a plateau after
reaching the ultimate load, due to yielding of kvegitudinal reinforcement. The
differences in behavior and failure mode ld#1 compared ta_62, both with
fc=30 MPa, can be attributed to the lower reinforcementorati L61 which

resulted in higher reinforcement strains at simad levels compared t62.

600

500 A L62
2400 | f'.=30 MPa
x p=1.21% \
% 300 The strain gauges
© 200 L61 became unbonded
et f =30 MPa

100 - p=0.91%

0 T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Steel Strain at Midspan ( pe)

Figure 8-9: Load-steel strain response at mid-$palghtweight SFRC
specimens witlh=600 mm

8.1.2.4 Load-Crack Width Response of Shear CriticabpecimenL62

The load-crack width response for shear criticalcapenL62 is shown in Figure
(8-10). The crack widthCywmax increased gradually up to about 90% of the
maximum applied load before shear failure. Sintitethe behavior of lightweight
SFRC specimens with=308 mmstudied in Section (8.1.1.4), in the last stades o
loading just before shear failure the crack widtltseased dramatically, reaching
large values compared to the crack widths recorate®.Pnax (S€€ Ciwmax iN
Figure 8-6). As a result of this large increasahef crack widths, the aggregate

interlock is reduced significantly. By comparing thalues ofC\wmaxin Figures (8-
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6) and (8-1), one can observe tlaimaxincreases with an increase in specimen
height fromh=308 mmto h=600 mm As explained in Section (8.1.1.4), the large
increase of crack widths before failure can belatted to the pullout of fibers out
of the concrete matrix due to the tension betweeratljacent crack surfaces. For
specimern_62, the pullout of fibers out of the lightweight matewas also evident
after shear failure, and no extensive fracturehef lightweight aggregates was

observed (Figure 8-5).

700
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= 500 1 f.=30 MPa
X p=1.21 %
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Figure 8-10: Load-crack width response foricaitshear crack at level of
longitudinal reinforcement in specimés2.

8.1.2.5 Deflection and Crack Width at SLS
According to the procedure explained in Sectiod.65), an equivalent service

load § =0.48 ByaxWas used to determine the SLS deflection and cnadths for

the specimenk61 andL62in Table (8-4). All relative deflection values &rgice
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load é/L were lower than the common deflection limitldB860 for RC members
under live load aloneACl 318-08.

Table 8-4: Deflection and crack width of lightweid@FRC specimens with=600 mmat SLS

Failure | 0.48P,, . Behavior at SLS
Specimen|  Type from test Mid-span Max. Flexural
Deflection & /L Crack Width
(kN)
(mm) (mm)
L61 Flexure 240 4.32 0.0013 0.05
L62 Shear 296 4.11 0.0012 0.06

The detected cracks at SLS were all very narrowufi@ cracks near the mid-
span. The crack control factor (see Section 6.1.1.5) indicated that the crack
widths for specimend. 61 (z=19040 N/mm and L62 (z=17300 N/mm are
expected to be within the acceptable range forgdesf RC members with
interior exposurez< 30000 N/mm
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8.1.3 Specimens witlih=1000 mm(L10-1, L10-2

8.1.3.1 Crack Development and Failure Mode

The crack patterns after failure of the lightwei@HRC specimens with=1000
mm are shown in Figures (8-11). Both speciménd®-1 and L10-2 failed in
flexure. Flexural cracks near mid-span were detkediest during initial load
stages. Then, new flexural cracks formed in theushpans and curved diagonally

towards the loading point. The diagonal and vertmack widths gradually

increased as the applied load at mid-span increased

_, Concrete —
Crushlng

b) Specimen.10-2: =31 MPa,p=0.70 %

Figure 8-11: Crack patterns after flexural failéwe specimens witlim = 1000
mm Size of grid on the specimen surface is 200

For both specimen@igure 8-11), no significant diagonal cracks welserved
before or during the failure. The flexural faillsarted when the existing flexural
cracks near mid-span extended upwards to the Igaulate, and a large increase
in crack widths, steel strain and specimen defbectvas observed followed by
concrete crushing in the compressive zone adjacetite loading point at mid-

span.
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8.1.3.2 Load-Deflection Response

The load-deflection responses of the lightweighRSFspecimens with total depth
of h=1000 mmare shown in Figure (8-12). A non-linear relatiops with

gradually reducing slope was observed up to thienate load where the load-
deflection response for specimelns0-1 and L10-2 started to exhibit a plateau,
mainly due to yielding of the longitudinal reinfement shown in Figure (8-13).
In these specimens, no significant diagonal craels wbserved. The flexural
failure occurred when large increases in deflecibmid-span were observed for
specimensL10-1 and L10-2 (6=53.80 mm and 6=54.70 mm respectively),

followed by a drop in the load due to concrete keing in the compressive zone

under the loading point at mid-span.
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Figure 8-12: Load-Deflection response at mid-smarightweight SFRC
specimens witith=1000 mm
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8.1.3.3 Load-Steel Strain Response

The load-steel strain responses at mid-span fotighewveight SFRC specimens
with total depth oh=1000 mmare shown in Figure (8-13). The mid-span load-
strain response of the reinforcement for specimel®1 and L10-2 started to
exhibit a plateau after reaching the ultimate lodde to yielding of the
longitudinal reinforcement. For both specimens,learcchange in the slope of
load-steel strain response was observed at @»ol7f0 kNdue to first flexural
cracking at mid-span. The difference in behaviol®0-1 compared td_10-2
both withf’=31 MPa, can be attributed to the lower reinforcemenboratiL10-1
which resulted in higher reinforcement strainsiatilar load levels compared to
L10-2 For specimen10-1, the strain gauges on the longitudinal reinforceime

became unbonded once the crack widths at the naid-siereased significantly.

800
700
L10-2
600 1 f'.=31 MPa

é 500 - p=0.70 % N
The strain gauges

o ]
= 400 L10-1 became unbonded
@ 300 - f'.=31 MPa
S p=0.53 %

200

100 -

O T T T T
0 1000 2000 3000 4000 5000

Steel Strain at Midspan ( ME)

Figure 8-13: Load-steel strain response at mid-$palghtweight SFRC
specimens witth=1000 mm
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8.1.3.4 Deflection and Crack Width at SLS

According to the procedure explained in Sectiod.65), an equivalent service
load S =0.48 Pnhaxwas used to determine the SLS deflection and cnadths for
the specimen&10-1 andL10-2in Table (8-5). All relative deflection values at
service loadd/L are lower than the typical deflection limit @f360 for RC
members under live load alon&El 318-08.

Table 8-5: Deflection and crack width of lightweig@FRC specimens with=1000 mmat SLS

. Behavior at SLS
Specimen F?"”;e f?oﬁ?ggxt Mid-span Max. Flexural
P yp () | Deflectiond 8IL Crack Width
(mm) (mm)
L10-1 Flexure 262 5.27 0.0009 0.08
L10-2 Flexure 338 5.92 0.0010 0.07

The detected cracks at SLS were all very narrowufi@ cracks near the mid-
span. The crack control factor (see Section 6.1.1.5) indicated that the crack
widths for specimens.10-1 (z=19040 N/mmand L10-2 (z=17300 N/mm are
expected to be within the acceptable range forgdesf RC members with
interior exposurez< 30000 N/mm
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8.2 Size Effect in the Shear Strength of Lightweigh
SFRC Specimens

8.2.1 Normalized Shear Stress versus Effective Dépt

The test results of the 6 lightweight SFRC specsnesported in Section (8.1)
were used to evaluate the influence of effectivptidel on the shear stress at
failure. Note that 3 out of 6 specimenssy, L10-1, andL10-2) in the current

study failed in flexure before they reached themadte shear strength. The
reported shear capacities for these specimens segrethe shear strength
calculated based on the maximum applied load rehtchéne test and are lower

bound estimates of the actual shear capacity.

Based on thé values (i.e. the distance from mid-span of intetiom point of
critical shear crack with the longitudinal steed)Rigures (8-1) and (8-6) as well
asL values in Section (6.1), the critical section ween at abou2d from mid-

span. Using the maximum shear force at the crigeation, the normalized shear

stressViest/(b d \/Tc ) from Table (8-1) versus the effective depils plotted in
Figure (8-14). Note that for specimeh§l, L10-1 and L10-2 which failed in

flexure, open symbols are shown in Figure (8-14)e hormalized shear stress is
observed to decrease dsincreases. As shown in Figure (8-14), the average
normalized shear stress for specimens With000 mmwas approximately 32%

of that observed in specimens with308 mmThis trend clearly indicates a size
effect in shear for lightweight SFRC members. Fbe tightweight SFRC
members in Figure (8-14), the decrease in nornthlshear stress at failure due to
increase in the effective depth is larger than tieterved for the normal weight
SFRC specimens in Section (6.2). However, it shbeldhoted that the real shear
capacity of specimenk61, L10-1 and L10-2 which failed in flexure could be
higher than what shown in Figure (8-14).
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The test results from previous research on sizecefh shear was discussed in
Sections (2.2.3) and (6.2) for normal weight RC &%RC members without
stirrups. However, available data on the sheamgthe of lightweight SFRC
structural members are scarce, especially for mesnbigh large effective depths.
Swamy et al. (1993gsted lightweight SFRC specimens wiectionand similar
depthh=300 mm Kang & Kim (2009) reported test data of small size lightweigh
SFRC specimens, all with similar degthk250 mm The limited specimen size
ranges tested by these researchdrs2%0 mm~300 mjn prevented prior
identification of a size effect in the shear stitangf lightweight SFRC members

without stirrups.

0.8

0.7 L32
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0.4 L62

4
L61 L10-2

L10-18

Equation (2-4b): Vs = 0.167 ANF .bd , A=0.85

afi

Vtest
b

0.3

0.2

0.1

Normalized Shear Stress (MPa)

0 L s e e et B e Bt B e B B B B B B
200 300 400 500 600 700 800 900 1000

Effective Depth d (mm)
Figure 8-14: Normalized shear stnesrsus effective depth for

lightweight SFRC specimens (Note: tipen symbols indicate the
specimens with a flexural failure).

As discussed in Section (8.1), the width of shedércal cracks in lightweight
SFRC specimensL8l, L32, L62) increased considerably at the last stages of

217



loading before failure. Also, the results indicatbdt the maximum shear crack
width before shear failur€ymaxincreases with an increase in the member depth
from h=308 mmto h=600 mm Even for small lightweight SFRC members with
h=308 mmthe crack widths before shear failulg/max (Table 8-2) were large
enough to cause a considerable reduction in theeggte interlock. As discussed
for normal weight SFRC specimens in Section (&%), decrease of shear stress
at failure in the larger lightweight SFRC membdtgyre 8-14) can be attributed
to the reduced ability of fibers in bridging thejamknt surfaces of a diagonal
crack in SFRC members. As shown in Section (4d)tHe steel fiber type used
in this study I /D; =55, Ly =30 mm) and crack widths larger than ab@u% mm
the equivalent fiber tensile stress across adjamenfidces of a cracs decreases
with an increase in the crack width. Hence, theaslstress at failure in large
SFRC members with larger crack widths is lower thhat in small SFRC

members.

8.2.2 Size Effect in Shear Strength: Comparing TefResults with
ACI 318-08and CSA A23.3-04Approaches

Even though size effect still exists for lightweigBFRC specimens (Section
8.2.1), a large increase in shear capacity wasrobdedor SFRC specimens in
comparison to thé&Cl 318-08shear model for lightweight RC members without
web reinforcement (Figure 8-14). Note that &@l 318-08shear model does not
account for the size effect in shear for RC memhatisout web reinforcement
and without fibers. For all cases, the normalizédas stress was above the
equivalent ACI 318-08 shear capacity prediction for plain semi-low-dégnsi
concrete (Equation 2-4b) with=0.85. The semi-low-density factor=0.85 was
selected since the density of lightweight SFRC usedasting of specimens in
the current study was=1900~1930 kg/fh For lightweight SFRC specimens with
h=308 mm(or d=258 mm), the average enhancement in shear capacity wa#s 32

compared to th&Cl 318 model. The average enhancement in shear capacity f
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specimens witth=600 mm(or d =550 mmn) and specimens with=1000 mm(or d
=950 mn) were at least 118% and 37%, respectively. Therésalts of normal
weight SFRC specimens in Section (6.2.2) validétedapproach iACI 318-08
for using steel fibers instead of minimum stirrupsenhance the useable shear
capacity from0.5¢pV, up to @V, in members witth < 600 mmf < 41 MPaand
without transverse reinforcement. The current stundijcates that this approach
can be also extended for lightweight SFRC membdétsiw< 1000 mm

Figure (8-15) compares the maximum shear at faflur¢he 6 lightweight SFRC
specimens in this study against 88A A23.3-04hear capacity predictions for
similar lightweight RC members without steel fibehs section (2.3.1), it was
noted that th&€SA A23.3-04nodel accounts for size effect in shear relateithéo
aggregate interlock at the cracks for lightweiglairp concrete. As illustrated in
Figure (8-15), adding steel fibers into the coreretatrix gave considerable
enhancement to the shear capacity of lightweighini@bers relative to tfeSA
A23.3-04shear prediction for members without fibers. Fmecsmens withh=308
mm h=600 mmandh=1000 mm the average increases in shear capacity were
218%, 153% and 140%, respectively, compared tCH®& A23.3-04nodel. The
CSA A23.3-04nodel for RC members also accounts for the steshseffect on
shear capacity of RC without fibers (Section 2.3sb)differences in longitudinal
reinforcement ratio among the specimens are reffleach the shear capacity
prediction Vcsp The effect of longitudinal reinforcement ratio dhe shear

strength of lightweight SFRC specimens is discugs&gction (8.3).

TheVies{Vesaratios in Figure (8-15) do not show a clear trasd increases from
258 mmto 950mm The averag®ies{Vcsaratio decreases when the total depth of
specimens increases fram308 mmto h=600 mm but remains almost the same
whenh increases from 606hmto 1000mm Note that for specimenssl, L10-1
andL10-2 which failed in flexure, the real shear capacityg éhereforeVies{Vesa

could be higher than what is shown in Figure (8-Hg)wever, a larger sample of
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results from an extended testing program is reduicebetter define this trend

experimentally. The issue is also examined analyiin Section (8.4).

The proposed modifieSA A23.3-04shear model for normal weight SFRC
members (Equation 6-5) in Section (6.2.2) may alsaised for the lightweight
SFRC members with a semi-low-density factorie0.85. Note that the lower
bound forVies{Vcsaratios in Figure (8-15) (also see Table 8-8) igdathan they
=1.33 considered in Equation (6-5) for the normal wei§RRC members.

5.0
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0.0 \ \ ‘
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Effective Depth d (mm)

Vtest / VCSA

Figure 8-15: Comparing the shear capacity of lighggnt SFRC specimens from
current study again§SA A23.3-04nodel.
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8.3 Effect of Longitudinal Reinforcement Ratio on he
Shear Strength

Figure (8-16) summarizes the influence of longitadiireinforcement ratio on the
shear stress at failure of lightweight SFRC spensngithh=308 mm h=600 mm
andh=1000 mm Note that for specimeris51, L10-1 andL10-2 which failed in
flexure, open symbols are shown in Figure (8-16) Sk results indicate that for
the 33% increase ip within each specimen group with similar depth, the
normalized shear stress at failure increased by ®i128%. For specimens with
h=308 mm there was a 24% increase in the shear capacity \esied from
1.88% to 2.50%. In specimens witheF600 mmand h=1000 mm when p
increased by 33%, the increase in shear capacity about 21% and 29%,
respectively. Test results reported ywamy et al. (1993howed that the shear
stress capacity of both lightweight RC and lighyt®iSFRC Y;=1%) specimens
with a/d=3.43~4.91did not change considerably when the reinforcenmahb
varied from 1.55% to 4.31%.
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Figure 8-16: Effect of longitudinal reinforcemeatio on the shear capacity of

lightweight SFRC specimens (Note: the open syminol€ate the specimens with a
flexural failure).
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8.4 Flexural Capacity Enhancement in Comparison to
ACI 318-08Flexural Model

The focus of this study is on the shear performaricke SFRC members without
stirrups. However, in this section, the flexurapaeity enhancement for all 6
lightweight specimens in this study due to the kbation of steel fibers is
examined. Comparisons are made to Al 318-08flexural model for similar
RC members without fibers (Table 8-6). In secti8l), it was observed that
specimend.61, L10-1, and L10-2 failed in flexure before reaching their shear
capacity. It was also noted that specimé&fg, L32, andL62 approached their

flexural and shear capacities simultaneously.

Table 8-6: Flexural capacity of lightweight specimaén this study

Specimen| P d fo | p | Failure | Pra* | Mest™ | Maci '\lf'/ltest/
(mm) | (mm) | (MPa) | % Type (kN) (KN.m) | (kN.m) ACI

L31 310 | 258 22 | 1.8 Shear 405 157 124 1.27
L32 310 | 258 31 | 250 Shear 595 231 167 1.38
L61 300 | 550 30 | 0.91 Flexure 497 415 307 1.35
L62 300 | 550 30 | 1.21 Shear 612 510 398 1.28
L10-1 300 | 950 31 | 0.53 Flexure 532 781 551 1.42
L10-2 300 950 31 0.7| Flexure 692 1009 718 1.41
Average 1.35

cov 5%

* The maximum applied load at mid-span

*The maximum moment at mid-span during test inalgdselfweight

++ These specimens approached their shear and flecapatities simultaneously (see
Section 8.1)

According toACI 318-08 the nominal flexural capacity of tension-contedlIRC

members can be calculated from:

_ _Bey_ e T .
Mocr = A, (d==7) = podf, (1 '020112') &5
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where, parameter, =0.85, and3; can be obtained from:

{0.85 forf' .< 28 MPa
B1= 1.05-0.007 £>0.65 for f.>28 MPa (2-28)

Figure (8-17) and Table (8-6) compare the maximlaxufal capacity at failure
for lightweight SFRC specimens in this study agathe ACI 318-08prediction
for similar RC members without steel fibers. Addstgel fibers into the concrete
matrix gave considerable enhancement to the fléxa@acity of lightweight RC
members relative to th&CIl 318-08flexure predictions. As shown in Table (8-6)
and Figure (8-17), for the six lightweight SFRC @peens with relatively wide
range of depths and reinforcement ratios, the g@edvies:/ Mac ratio was 1.35
with a COV=5% These results are comparable to those obtaineshdomal
weight specimens in Section (6.4) with an aversligg:/ Mac, ratio of 1.23 and a
COV=4%
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Figure 8-17: Comparing the flexural capacity ohtigeight SFRC specimens in
this study againsACl 318-08flexural model.
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8.5 Shear Modeling for Lightweight SFRC Members
without Stirrups

In this section, it is assumed that the same appré@ development of analytical

and design shear models in Chapter 7 is applicdaldightweight SFRC members.
In Section (4.5), it was observed that the norredlifiber tensile stressy / fv, 1.

shows a similar relationship with respect to thackrwidth for both normal
weight and lightweight SFRC. The maximum crack WadEwmax for lightweight
SFRC members which failed in shear (Section 8.Ypwéso comparable to those
observed for the normal weight specimens in Sedftoh). The ultimate shear
stress capacity in the compression zegnefor the analytical model in Section
(7.1.3) was assumed to be a functionogf/f’ .=a;. According toCSA A23.3-04
the parametery can be calculated identically from Equation (4f@) both
normal weight and lightweight concrete. Therefdtquations (7-6) and (7-8) for
calculation ofV. and Vg, respectively, may also be used for lightweighRSF

members:

Vcc = -"-cuBlCb (7'6)
d-c d-c

V., =0, b—— cosf =0, b—— 7-8

" =910 7 Gne (7-8)

To account for the weakness of aggregates in ligight SFRC and in
accordance with th€SA A23.3-04nodel, a density factor is multiplied in the
calculated shear strengts. andVy determined from Equations (7-6) and (7-8),
respectively. In Clause (8.6.5) Q@fSA A23.3-04a semi-low-density concrete is
defined as a concrete which may include naturad samd lightweight coarse
aggregates; however, the density ranges for lovgidle(®=0.75) and semi-low-
density £=0.85) concretes are not indicated. BasedMarcGregor et al. (2006)
concretes withy < 1850 kg/mand 185kg/ni< y < 2150 kg/mi can be considered
as low-density and semi-low-densdyncretes, respectively. Meanwhile Kiang
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and Kim(2010) shear model (see Section 2.3) a low-deffedipr ofA=0.75 was
used for lightweight SFRC with = 1800 kg/m. As noted in Chapter 5, for the
lightweight SFRC mix in the current study, bottoshand expanded clay were
used as fine and coarse aggregates, respectivelyew¢r, due to the range of
density for the lightweight SFRC specimens in therent study ¥=1900~1930
kg/nt), a semi-low-density factor 0f=0.85 is selected according to Clause
(8.6.5) of CSA A23.3-04For lightweight SFRC with low-density< 1850 kg/m
(MacGregor et al. 20064 factor ofi=0.75is chosen.

The scope of the proposed shear models in thisosed for lightweight
structural members which satisfy the same critewdecated for the analytical and
design shear models in Chapter 7, with the follgalimits:

* Rectangular cross section witBO mm< h <1000 mm and b 100 mm

e a/d>25

o 0.75% V; <1.5%, 45 < L¢/D¢< 100 and25mm< L¢< 60 mm(hooked end
steel fibers)

» 20 MPa<f <90 MPa

8.5.1 Analytical Shear Model for Lightweight SFRC Members

The flowchart for the analytical shear model inUe&(7-4) is updated to account
for the lightweight factorl. All other steps for the analytical model remain
unchanged. The proposed analytical model for ligigiv SFRC members is

summarized as Figure (8-18):
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Calculate the effective fiber tensile stress

0}4:VRZfE(349—325) MPa)  (7-14)

\4

Estimate the ultimate shear force at critical ®ecti |—
\Y (N)

Calculate the tensile stress in reinforcement

f, = (2-11) MPa)  (7-5)
09A 'd

A 4

Calculate the depth of compression zone

+
o= Afstoubh (7-2¢)
(a,f.5+0,)b
wherea;=0.85-0.0015f:> 0.67and $,=0.97-0.0025f;> 0.67

Y
Calculate the shearing stress in the compressankbl
1, = 01f/062+ 7860, - 846(0,)* (MPa)  (7-7)

Calculate the total shear force capacity
Vlfrcl = /‘[ Tcu:Blc + 16Jf4(d -C )] b (N) (8'1)

wherer=0.75 for lightweight SFRC with < 1850 kg/mand
1=0.85 for lightweight SFRC with 185/n? < y < 2150 kg/m

IS Viger = V No

Yes

Vire1 is the predicted shear force
capacity of lightweight SFRC membe

Figure 8-18: The steps of shear capacity predi¢totightweight SFRC members based
on proposed analytical model
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The test results of the 6 lightweight SFRC specsnienthis study were used to
validate the proposed analytical model (Table 8N9te that three out of 6
specimens in the current study failed in flexurdoke they reach the ultimate
shear strength, so the reporteds for these specimens is the shear capacity
calculated based on the maximum applied load irtedbe In contrast to the large
number of existing test data on normal weight SFR@ictural members,
available studies on the shear strength of lighdtheBEFRC structural members
are scarceSwamy et al(1993) tested nine lightweight SFRC structurakcgpens
with I-section and very thin welt{=55 mm). Kang & Kim (2009) reported test
data of nine lightweight SFRC specimens1800 kg/m) with a/d=2, 3and 4
and steel fiber volume fractiok =0.5%~ 0.75% Only two of theKang & Kim
(2009) specimens haald > 2.5 and fiber conteri¥; > 0.75% but both of them

failed in flexure before reaching their shear céyac

Table 8-7: Validation of proposed analytical mofdelthe available database

) c
% (]
© % b h d fe b4 P a/d L/Dy Vi Vifre1 Viest
? @ | (mm) | (mm) | (mm) | (MPa) | (kg/n?®) | % (%) | (kN) | N
& )
131 | 310 | 308 | 258| 22 1900] 188 3 54 1 145 1.k
132 | 310 | 308 | 258| 31 1930] 250 3 s 1 182 164
Current | L61* | 300 | 600 | s50| 30 1920 o091 3 s 1 287 o088
Study | 162 | 300 | 600 | 550| 30 1920 121 3 s 1 287 1.8
L10-1* | 300 | 1000| 950| 31 1930 05 4 s 1 274 1p1
L10-2¢ | 300 | 1000| 950| 31 1930] 07 3 58 1 274 180
Kang & EL7BS*_'3 125 | 250 | 210| 48 1800 15 3| 62 o075 64 oF5
Kim FLB*-
(2009) | G2 | 125 | 250 | 210| 48 1800 15 4 62 075 69 061
Average 1.08
cov 32%

*Flexural failure

As shown in Table (8-7), the analytical shear mddelthe shear capacity of
lightweight SFRC members without stirrups givesaaerageVies: /Visc: =1.08

and a relatively large scatter 60V=32% The observed large scatter in Table
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(8-7) is mainly due to the loWhest /Vifcr ratios for the two flexural critical
specimens reported ang & Kim (2009), compared to the other 6 specimens
from the current study. The analytical shear magiebs an averag¥iest /Vifrc1
=1.22 and aCOV=23% for the 6 specimens tested in the current studiesé
results are reasonable but less accurate compardtbse obtained for normal
weight SFRC specimens in Table (7-3). However, tduexural failure of some
specimens in Table (8-7) and lack of extensive deien previous research,
additional refinement of the model may be warrargsdadditional data for shear

failures become available.

8.5.2 Simplified Shear Design Model for Lightweigh6GFRC

Members

The simplified design model from Chapter 7 (Equatié20) was modified to
account for the lightweight factaras below:

3744p . h 3200
V., ,=A +.V .t (558- 1- : bd 8-2
Ifrc2 |: al f fc ( 247 )( al fcﬂl )j| ( )

where is equal t00.75 and 0.85 for low-density SFRE < 1850 kg/r) and
semi-low-density SFRC (185(kg/nmi< y < 2150 kg/n), respectively, in
accordance witlClause (8.6.5) o€SA A23.3-04The Equation (8-2) was applied
to the 8 specimens in Table (8-7) and Yh&{Vinc ratios have been shown in
Table (8-8). The proposed design model yields masie predictions with
Viest/Virc2 =1.13 and a coefficient of variance 6fOV=28% For the 6 specimens
tested in the current study, the design shear mgiges an averag¥es; /Visrcz
=1.26 and aCOV=19%

228



To verify and compare the accuracy of the propae=ign model (Equation 8-2),
the ratio Viest /VimodelfOr four existing models are also calculated andwshin

Table (8-8). These four models include:

- Kang and Kim (2010)-1 (modified Ashour et al. 1992 model for
lightweight SFRC members)

» Kang and Kim(2010)-2 (modifiedKwak et al.2002 model for lightweight
SFRC membejs

* ACI 318-08 shear model for RC members without fibers

* CSA A23.3-04hear model for RC members without fibers

The details of these models are described in Se¢ASB). TheViest Vmodel ratios
for the ACI 318-08 and CSA A23.3-04models were previously discussed in
Section (8.2.2) to examine the shear capacity ezément due to the addition of

steel fibers to lightweight RC members.

Table 8-8: Comparing the accuracy of proposed deasigdel with other published models

Proposed
Vtest /Vmodel Design
Model
Researcher Specimen Equation
p Kang Kang and ACI CSA q8-2
andKim | Kim | 318%08 | ppza04| &2
(2010)-1 | (2010)-2 ’
Vtes /V Ifrc2
L31 1.57 1.23 3.81 2.88 1.39
L32 1.97 1.60 471 3.47 1.62
Current L61* 1.14 0.82 1.96 2.36 0.94
Study L62 1.27 0.95 2.42 2.70 1.12
L10-1* 0.86 0.57 1.23 2.19 1.11
L10-2* 1.01 0.70 1.58 2.61 1.36
Kang & FLB-0.75-3* 1.12 0.85 2.11 1.70 0.80
Kim
(2009) FLB-0.75-4* 1.07 0.96 1.85 1.68 0.70
Average 1.25 0.96 2.46 2.45 1.13
Cov 29% 34% 48% 25% 28%

*Flexural failure
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As shown in Table (8-8), thkang and Kim(2010)-1 model gives conservative
predictions of shear capacity with relatively lasgatter. However, thiéang and
Kim (2010)-2 model yields non-conservative and higbtattered estimations
(averag&/iest/Vimode=0.96 andCOV=34%). Note that th&kang and Kim(2010)-2
model over-estimated the shear capacity of 75% @fspecimens in Table (8-8)
with 0.5%& Vies{Vmodet <0.96. Among the shear models in Table (84Bg
proposed design model (Equation 8-2) Witk /Visc2 =1.13 andCOV=28%gives
more accurate predictions for shear capacity ofithigight SFRC members

without stirrups.

To study the sensitivity of the proposed design ehq&quation 8-2) and the
Kang and Kim(2010)-1 model to different variables, the ra¥igs: /Vimodel VErsus
effective depthd, tensile reinforcement ratjp, and concrete compressive strength
¢ is plotted in Figures (8-18), (8-19), and (8-2@spectively. The symbols with
light color represent the lightweight specimengrfrthe current study and the
letter F indicates a flexural failure. For the test databas Table (8-7), the
parametersl, p, andf’; had relatively wider ranges compared to otherpatars
such asa/d andV;. According toKang and Kim (2010Q)he slope (steepness) of a
linear regression betwe&fis:/Vmogerand an independent variable can be used as a

statistical indicator for evaluation ®est/VmodelSENSItivity to that variable.

Figure (8-18) indicates that the ratest /Vmodel for Kang and Kim(2010)-1
model is highly sensitive to the changes in theaiffe depthd. As shown in
Figure (8-18a)the average rati®est /Vmodel fOr this model decrease considerably
with an increase ird. However, Figure (18-8b) shows thets: /Vimogel fOr the
proposed design model (Equation 8-2) is not semsiid the changes id, and

therefore Equation (8-2) better accounts for thetleelated size effect in shear.
According to Figure (8-19), the ratMest /Vimodel fOr the proposed design model

and Kang and Kim(2010)-1 show sensitivity to the changes in thesite

reinforcement ratigp. However, the slope (steepness) of the regredsienfor
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Kang and Kim(2010)-1 is considerably higher compared to thappsed design
model. Both models in Figure (8-20) show sensitiit Viest /Vimodel due to the
changes in the concrete compressive strefigtR2~48 MPa. This sensitivity to
f' . for the proposed design model is slightly highemt that for th&ang and Kim
(2010)-1 model.

The discussions in this section indicate that amtheglightweight SFRC shear

models shown in Table (8-8), the proposed desigdain(Equation 8-2) is the

most accurate model with a relatively low sendiyivo different variables.
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b) Proposed Design Model (Equation 8-2)
Figure 8-18: The rati®est/Vmodeiversusd for the proposed design Equation (8-2)

andKang and Kim(2010)-1 model (Note: the symbols with lighterarahdicate
the specimens from the current study, F: flexuadufe).
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Figure 8-19: The rati®est/Vmodelversusp for the proposed design Equation (8-2)
andKang and Kim(2010)-1 model (Note: the symbols with lighterarahdicate
the specimens from the current study, F: flexuadufe).
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9. Summary

9.1 Conclusions
9.1.1 Mechanical Properties of SFRC

This research highlighted the following significamtspects regarding the
mechanical properties of steel fiber reinforcedarete (SFRC), with particular
emphasis on the presence of lightweight aggregatethe one hand and a high

strength matrix on the other:

a) The strain corresponding to the peak stres®impecession increases with an
increase in the fiber content. This increase e dtrain-at-peak stress was most
pronounced for high strength concrete (HSC). Thditmah of steel fibers into
lightweight concrete (LWC) and HSC at practical ags (up to 1% by volume)
had very little effect on their ultimate compressistrength or the modulus of
elasticity, which conforms to the previously knowrend for normal weight
concrete (NSC). There was a significant improvementhe post-peak energy

dissipation due to the addition of steel fibers.

b) While the addition of steel fibers resulted im iacrease in the modulus of
rupture for all mix types, it was most pronounced EWC. Similarly, the steel
fibers were most effective in imparting superi@xiliral toughness factors to the
LWC mixes.

c) The addition of steel fibers enhanced the disbeiar strength in all three types
of concrete examined in this study. However, it Veast effective in the LWC. A
linear correlation was obtained to express therskigangth as a function of the

fiber content.
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d) The steel fibers were most effective in impaytpost-crack shear resistance to
the NSC mixes with regular aggregates. This mayathebuted to the more
tortuous path around the aggregate taken by craclke NSC mixes as opposed
to the LWC and HSC mixes, where cleavage was tlirdlig coarse aggregates.

e) All of the toughness factors for compressioexdire, and shear increased with
an increase in the fiber content; however, amoegthhee toughness factors, the
flexural toughness factor saw higher increase dymdsence of steel fibers.

f) The shear toughness factor and the flexural hoegs factor bear a linear
relationship. However, in order to obtain the masturate linear relationship
between these two factors, the maximum deflectipnta which the shear

toughness is evaluated must be suitably selecteshith type of concrete.

g) An approach similar to that employed Dinh (2009) was taken to determine
the equivalent uniform tensile stresg imparted by the steel fibers across a

flexural crack for NSC, HSC and LWC with=0.5% andV;=1%. Wheno; was
normalized by/V,.f., all of the SFRC mixes had similar relationshipthwi

fric?

respect to the crack mouth opening displacer@gnt

9.1.2 Shear Strength of Structural SFRC Members witout
Stirrups

This study established the following significantimge regarding theshear
strength of both normal weight and lightweight stamal SFRC members without
stirrups includingvi=1%:
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i) In contrast to typical behaviour of reinforcedncrete (RC) members, no
sudden or large change of slope in the load-dédlectlationship was observed

at the initiation of flexural cracks for the SFR@esimens in this study.

J) In shear critical specimens, non-linear loadietfon relationships with
gradually reducing slopes were observed up to #ileré at the formation of
significant diagonal cracking. In these specimansydden and large drop in load
was recorded at failure due to concrete crushinenregion between the top of

the diagonal crack and the edge of the loading@amid-span.

k) In one-third of the shear critical specimeng kbad-deflection response at the
mid-span started to exhibit a plateau after rearkine ultimate load, mainly due
to yielding of the longitudinal reinforcement. Aftgielding of the longitudinal
steel and some additional deformation, a signiticdiagonal crack formed

leading to shear failure.

[) For all specimens, flexural cracks near mid-spare detected first during
initial load stages. Then, new flexural cracks fedmin the shear spans and

curved diagonally towards the loading point.

m) In shear critical specimens, the critical diagjoracks intercepted the
longitudinal reinforcement at considerable distandem the support plates,

representing a “sectional” shear model behavidrerathan arch action.

n) The critical diagonal crack for shear had anlaraf 6=29.5° ~34.9 with
respect to the longitudinal axis of member, anceriogpted the longitudinal

reinforcement in a distance bf=1.84d ~ 2.39drom mid-span.

lest

“bd
specimen total depth from 3@8mto 1000mm This clearly indicates that the size

. LV . . .
0) The normalized shear stress at fai decreased with an increase in the

effect in shear still exists for SFRC specimendaiitt stirrups.
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p) Even though size effect in shear still existsS&#RC specimens, adding steel
fibers into the concrete matrix enhanced the shespacity considerably
compared to theACl 318-08and CSA A23.3-04predictions for RC members

without steel fibers.

g) The test results for shear critical specimembcated that for the range of
used in this project, the influence of longitudinainforcement ratio on the
normalized shear stress at failure was very siak. longitudinal reinforcement
ratio p varied by about 33% to 61% in each group of spensnwith the same
total height.

9.1.3 Analytical Shear Modeling for SFRC members wiout
Stirrups

r) An analytical model was developed based on mmachh principles and
empirical measurements of crack geometry obsenvele current study for both
normal weight and lightweight SFRC members withstutups which satisfy the

following limits:

* Rectangular sections witB0 mm< h <1000 mmandb > 100 mm

e ald>25

e 0.75%< V; <1.5%, 45 < L+/D; < 100 and25mm< L; < 60 mm(hooked end
steel fibers)

» 20 MPax<f <90 MPa

The analytical model was further simplified to hetable for use in design. For

validation, shear capacity predictions were exathif@ a large database and

gave reliable and accurate predictions.
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s) The prediction quality of the simplified desigmdel for both normal and
lightweight SFRC members was compared againstteessing several published
SFRC shear models from other researchers as wélieasCl 318-08and CSA
A23.3-04shear capacity models for RC members withoutugter Among the
SFRC shear models studied, the proposed designlmadethe most accurate

model with a relatively low sensitivity to differewariables.
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9.2 Recommendations

Based on test results, discussions and conclusionisis study, the following

recommendations are given:

i) The application ofACI 318-08Clause (11.4.6) for replacing minimum web
reinforcement with steel fibers when @Q\& < V, < ¢V, can be extended to

include members with larger depths upho< 1000 mm higher compressive
strengths up th' <80 MPacontaining normal weight or lightweight SFRC.

i) In CSA A23.3-04&hear model for slender members without stirrups \&ith
a/d > 2.5 20 MPa < fc'< 90 MPa and 180 mm< h < 1000 mm a ‘fiber

contribution factor is proposed as follows:

VesafF A7 ﬁ\/fT bd, (6-5)

wheren =1.33 for SFRC members witi; > 0.75%, representing a lower bound
for the shear capacity enhancement due to theibatiemn of hooked end steel

fibers.

iii) The proposed simplified design model in thisidy is recommended for
prediction of shear capacity of SFRC members witlstiorups which satisfy the

limitations described in Section (9.1.3):

3744p : h 3200
V.. =A +.V .f (558- 1- . bd 9-1
frc |: a,l f fc ( 247 )( al fcﬁl ):| ( )

where is equal t00.75, 0.85, and 1 for low-density SFRE < 1850 kg/m),
semi-low-density SFRC (185@g/ni< y < 2150 kg/m), and normal density
SFRC, respectively, in accordance wittause (8.6.5) o€SA A23.3-04
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9.3 Future work

1) The focus of this project was on the shear gtreof slender SFRC members
without stirrups. However, the recorded data urgsbwice load for deflection,
crack width, and strain on the surface of the spens from this study and from
other researchers can be used to model the deformaf SFRC members

without stirrups under service load.

2) Beyond the test data obtained in this studyil@vie data on the shear strength
of large size lightweight SFRC members are scavtmanwhile, in this project
expanded clay and bottom ash were used as lightiveiggregates. There is a
need for more studies on the shear strength ok laige lightweight SFRC

members, especially those utilizing different typésghtweight aggregates.

3) The proposed shear models in this study weng amplicable to slender SFRC
members witha/d > 2.5 containing hooked end steel fibers. More experialen
data and analytical work are needed to extend pécation of these models to
short members witla/d<2.5 as well as members containing different types of

fibers.
4) The material and structural test data from frigiect and previous research

may be used to develop nonlinear finite elementdeatsofor prediction of shear

strength in SFRC members.
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Appendix A: Material Tests Details

A.1 Normal Strength Concrete (NSC)

A.1.1 Compression

Table A-1: Mechanical Response in Compression f8€N

Normal Strength Mix V;=0% V;=0.5% Vi =1%
Cylinder Specimen Cl*| Cl1| C111} cC2| C22 cC222 C3 C38 3@3
. f . (MPa) 25 44 46 44 44 45 a7 42 44
Compressive
Strcfe,ngth Average(MPa) 45 44 44
Cc
COV (%) 3.1 1.3 5.7

E(10°MPa) 124 22.0 274 224 272 24P 224 241 258

Modulus of

o Average
EIaTEtlcny (10° MPa) 247 24.9 24.1
C
COV (%) 15.3 9.2 7.2
, Te (MPa) 0.06 | 0.11| 0.13| 021 02p 020 029 024 025
Compressive
Toughness | o age(MPa) 0.12 0.20 0.26
Factor
T
¢ COV (%) 8.3 3.2 8.7

* This specimen was neglected due to the largemiffce in the results between this specimen ancthiee
two specimens from the same mix.
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Figure A-1: Compressive Stress-Strain Responsidomal Strength Concrete
Cylinders withv;=0%.
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Figure A-2: Compressive Stress-Strain Responsbdomal Strength Concrete
Cylinders withV;=0.5%.
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Figure A-3: Compressive Stress-Strain Responsidomal Strength Concrete
Cylinders withv;=1%.
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A.1.2 Flexure

Table A-2: Mechanical Response in Flexure for NSC

Normal Strength Mix V;=0% V;=0.5% V:=1%
Prism Specimen Al | All| A111] A2| A2 A222 A3 A33 A333
f, (MPa) 3.48 | 3.86| 3.26| 430 376 4.4 554 503 524
Modulus of
Rupture Average(MPa) 3.583 4.18 5.27
f,
COV (%) 8.6 9.0 4.9
T (MPa) 0.17 | 0.18| 0.15| 3.81 342 4.0 497 464 4)93
Flexural
Toughness | o age(MPa) 0.17 3.78 4.84
Factor
T
! COV (%) 9.1 9.0 3.7
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Figure A-4: Flexural Response for Normal Sttérfgoncrete Prisms with
V;=0%.
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Figure A-5: Flexural Response for Normal Strengtim€ete Prisms with
Vf =0.5%.
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A.1.3 Direct Shear

Table A-3: Mechanical Response in Direct SheaNBC

Normal Strength Mix V;=0% V;=0.5% V:=1%
Prism Specimen B1| B1ll| B11] B2| B22 B22 B3 B33 B3B3
fy (MPa) 3.82| 259| 296| 642 545 4.8 9.49 7.43 939
Shear
Strength Average(MPa) 2.76 5.57 8.8
fy
COV (%) 20.3 7.6 0.6
Ts (MPa) 1.24| 0.84 0.85 561 5.18 5.08 1205 851 1151
Shear
Toughness
Factor(m=25) Average(MPa) 0.98 5.29 10.69
T
25 COV (%) 23.3 5.3 17.8
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Figure A-7: Shear Test Results for Normal Strer@bincrete with
Vf =0%.

259



45 - B2

Load (kN)
N
(6]

o777
0 1 2 3 4 5 6

Displacement (mm)

45 - B22

Load (kN)
N
(6]

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

Displacement (mm)

45 - B222

Load (kN)
N
(6]

o7
0 1 2 3 4 5 6

Displacement (mm)

Figure A-8: Shear Test Results for Normal Strer@imcrete with
V;=0.5%.
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Figure A-9: Shear Test Results for Normal Strer@imcrete with
Vi=1%.
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A.2 High Strength Concrete (HSC)

A.2.1 Compression

Table A-4: Mechanical Response in Compression €H

High Strength Mix V;=0% V;=0.5% V:=1%
Cylinder Specimen C4 | C44| C444 C5/ Cb5 Ch55 (A Cep €B
. f'«(MPa) 107 | 107 104 96 119 96 111 11a 101
Compressive
S“‘]?,”gth Average(MPa) 106 104 108
Cc
COV (%) 1.6 12.8 5.4
Ec(lf MPa) 320| 324 326| 314 314 2938 2917 328 30.1
Modulus of Average
EIasEt|C|ty (10° MPa) 323 30.8 30.9
C
COV (%) 1.1 2.9 5.3
. T. (MPa) 0.15| 0.15 0.15 0.3+ 0.4p 0.3 041 040 032
Compressive
ToFughness Average(MPa) 0.15 0.33 0.38
actor
T
¢ COV (%) 1.4 16.6 135
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Figure A-10: Compressive Stress-Strain ResponsHifgir Strength Concrete
Cylinders withv;=0%.
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A.2.2 Flexure

Table A-5: Mechanical Response in Flexure for HSC

High Strength Mix V;=0% V;=0.5% V:=1%
Prism Specimen A4 | Ad44| A444| A5| A55 A555 A6 ABG  AB6EH
f, (MPa) 472| 496| 59| 624 615 6.18 925 968 932
Modulus of
Rupture Average(MPa) 5.19 6.18 9.42
f
COV (%) 12.0 0.9 2.4
T; (MPa) 0.15| 0.12| 0.10| 333 490 3701 7.78 869 7.
Flexural
Toughness | o age(MPa) 0.12 3.98 8.01
Factor
T
! COV (%) 17.2 20.7 6.3
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Figure A-13: Flexural Response for High Strengtim€ete Prisms with
V;=0%.
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Figure A-14: Flexural Response for High Strengtin€ete Prisms with
V;=0.5%.
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Figure A-15: Flexural Response for High Strengtim€ete Prisms with
Vi =1%.
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A.2.3 Direct Shear

Table A-6: Mechanical Response in Direct SheaH®C

High Strength Mix V;=0% V;=0.5% Vi =1%
Prism Specimen B4 | B44* B444 B5 B55 B55H B6 B66 B666
fy (MPa) 335| 152| 366 7.91 1005 7.28 11839 9.82 1352
Shear
Strength Average(MPa) 3.50 8.41 11.58
fy
COV (%) 6.2 17.3 16.0
Ts(MPa) 1.70 | 0.92| 1.76| 5.67 6.9¢ 5.4p 1065 9.15 1Q0.84
Shear
Toughness
Factor(m=25) Average(MPa) 1.73 6.04 10.21
T
25 COV (%) 25 13.5 9.0

* This specimen was neglected due to the largemwdiffce in the results between this specimen anctliee
two specimens from the same mix.
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Figure A-17: Shear Test Results for High Strengbinezete withv;=0.5%.
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A.3 Lightweight Concrete (LWC)

A.3.1 Compression

Table A-7: Mechanical Response in Compression WCL

L|ghtW6Ight Mix V;=0% V;=0.5% Vi=1%
Cylinder Specimen C7 | C77| C771 C8 CSA& cegg C9% C99
. f . (MPa) 42 41 42 39 41 40 41  40Q1 402
Compressive
Str(]ingth Average(MPa) 42 40 40
Cc
COV (%) 1.4 2.3 1.2
E.(10°MPa) 20.1| 17.8| 19.9| 18.% 204 18. 183 157 18.9
Modulus of Average
Elasticity 19.3 18.9 17.7
E. (10° MPa)
COV (%) 6.7 6.7 9.5
. T. (MPa) 0.10| 0.10f 0.1| 0.17 o0.1F 0.1 0.21 020 0J20
Compressive
Toughness Average(MPa) 0.10 0.17 0.2
Factor
T
¢ COV (%) 3.0 0.3 25
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Figure A-19: Compressive Stress-Strain Responskidgbitweight Concrete

Cylinders withv;=0%.
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Figure A-20: Compressive Stress-Strain Responskidgbitweight Concrete

Cylinders withv;=0.5%.

276



45 | C9

Compression (MPa)

0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 0.002 0.004 0.006 0.008 0.01

Strain (mm/mm)

0.012

45 - C99

Compression (MPa)

ofH—7—v— 77— T 7T T

0 0.002 0.004 0.006 0.008 0.01
Strain (mm/mm)

0.012

45 - C999

Compression (MPa)

of+———— 77 7T T T T T T T T T T

0 0.002 0.004 0.006 0.008 0.01
Strain (mm/mm)

0.012

Figure A-21: Compressive Stress-Strain Responskigbitweight Concrete

Cylinders withv;=1%.
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A.3.2 Flexure

Table A-8: Mechanical Response in Flexure for LWC

nghtWelg ht Mix V;=0% V;=0.5% Vi=1%
Prism Specimen A8 | A88| A888] A9 A99 A999 AI10L Al B3
f, (MPa) 264 | 250, 266 431 279 382 588 6.19 657
Modulus of
Rupture Average(MPa) 2.60 3.64 6.21
f;
COV (%) 3.4 21.3 5.6
T¢ (MPa) 0.02 | 0.04| 0.05| 394 203 326 490 516 4,
Flexural
Toughness
Factor Average(MPa) 0.04 3.08 4.97
T
f COV (%) 47.4 31.4 3.2
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Figure A-22: Flexural Response for Lightweight Caate Prisms with
V;=0%.
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Figure A-23: Flexural Response for Lightweight Caate Prisms with
V;=0.5%.
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Figure A-24: Flexural Response for Lightweight Caate Prisms with
Vi =1%.
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A.3.3 Direct Shear

Table A-9: Mechanical Response in Direct Sheat #C

nghtWelght Mix V;=0% V;=0.5% Vi=1%
Prism Specimen B7 | B77| B777 B8 B8 B88 B9 B99 B9P9
fy (MPa) 3.70 | 3.15| 2.97| 549 351 43 5588 6.16 594
Shear
Strength Average(MPa) 3.27 4.44 5.89
fy
COV (%) 11.6 225 5.0
Ts (MPa) 157 | 1.23| 1.09| 6.8 321 46p 6.27 7.41 6/55
Shear
Toughness
Factor(m=25) Average(MPa) 13 4.92 6.74
Ts,25
COV (%) 19.1 37.6 8.8
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Figure A-25: Shear Test Results for Lightweight Gette withV; =0%.
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Figure A-26: Shear Test Results for Lightweight Gete withV;=0.5%.
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Figure A-27: Shear Test Results for Lightweight Gette withV;=1%.
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Appendix B: Structural Tests Details

B.1 Specimens witth=308 mm

B.1.1 SpecimerN31
B.1.1.1 Instrumentation (Strain Gauges and LVDTS)

'

A
sg(b5a)  4,=232 mm
sg(b5cl i sg(b5c.
s08 | Sa5D) sasspnn 91 sg(b5b2) 9(b5c2)
mm | \ \ \ / |
\ 4
l I ¢ 387 mm !l'l'll 387 mm Il"‘l
LVDT(1) LVDT(2) LVDT Center (north & south) LVDT(4) LVDT(5)
[ L/2=774 mm P L/2=774 mm o
|‘ » | N Vl
A
308 258
mm mm sg(b53) sg(b1a)
4-25M
v Y ® 00 o
LVDT Center (north ) ’l‘ / LVDT Center (north )

g | 310 mm

Mid-span Sectic

Figure B-1: Instrumentation for specimiiB1 (sg: strain gauge).
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B.1.1.2 Load-Deflection Response
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Figure B-2: Load-Deflection response for specimi&i at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.1.3 Load-Steel Strain Response
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Figure B-3: Load-steel strain response for specib@hat (a) mid-span; (ld,
from mid-span; (c) support.
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B.1.1.4 Crack Development
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(@) AtP=200 kN=0.48 Riax
(maximum flexural crack width < 0.0&m)

TR\

(b) After shear failureRma=420 kN)

Figur B-4: Crack pattern for specimbi31
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B.1.2 SpecimerN32

B.1.2.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-5: Instrumentation for specinid82 (sg: strain gauge).
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B.1.2.2 Load-Deflection Response
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Figure B-6: Load-Deflection response for specimi@&2at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.2.3 Load-Steel Strain Response
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Figure B-7: Load-steel strain response for speciNigdat (a) mid-span; (kd,
from mid-span; (c) support.
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B.1.2.4 Crack Development

\ Ilsv\\ \\)-\

(@) AtP=260 kN=0.46 Riax
(maximum flexural crack width = 0.0&m)

(b) After shear failureRna=560 kN)

Figur B-8: Crack pattern for specimBi32
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B.1.3 SpecimerH31

B.1.3.1 Instrumentation (Strain Gauges and LVDTSs)
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Figure B-9: Instrumentation for specimeiB1 (sg: strain gauge).
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B.1.3.2 Load-Deflection Response
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Figure B-10: Load-Deflection response for speciHéi at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.3.3 Load-Steel Strain Response
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Figure B-11: Load-steel strain response for spegiHi®l at (a) mid-span; (b,

from mid-span; (c) support.
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B.1.3.4 Crack Development

(a) At P=240 kN=0.43 Riax
(maximum flexural crack width < 0.0&m)

T N

(b) After shear failureRma=554 kN)

Figur B-12: Crack pattern for specimei31.
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B.1.4 SpecimerH32

B.1.4.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-13: Instrumentation for specini3? (sg: strain gauge).
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B.1.4.2 Load-Deflection Response
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Figure B-14: Load-Deflection response for speciH82 at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.4.3 Load-Steel Strain Response
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Figure B-15: Load-steel strain response for spegiH®2 at (a) mid-span; (g,
from mid-span; (c) support.
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B.1.4.4 Crack Development

(a) At P=400 kN=0.44 Ryx
(maximum flexural crack width < 0.0&m)

AT B _

(b) After shear failureRma=915 kN)
Figur B-16: Crack pattern for specimei32.
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B.1.5 SpecimernL31

B.1.5.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-17: Instrumentation for specimieBil (sg: strain gauge).
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B.1.5.2 Load-Deflection Response
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Figure B-18: Load-Deflection response for specih@hat (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.5.3 Load-Steel Strain Response
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Figure B-19: Load-steel strain response for spegib®. at (a) mid-span; (b,
from mid-span; (c) support.
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B.1.5.4 Crack Development

S \1\\?\

[
(a) At P=180 kN=0.44 Ryx
(maximum flexural crack width < 0.0&m)
||
AR
— f )] ( N P \

(b) After shear failureRna=405 kN)

Figur B-20: Crack pattern for specime81.
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B.1.6 Specimern32

B.1.6.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-21: Instrumentation for specimieB2 (sg: strain gauge).
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B.1.6.2 Load-Deflection Response
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Figure B-22: Load-Deflection response for specih@&at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.1.6.3 Load-Steel Strain Response
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Figure B-23: Load-steel strain response for spegib®2 at (a) mid-span; (b,

from mid-span; (c) support.
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B.1.6.4 Crack Development

||
0.15 mm
/- 0.15 m\%\
L\ vy \
| ] ||

(a) AtP= 300 kN=0.50 Rax
(maximum shear crack width = 0.1&)

(b) After shear failureRma=595 kN)

Figur B-24: Crack pattern for specimeB2.
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B.2 Specimens witthh=600 mm

B.2.1 SpecimeN61
B.2.1.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-25: Instrumentation for specimid61 (sg: strain gauge).
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B.2.1.2 Load-Deflection Response
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Figure B-26: Load-Deflection response for specirNéd at (a) mid-span; (b)
guarter-span. (Note: all presented deflection detige corrected for the measured
support settlement)
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B.2.1.3 Load-Steel Strain Response
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Figure B-27: Load-steel strain response for spegiNt&L at (a) mid-span; (jy
from mid-span; (c) support.
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B.2.1.4 Crack Development

[ {{s\\\

(a) At P=240 kN=0.48 Riax
(maximum flexural crack width < 0.0&m)

_f/ f(///({s\\i\\\

(b) After shear failureRna,=496 kN)

Figur B-28: Crack pattern for specimiig1
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B.2.2 SpecimerN62

B.2.2.1 Instrumentation (Strain Gauges and LVDTS)

s |. 300 mm__,

Mid-span Section

Figure B-29: Instrumentation for specimidf62 (sg: strain gauge).
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B.2.2.2 Load-Deflection Response
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Figure B-30: Load-Deflection response for speciliéR at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.2.2.3 Load-Steel Strain Response
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Figure B-31: Load-steel strain response for spegiN@2 at (a) mid-span; (jy
from mid-span; (c) support.
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B.2.2.4 Crack Development

\

(a) AtP=227 kN=0.48Rax
(maximum flexural crack width < 0.0&m)

/f///,\\\

(b) After shear failureRna=476 kN)

Figur B-32: Crack pattern for specimiig2
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B.2.3 SpecimerH61

B.2.3.1 Instrumentation (Strain Gauges and LVDTS)

s |. 300 mm__,

Mid-span Section

Figure B-33: Instrumentation for specimidfl (sg: strain gauge).
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B.2.3.2 Load-Deflection Response

1200

Flexural Failure

1000

(0]
o
o

600

Load P (kN)

400

200

0 T T [ T T T 1 T T T [ T T T [ T T T [ T T T [ T T T [ T T T [ T T

0 4 8 12 16 20 24 28
Mid-span Deflection & (mm)

32 36

Flexural Failure

Quarter-span (Left)

Load P (kN)
(e}
o
(@)

0\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Quarter-span (Right)

0 4 8 12 16 20 24 28
Quarter-span Deflection &, (mm)

32 36

Figure B-34: Load-Deflection response for speciHéd at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured

support settlement)
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B.2.3.3 Load-Steel Strain Response
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Figure B-35: Load-steel strain response for spegiA®&l at (a) mid-span; (g,
from mid-span; (c) support.
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B.2.3.4 Crack Development

RAWRY

(a) At P=400 kN=0.48R,.x
(maximum flexural crack width < 0.0&m)

S A \
Rl W\RW\%%?N_

(b) After flexural failure Pma=838 kN)

Figur B-36: Crack pattern for specimeig 1.
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B.2.4 SpecimerH62

B.2.4.1 Instrumentation (Strain Gauges and LVDTS)

s |. 300 mm__,

Mid-span Section

Figure B-37: Instrumentation for specimidf2 (sg: strain gauge).
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B.2.4.2 Load-Deflection Response
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Figure B-38: Load-Deflection response for speciHéR at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.2.4.3 Load-Steel Strain Response
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Figure B-39: Load-steel strain response for spegiAg&2 at (a) mid-span; (g,

from mid-span; (c) support.
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B.2.4.4 Crack Development

A e

(@) At P=450 kN=0.51Rax
(maximum flexural crack width < 0.0&m)

AT

(b) After shear failureRn2,=880 kN)

ko

Figur B-40: Crack pattern for specimeig2.
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B.2.5 SpecimernL6l

B.2.5.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-41: Instrumentation for specimieBil (sg: strain gauge).
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B.2.5.2 Load-Deflection Response
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Figure B-42: Load-Deflection response for specihéhat (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.2.5.3 Load-Steel Strain Response
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Figure B-43: Load-steel strain response for spegib@d at (a) mid-span; (d,
from mid-span; (c) support.
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B.2.5.4 Crack Development

~ LN

(a) At P=240 kN=0.48R\ax
(maximum flexural crack width < 0.0&m)

AN

(b) After flexural failure Pna=497 kN)

Figur B-44: Crack pattern for specime6l.
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B.2.6 Specimern62

B.2.6.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-45: Instrumentation for specimie®? (sg: strain gauge).
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B.2.6.2 Load-Deflection Response
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Figure B-46: Load-Deflection response for specihégat (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.2.6.3 Load-Steel Strain Response
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Figure B-47: Load-steel strain response for spegib@ at (a) mid-span; (g,
from mid-span; (c) support.

332



B.2.6.4 Crack Development

] /S/]fz L\ \\\\

||
(a) At P=300 kN=0.49R\ax
(maximum flexural crack width < 0.0&m)
@i
77 A AN
| [

(b) After shear failureRma=612 kN)

Figur B-48: Crack pattern for specime62.
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B.3 Specimens witth=1000 mm
B.3.1 SpecimerN10-1

B.3.1.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-49: Instrumentation for specimdfa0-1(sg: strain gauge).
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B.3.1.2 Load-Deflection Response
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Figure B-50: Load-Deflection response for specim@0-1at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.3.1.3 Load-Steel Strain Response
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Figure B-51: Load-steel strain response for spegiNE)-1at (a) mid-span; (b)

d, from mid-span; (c) support.
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B.3.1.4 Crack Development

('/f [ MJ/N\ %) \ \

(@) AtP=420 kN=0.44R\ax
(maximum flexural crack width = 0.0&m)

_m AR

(b) After shear failureRn=958 kN)

Figur B-52: Crack pattern for specimii0-1
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B.3.2 SpecimerN10-2

B.3.2.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-53: Instrumentation for specimit0-2(sg: strain gauge).
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B.3.2.2 Load-Deflection Response
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Figure B-54: Load-Deflection response for specii@-2at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.3.2.3 Load-Steel Strain Response
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Figure B-55: Load-steel strain response for spegiNE)-2at (a) mid-span; (b)

d, from mid-span; (c) support.
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B.3.2.4 Crack Development

0.15 mr

/} f// \\\\ //

(a) AtP=420 kN=0.43Rax
(maximum flexural crack width = 0.1

//rm%/ \\\ /

(b) After shear failureRna,=968 kN)

Figur B-56: Crack pattern for specimii0-2
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B.3.3 SpecimerH10-1

B.3.3.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-57: Instrumentation for specimidh0-1(sg: strain gauge).
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B.3.3.2 Load-Deflection Response
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Figure B-58: Load-Deflection response for speciddéf-1at (a) mid-span; (b)
guarter-span. (Note: all presented deflection detige corrected for the measured
support settlement)
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B.3.3.3 Load-Steel Strain Response
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Figure B-59: Load-steel strain response for spegiRiE)-1at (a) mid-span; (b)

dy from mid-span; (c) support.
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B.3.3.4 Crack Development

[
0.10 mm

//)» ///l\//ﬂ\/\/l\)2>\\\ {k

(a) At P=600 kN=0.47R\ax
(maximum flexural crack width = 0.1

it /{ f/s\ (\/ b ))\\ﬁh\{\ )

(b) After shear failureRma=1265 kN)

Figur B-60: Crack pattern for specimeliiO-1
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B.3.4 SpecimerH10-2

B.3.4.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-61: Instrumentation for specimidh0-2 (sg: strain gauge).
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B.3.4.2 Load-Deflection Response
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Figure B-62: Load-Deflection response for specirH&0-2 at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.3.4.3 Load-Steel Strain Response
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Figure B-63: Load-steel strain response for spegihE)-2 at (a) mid-span; (b)

d, from mid-span; (c) support.
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B.3.4.4 Crack Development
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(a) At P=620 kN=0.49R\ax
(maximum flexural crack width = 0.1
N
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(b) After shear failureRma=1261 kN)

Figur B-64: Crack pattern for specimeli0-2
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B.3.5 SpecimeriL10-1

B.3.5.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-65: Instrumentation for specimiebh0-1(sg: strain gauge).
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B.3.5.2 Load-Deflection Response
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Figure B-66: Load-Deflection response for specim#@-1at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.3.5.3 Load-Steel Strain Response
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Figure B-67: Load-steel strain response for spegibi®-1at (a) mid-span; (jy
from mid-span; (c) support.
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B.3.5.4 Crack Development

\

(a) AtP=250 kN=0.47R\ax
(maximum flexural crack width = 0.0&m)

) ?,\k,\\\\\

(b) After flexural failure Pma=532 kN)

Figur B-68: Crack pattern for specimehO-1

353



B.3.6 SpecimerL10-2

B.3.6.1 Instrumentation (Strain Gauges and LVDTS)
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Figure B-69: Instrumentation for specimieh0-2(sg: strain gauge).
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B.3.6.2 Load-Deflection Response
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Figure B-70: Load-Deflection response for specim#@-2 at (a) mid-span; (b)
quarter-span. (Note: all presented deflection desiee corrected for the measured
support settlement)
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B.3.6.3 Load-Steel Strain Response
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Figure B-71: Load-steel strain response for spegibi®-2 at (a) mid-span; (I,
from mid-span; (c) support.
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B.3.6.4 Crack Development

A ///fflf\}, \

(a) At P=340 kN=0.49R,.x
(maximum flexural crack width < 0.0&m)

A

(b) After flexural failure Pma=692 kN)

Figur B-72: Crack pattern for specimehO-2
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