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Understanding of the shear and bond performaneselbtonsolidating concrete
(SCC) is vital to fully implement SCC usage in stures. State highway structures are a
potential application for prestressed SCC systemegs mnore knowledge is gained
regarding this performance.

In order to investigate the shear and bond perfooaaf end regions of
prestressed SCC beams, several conventional ando&S€essed T-beams were tested
in flexure with unequal shear spans. Displacemedtsérand end slip were measured as
the specimens were loaded to failure. These reardtprovided together with behavioral
descriptions. Results were analyzed using flexoeaim theory and AASHTO LRFD

design provisions.



It was concluded that AASHTO LRFD shear specifmasi provide overly
conservative provisions for high strength (SCC)h&aot fully utilizing superior bond

characteristics of SCC systems.
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Chapter 1. Introduction

1.1. Background

Prestressed concrete is used as an efficient stalstystem for various applications
worldwide. Prestressed, especially precast, com@ements are preferred over
conventionally reinforced concrete elements in manglications due to the efficiency
and versatility they provide in construction, adlwas their inherent durability. Use of
high strength concrete has accelerated the widadprse of prestressed concrete
elements. High-strength, self-consolidating coree(8ICC), however, has not yet been
fully employed in prestressed concrete bridge stinres because of lack of structural
performance data related to its use.

SCC, first developed in Japan in 1980’s, can beegulavithout time-consuming
and costly vibration procedures, thereby makireg@nomically beneficial. Although
SCC is favored by the industry due to its efficigicplacing and finishing, some official
specifications do not yet permit the use of SC@rastressed concrete applications.
Approval of the use of SCC in prestressed systgnigabsportation agencies awaits the
results of further research. For example, sheatband performance of prestressed SCC
is a source of debate among researchers, transporégencies and the industry. Shear
and bond performance of SCC is an important isegause of the increased fine

aggregate content that aids in creating the floliglmf SCC.



1.2. Research Objectives

The Alabama Department of Transportation (ALDOT3 bponsored an investigation by
the Auburn University Highway Research Center thiouse of SCC in prestressed
concrete bridge girders. The primary objectivethefinvestigation are to:

. Develop SCC mixtures for use in prestressed comtnétige structures,

. Evaluate the behavior of SCC mixtures in prestigssacrete girders, including
fresh properties, early-age behavior, and long-teeimavior, and

. Develop implementation guidelines and recommendatfor industry use.

The study presented in this thesis is a portiothefaforementioned project. The primary
objective of this study was to evaluate the shadrtand behavior of prestressed
reinforcement in beams constructed with SCC arev&buate the long-term performance

of SCC when used in prestressed concrete girders.

1.3. Research Scope

This study consisted of an experimental investigainto the shear behavior of
prestressed concrete beams. Five specimens, wieighpertions of beams previously
tested by Levy (2007), were tested: two were mdd®mventional moderate-strength
concrete, one was made with moderate-strength $id@ha remaining two were made
of high-strength SCC. All of these mixtures wersigeed for implementation in
pretensioned concrete bridge girders. Each ofitteespecimens was tested to failure
with single-point loading positioned to create umaghear spans. The behavior of the
test specimens was compared with flexural anahgsiglts and the provisions of

American Association of State Highway and Transggarh Officials Load and

2



Resistance Factor Design (AASHTO LRFD) Bridge Dessgecifications (2007) for
shear.

The mixing, fabrication, measurements, and tesiirthe beams were performed
in the Structural Engineering Laboratory of the AubUniversity Department of Civil

Engineering.

1.4. Organization of Thesis

Chapter 2 provides a literature review includingibgrinciples of shear behavior in
structural concrete. Several theories developemterstand shear behavior of reinforced
and prestressed concrete members are presentetHKAERFD Specifications
(AASHTO LRFD 2007) on shear design and analysidaseribed, including
assumptions and rationalizations on which seveaiaaches are founded.

Chapter 3 provides a description of the designfabdcation of the prestressed
specimens. The results of fresh and hardened pyojesting of the concrete mixtures as
well as other experimental results obtained by L@007) are presented in this chapter.
The test setup and instrumentation are also predemthis chapter.

Chapter 4 provides the results of the conducteeémxgnts that were conducted. The
behavior of each specimen during testing is desdrib detalil.

Chapter 5 provides flexural and shear analysidtseeand comparisons with relevant
test data. Several outcomes of such comparisonstaed observed testing behavior are
also discussed in this chapter.

Chapter 6 offers conclusions based on the work miected in this thesis.

Recommendations for further research are also geawvithin this chapter.



1.5. Notation

The notation used in this document mainly follows hotation outlined in thRASHTO
LRFD Bridge Design Specificatioi®007). A list of the notation used throughout is

presented in Appendix A.



Chapter 2. Background on the Design of Reinforced Concrete Bdge

Systems to Resist Shear

2.1. Shear Behavior

External forces acting on structures cause shessssts in addition to axial and flexural
effects. Unlike normal stresses caused by axiagefmrshear stresses are not distributed
linearly over the depth of flexural members. Howeteey are fairly constant across the
cross-sectional dimension perpendicular to theiegpbad (i.e. width); therefore, the
width-averaged value is often used for simplicit¥idth-averaged shear stress
distributions across the depth of typical homogeseotropic, and linearly elastic

rectangular and T-shaped cross sections can barséegure 2-1.

ave

Neutral Axis
(N. A)

Figure 2-1.Width-averaged shear stress distributions on rgctian and T sections



Theoretical shear stress distributions assume dedegree polynomial curve
shapes and reach maximum values at the centroetaye shear stresg,) on a

horizontal section of a beam can be calculatedgusin

_VQ

ave
It

whereV is the shear forcd) is the first moment of the area of the shaded@®aetith
respect to the neutral axiss the moment of inertia of the cross section alloel neutral

axis, and is the width of the section at the point of intgr@Beer and Johnson 1992).

2.2. Principal Stress Analyses

The shear strength of concrete is much higher itsaensile strength. Therefore, shear
stresses are not direct causes of cracking in etadvioreover, shear stresses are seldom
observed by themselves; most of the time they ererapanied by axial stresses.
Principal stress analysis is required to understhadesulting effects of axial and/or

shear stresses.

2.3. Mohr’s Circle

In order to obtain principal stresseg(minimum) ands,(maximum), at a point in a
beam, Mohr’s Circle analysis can be used. Mohritgl€s of typical concrete elements
from nonprestressed and prestressed beams are ghéwgure 2-2. Tensile stresses are

shown as positive.



Shear Stress (1)

Nonprestressed beam element at centroid

Shear Stress (1)

Prestressed beam element at centroid
Figure 2-2.Mohr’s Circles for nonprestressed and prestressadtelements
It can be seen that axial compressive stressesddysprestressing forces

significantly reduce principal tensile stressed thault from shear stress. The largest
tensile principal stresses, compared to the teasiémgth or modulus of rupture values of
concrete, can be calculated at specific loadingsedict diagonal cracking loads.
Diagonal tensions are of concern because theytteahcking of concrete due to its
relative low tensile strength (Naaman 2004). Eleinfi@fures that are called shear
failures are mostly diagonal tension failures anestimes diagonal compression failures,

since true shear failure at the material levearelly observed (Ferguson et al. 1988).



2.4. Diagonal Cracking

When principal tensile stresses existing at varamges with the horizontal reach critical
values they cause cracking in the concrete. Thed@eéd cracks are called diagonal
cracks and several researchers classify diagoaekiorg into two main types: flexure-
shear cracking and web-shear cracking (Sozen andiHs 1962; MacGregor et al.

1965; Lorentsen 1965). These two main shear cragkshown in Figure 2-3.

Vo
%/((///H? LAY N

Flexure-shear Web-shear
cracks cracks

— ST

Figure 2-3.Flexure-shear and web-shear cracks (Naaman 2004)
Diagonal cracks are not fully restrained by londital reinforcement and usually
transverse reinforcement is required to avoidlbrfttilures (Nawy 2006). Because crack
locations are discrete and the material is no loregeropic, diagonal cracks make

average constitutive (stress-strain) relationsbgraplex (Collins 1978).

2.4.1. Flexure-shear cracking

Flexure-shear cracks are observed to start am, thei vicinity of, flexural cracks and they
quickly propagate in an inclined path (Bresler MatGregor 1967). The propagation
path is along the (diagonal) plane of principakten (Naaman 2004). After flexural

cracking, significant stress redistributions ocehis makes it difficult to accurately



predict (1) the load that causes a flexure cradkatosform into a flexure-shear crack and
(2) the shear that can be resisted by the conaftsethe formation of a flexure-shear

crack in a reinforced beam (Bresler and MacGre§6i71 Collins and Mitchell 1997).

2.4.2. Web-shear cracking

Web-shear cracking is observed before flexuralkingg especially in beams with
narrow webs. In regions where shear force is héfgitive to bending moment, a diagonal
tension crack often occurs before a flexural ctaetause diagonally aligned principal
tensile stresses near the centroid are relativiglyeln than flexural stresses near the
tension face (Naaman 2004). Usually prestressirgg$odelay the formation of flexural
cracks, which can result in web-shear cracks appgérst in high-shear regions of
prestressed beams (MacGregor and Hanson 1969 ®ete-shear cracking happens
before any flexural cracking, principal stresseslieg to cracking can be calculated

more accurately (Bresler and MacGregor 1967).

2.5. Behavior After Diagonal Cracking

After diagonal cracks form, concrete contributiorshear stress transmission is greatly
reduced. Adequate transverse and longitudinalaesefment is required to balance these
stresses (Collins and Mitchell 1997). Although diagl cracking is not a failure mode of

reinforced members by itself, it is a major conitdyr to the final failure of members.

2.6. Failure Modes

Flexure-shear cracking or web-shear cracking mag te several shear failure modes.

Shear span to depth ratio (a/d) is used as a fitadin parameter for failure modes.



Major types that can be observed in slender (é2db)>to short (1 < a/d < 2.5),
rectangular and I-beams are: diagonal tensionr&gilueb crushing failure, shear tension
failure and shear compression failure as shownguarg 2-4 (Bresler and MacGregor

1967; ASCE-ACI 1973).

a) Diagonal Tension Failure b) Web crushing failure
Loss of bond
‘ (Splitting failure) I ;

v eE L

AN !

c) Shear tension failure d) Shear compressionr&ailu
Figure 2-4.Major shear failure modes (Naaman 2004)

Diagonal tension failure is usually observed in erately slender beams. In this
case, a web-shear or flexural-shear crack propagiateughout the depth of the beam
causing a failure. Web crushing failure is obserygically in I-beams with narrow
webs. Web crushing is caused after web-shear crgudki excessive compressive
stresses on the diagonal compression elementst ®ns#on failure is observed in short
beams when a secondary crack forms branchingsifear crack at the level of

longitudinal reinforcement and propagates towanedskeam end. This secondary crack
10



causes a loss of bond resulting in an anchoralyedanf the longitudinal reinforcement.
(Bresler and MacGregor 1967; ASCE-ACI 1973). Iniadd, the diagonal nature of
shear cracking can result in a tension demandefigkural reinforcement that is larger
than what would be computed by only consideringdb@mmmoment at a section
(Ferguson et al. 1988). When an anchorage failoes dot occur, the concrete at the
compression (upper) end of the crack may fail ushing. This type of failure is called

shear compression failure (Naaman 2004).

2.7. Compression Field Theory

Compression Field Theory was presented by Micha€ldRins in 1978. It is based on
the assumptions that concrete carries no tensteniafs cracked and it carries
compression in forms similar to truss models. Tiagahal compression field in concrete
transmits the shear stresses (Collins 1978).

In this method of analysis, an implicit relationsis used between strain values
and the angle of principal compressi@h Having necessary equilibrium and
compatibility equations determined, transversegilmainal and principal compression
strains can be calculated using an assumed validJsing these three strains, another
estimate of the angle of principal compressiorbigmed, and an iterative trial-error
solution is reached.

As an upper limit to the ultimate shear capacity ¢f a member after the
transverse reinforcement yields, Compression Hiakbry assumes that the longitudinal
steel yields or the concrete compressive streshesats limiting value. This approach is

expressed in the following equation (Collins 1978):
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Vu = \/(pt fty)(pl 1:Iy + lop 1:py +mj ory, S\/fdupt 1:ty _(pt fty)2

wherep stands for the reinforcement ratipfor yield strengthN for axial force by, web
width, jd for effective depth of shear afg for the limiting value of the average principal
compressive stress in concrete. Additional subsiiipandp stand for transverse and
longitudinal mild reinforcement and prestressiregtrespectively (Collins 1978). It can
also be added that the prestressing or mild resirfigrsteel anchorage capacity also limits
the ultimate capacity of the member when the secansidered is within the transfer or

development length regions.

2.8. Modified Compression Field Theory

Modified Compression Field Theory (MCFT) was prdedrby Frank J. Vecchio and
Michael P. Collins in 1986 as a further developnadiithe 1978 Compression Field
Theory by Collins. After an experimental programalving tests of square reinforced
concrete elements under well defined axial andrdbeds, average stress versus average
strain relationships, as shown in Figure 2-5 amlife 2-6, were obtained for cracked,

reinforced concrete under normal and shear stresses

c2

.
c2max j— - ...~ - -

i
|
|
{
‘e

Figure 2-5. Stress-strain relationship for cracked concremmpression

(Vecchio and Collins 1986)
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Figure 2-6.3-D Representation of compressive stress-straatioakhip
(Vecchio and Collins 1986)
In contrast to the original Compression Field Tlyg@ollins 1978), MCFT takes
into account tensile stresses developed in theretmbetween the cracks (tension

stiffening). Tensile behavior of concrete is modeds shown in Figure 2-7.

Figure 2-7.Average stress strain relationship for concretemsion
(Vecchio and Collins 1986)
At crack points, steel may be assumed to havegdkldut between cracks steel
may not have yielded because concrete carries sbthe tensile stresses in that region

(Vecchio and Collins 1986).
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2.9. AASHTO Shear Provisions

AASHTO LRFD Bridge Design SpecificatiddAASHTO LRFD 2007) address shear and
torsion in concrete structures in Section 5.8. Bitiicle 5.8.3 (Sectional Design Model)
and Article 5.6.3 (Strut-and-Tie Model) can be &upko flexural regions where plane
sections remain plane. For components in whicldisiance from the point of zero shear
to the face of the support is less than twice @@l of the member, use of Article 5.6.3

is left to the engineer’s discretion (AASHTO LRFD®).

2.9.1. Sectional design method

The Sectional Design Method is used to compar@fedtshear forces and factored shear
resistances at sections along the span. The goxeequations used to calculate
resistance are Equations 5.8.3.3-1 to 5.8.3.3-&;wdre used to calculate nominal shear
resistance\{,), nominal shear resistance provided by concifeand nominal shear
resistance provided by shear reinforcem®gt (The component of effective prestressing
force in the direction of the applied she¥)(is also used as a variable in the calculation
of Vy.

For prestressed membeYg,can be calculated using either the General Proeedu
(Article 5.8.3.4.2) or the Simplified Procedure ferestressed and Nonprestressed

Sections (Article 5.8.3.4.3).

2.9.2. General procedure

The General Procedure (Article 5.8.3.4.2) is esaliynain application of the Modified
Compression Field Theory by Vecchio and Collins8@)9 although this theory is not

directly in the provisions. It is an iterative pess that follows different paths depending
14



on the amount of transverse reinforcement suppBedtions are divided into two
categories having (1) at least equal to or (2) fleas the minimum transverse
reinforcement specified in Article 5.8.2.5. An déve process, in both cases, is used to
determines;, the longitudinal strain in on the flexural tens&ide of the membegis

then used to fing (factor relatingex to V,, indicating the ability of diagonally cracked
concrete to transmit tension and shear) &(ahgle of inclination of diagonal
compressive stresses in degrees). For incre@sallies, althougN. is decreased/s is
increased due to the fact that principal tensioendation more closely aligns with the
vertical orientation of transverse reinforcement.

For members having at least the minimum transueiséorcement, shear-stress-
to-f'c ratio is used as the governing parameter forahkes used for the iterations Bf
and @ values. However, for members having less thamafeired minimum transverse
reinforcemens,e, a spacing parameter, is used. The spacing paametalculated as
follows:

Sie = sxﬂs%in.
a, + 063

where:
s« = the lesser of eithek, (effective shear depth) or maximum distance betmagers of
longitudinal crack control reinforcement (in.)

ag= maximum aggregate size (in.)

15



2.9.3. Simplified procedure

For concrete beams having at least minimum trassv&eel reinforcement and not
subject to significant axial tension, a simplifigebcedure is suggested to calcuMie
This method, in whiclV, is taken as lesser ®f; (nominal shear resistance provided by
concrete when inclined cracking results from coratlishear and moment) avig,
(nominal shear resistance provided by concrete widimed cracking results from
excessive principal tensions in web), is similathi® ACI 318 (2005) approach and is

based on recommendations by the NCHRP Report 5d@Kifs et al. 2005).

2.9.4. Minimum transverse reinforcement requirement

In Article 5.8.2.5, AASHTO LRFD requires a minimuamount of transverse steel to
control the diagonal cracks and increase ductiisyyell as to provide post-cracking
reserve strength. This minimum amount is requireémthe factored shear force is more
than the half of the nominal shear resistance @ttincrete added to the component of
prestressing force in the direction of the sheerdoPost-cracking reserve strength refers
to the shear capacity of the member after diagoreaking. The minimum transverse

reinforcement requirement is defined by:

A, 200316/, t:js
y

where:

A, = area of a transverse reinforcement within distar(in.?)
b, = width of web (in.)

s = spacing of transverse reinforcement (in.)

fy = yield strength of transverse reinforcement (ksi)
16



When the minimum transverse reinforcement requerans substituted into the
Vs andV, equations as described in Article 5.8.3.3, thiw¥ahg equation is obtained:

V, cotd
s 2
14

This minimum transverse reinforcement requiremeat analyzed by Ozcebe et
al. (1999), Angelakos et al. (2001) and Rahal ah8l#aleh (2004), and it was reported
to be adequate. However, it was also reportedftingiter testing was necessary to justify

the validity of this requirement for high-strengtbncrete f¢’ > 10 ksi).

2.9.5. Maximum aggregate size

In the case of members with less than the minintamsizerse reinforcement, concrete
contribution to shear resistance is critical. Thene, for a more accurate prediction of
shear resistance, concrete-aggregate interlockidgther shear-friction factors need to
be taken into greater account (Sherwood et al. RGFien cracks widths increase, it has
been seen that stresses that can be transmitessawacks gradually decrease,
indicating a certain transfer mechanism of inteking grains (Moe 1962). It has been
observed that close to sixty percent of the shessistance is provided by the aggregate
interlocking mechanism (Fenwick and Paulay 1968}he application of the Modified
Compression Field Theory, maximum aggregate simsesl as a parameter in the
determination of shear resistance due to aggreégaidock (Vecchio and Collins 1986).
When high-strength concretl’ & 10 ksi) is used, the maximum aggregate size is
recommended to be taken as zero (Bentz et al. 200&) argument is considered valid

because with high-strength concrete, aggregatdanteng does not play an important

17



role in transferring shear forces. This is duehtflact that aggregates are cut through in

case of a diagonal crack in high-strength concrete.

2.9.6. Longitudinal reinforcement demand

Shear causes an axial tension demand in the |ahigitusteel reinforcement—both in
prestressing strands and in mild reinforcements @emand, which is beyond the
demand due to bending moment and axial force alwageto be satisfied by the axial
tension capacity of the longitudinal reinforcemeASHTO LRFD (2007) specifications
evaluate this capacity by assuming the mild stieforcement yields and the
prestressing strands develop resistance in a lordairlinear fashion over the transfer
and development lengths. AASHTO LRFD (2007) Artigl8.3.5 requires the
longitudinal reinforcement capacity to be largartiihe longitudinal strength demand

satisfying the following equations:

|M U| Nu Vu
Aifos AT, 2 +05—+||— -V, |- 05V [cotd
d.@, ¢ \|%
or
V
At t AT, 2 [—” -V, |- O.S\/SJcotH (for the span between the face of the support
@
and the critical section)
where:

Aps = prestressing strand areadjn.
fos = effective prestressing stress (ksi)
As = longitudinal mild reinforcement area (.

fy = yield strength of longitudinal mild reinforcemefRsi)
18



M, = factored moment (kip-in.)

d, = effective shear depth (in.)

N, = factored axial force (kip)

V, = factored shear force (kip)

V, = component of effective prestressing force indinection of the applied shear (kip)
Vs = nominal shear resistance provided by shearamament (kip)

6= angle of inclination of diagonal compressive stessy

a, @, @ = flexural, shear and compressive resistance factespectively

2.9.7. Critical section for shear

AASHTO LRFD (2007) Article 5.8.3.2 specifies thetical section for shear to be a
distance ofl, (effective shear depth, as described in ArticR%9) from the internal

face of the support. For the design of the portibthe span between the support face and
the critical section, this section is used forshkkar capacity calculations, as well as for
tension demand calculations of longitudinal reinéanent.The basic assumption for this
approach is that loads inside the span up to thieadrsection are directly transferred

(without beam action) to the support (Naaman 1994).

2.9.8. Strut-and-Tie Modeling

In Article 5.8.1.1 of the AASHTO LRFD Bridge Desi@pecifications (2007), it is stated
that if the point of zero shear is closer than tinees the member depth to the face of the
support it may be considered as a deep member. Howbhe AASHTO specifications
are not clear about the requirement on the desigmalysis method. It is stated in the

commentary that the strut and tie model yields ¢esservative results for regions near
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discontinuities. Therefore, it is understood thnat $trut and tie model can be used at the

engineer’s discretion in order to achieve morecgdfit designs.

2.10. Simplified Modified Compression Field Theory

In 2006, Bentz et al. introduced a simplified meth@ased on the Modified Compression
Field Theory. This new method, called Simplified difed Compression Field Theory
(SMCFT), is aimed at predicting shear strengthsmeimbers without the iterative
procedures necessary with the MCFT. SMCFT presagosed-form equations, instead of
the current AASHTO LRFD tables for the calculatafrg,, dandf values (Bentz et al.
2006).

SMCFT is also employed in the 2004 Canadian Stasdassociation (CSA)

A23.3 shear provisions for reinforced concrete (Bemd Collins 2006).

2.11. High-Strength Concrete

AASHTO LRFD specifications, in Article 5.4.2.1, imythat properties that might be
related to concrete compressive strength are aktgang compressive strengths of 10.0
ksi or less. It is advised to use concrete compressrengths of 10.0 ksi or more only if
relationships between such properties and constetagths are established by physical

tests.
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Chapter 3. Specimen Properties and Testing

3.1. Introduction

Test specimens used in this study were 5 portibpsetensioned T-beam specimens
previously tested in the Auburn University Civil gineering Department Structures
Laboratory by Kelly Levy in 2006—2007 (Levy 200The original beams were 23’-0”
long when cast and pretensioned. Each specimexdtasthis study was one end of a
beam that had been tested to failure in flexure fBsulting beam segments ranged in
length from 129 in. to 148 in., and each had orgauraged end region that was a
prestress transfer zone in the original beam. Togscsection for all specimens is shown

in Figure 3-1.
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Figure 3-1.Specimen cross section detail (Levy 2007)

3.2. Specimen Identification

For ease of future reference, the specimen ideatifin system is consistent with the
system used by Levy (2007). Figure 3-2 shows tleeisgen identification scheme used

by Levy.
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M (Moderate ( A (23-0")

Concrete Strengt Speci h
H (High) pecimen Lengt < B (16'-4")
sce C te Mixt e
oncrete Mixture
STD ‘ \ D8

SCC-MA-BE

T t E (East End)
Specimen End
A(Fly Ash) SCM P W (West End)

S(GGBF Slag)

SCM = Supplementary Cementitious Materials

Figure 3-2.Specimen identification system of Levy (2007)

The modified identification system used for thigdstis shown in Figure 3-3. Not
all the beams tested previously were availableagmitopriate for retesting. All of the
beam portions came from the Length A beams of teeipus study. The E or W
descriptor represents whether the beam portiontheasast or west end of the original
flexural specimen. The beam portions that were asespecimens in this study were
tested with a point load placed so that the undachagestress transfer end of the
original beam was the short shear span. The Sdastriptor is used to differentiate

between the two ends of the specimen as testdukistudy.

23



M (Moderat
Concrete Strengt

H (High) S (Short Shear Span
Testing End
SCC ‘ L (Long Shear Span)
Concrete Mixture
STD ;
SCC-MS-ES
E (East)

S(GGBF Slag)k  SCM As-Cast Portion

W (West)

Figure 3-3. Specimen identification system used in this study
3.3. Material Properties

3.3.1. Prestressing steel

The prestressing steel used in this study was &axation “¥z in.—special” Grade 270
seven-wire prestressing strand. The cross-sectasaaland modulus of elasticity of the
strand given by the manufacturer are 0.164aimd 28,900 ksi, respectively. The
measured diameter of this strand was 0.515 in.stifa@d used in all of the beams came

from one roll that was manufactured by the AmeriSaning Wire Corporation.

3.3.2. Mild reinforcing steel

The mild reinforcing steel used in this study we&TM A615 Grade 60 reinforcing bar.
0.375-in. nominal diameter No. 3 bars were usedldmge reinforcement and transverse
(shear) reinforcement. Transverse reinforcementphased with 10 in. spacing. For
analysis purposes, the modulus of elasticity aett\stress of the bars were assumed to

be 29,000 ksi and 60 ksi, respectively.
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3.3.3. Concrete

Three types of concrete mixtures were used indtioidy. One was a conventionally
consolidated (“standard”) moderate-strength coeamgkture. The remaining two
mixtures were self-consolidating concrete (SCCg baving high strength and one
having moderate strength. The standard mixturedeagned to resemble a mixture
commonly used by the Alabama Department of Trariapon (ALDOT) for prestressing
applications.

The standard mixture is called STD-M (moderatersjtie). The SCC mixtures
used for this study were SCC-13 (high-strength) 86€-15 (moderate-strength) using
the notation of previous phases of this ALDOT pecojg&oberts 2005; Swords 2005).
This study follows the Levy (2007) nomenclatureg #me two SCC mixtures are called
SCC-HS (high strength with GGBF slag), and SCC-M®derate strength with GGBF
slag) respectively. The moderate-strength SCC mextad a 50% Grade 100 GGBF slag
replacement. The high-strength SCC mixture had% Gdade 100 GGBF slag
replacement. All concrete mixtures had a maximugreggate size of %.”. Mixture
constituents, as well as fresh and hardened piepat the three concrete types, are

given in Table 3-1, Table 3-2 and Table 3-3 as mepidoy Levy (2007):
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where:

GGBF = Ground Granulated Blast Furnace,

AEA = Air-Entraining Admixture,

Table 3-1.Mixture properties

Mixture Mixtures
Constituents STD-M SCC-MS SCC-HS
Water (pcy) 270 270 260
Cement (pcy) 640 375 650
Fly Ash (pcy) 0 0 0
GGBF Slag (pcy) 0 375 279
Coarse agg. (pcy) 1964 1613 1544
Fine agg. (pcy) 1114 1323 1265
AEA (0z/cwt) 0.33 0.00 0.00
WRA (0z/cwt) 4.0 6.0 6.0
HRWRA (oz/cwt) 3.5 4.5 5.0
VMA (oz/cwt) 0.0 2.0 2.0

WRA = Water-Reducing Admixture.

HRWRA = High-Range Water-Reducing Admixture, and

VMA = Viscosity-Modifying Admixture.
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Table 3-2.Fresh properties

MIXTURE
PROPERTY
STD-M SCC-MS SCC-HS
Slump Flow (in.) 9.5 28.5 26
Unit Weight (Ib/ft %) 142.2 148.4 155.2
Air Content (%) 11.0 5.0 3.0
VSI - 1.0 1.0
T-50 (sec.) - 1.54 3.75
J-Ring Difference (in.) - 2 2.5
L-Box (H2/H2) - 0.92 0.63
Temperature (°F) 82 89 95
Table 3-3.Hardened properties
MIXTURE
PROPERTY
STD-M SCC-MS SCC-HS
f'ci (psi) 5000 5300 9990
Eci(ksi) 4900 4950 6050
f' c.28(asT™ {PSI) 5990 9640 13150
f' c.28(ac)(PSI) 6320 9170 13380
Ec2s(ac)(Ksi) 5150 6950 7050
fet28(ac)(PSH) 560 840 830

ASTM = Cured according to ASTM C192 specifications

AC = Air-cured
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3.4. Prestressing Parameters

Several properties of the specimens related tdresssng steel were previously
determined by Levy (2007). Transfer and developriengths I expandlg aaskto
respectively)fy;, foe andfys values for all five specimens are given in Tablée 3

Table 3-4.Previous testing results

Specimen lt,exp(in.) lg, aashTo (iN.) | fpj (ksi) | fpe(ksi) | fos (ksi)

STD-M-E 22 75 209 178 264

STD-M-W 32 75 209 178 264

SCC-MS-E 20.5 72 211 188 265

SCC-HS-E 18 71 210 192 266

SCC-HS-W 20.5 71 210 192 266
where:

fpj = stress in prestressing steel at jacking,
foe = effective stress in prestressing steel aftesdssand
fos = average stress in prestressing steel at theftinvehich the nominal resistance of the
member is required.

The transfer length, jacking stress, and effedivess values were determined
based on measurements of concrete strains in doensgns. The development length and

fos were determined using AASHTO LRFD design provision

3.5. Test Setup and Instrumentation

The test setup consisted of a simply supported Headed by a single concentrated load

closer to the original prestress transfer end efdam. The reason why unequal shear
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spans were chosen was that shear failures weretexip@nd longer embedment lengths
were already tested by Levy (2007). Use of a nomsgtric loading promoted failure at
the undamaged, original prestress transfer enldeo$pecimen. The test setup is

illustrated in Figure 3-4, and a representativetpii@ph is given in Figure 3-5.

Shear Span

1 Load

A A

‘*" Overhang
|

A
A 4

Support Span (114 in.)

Figure 3-4.Test setup diagram

Figure 3-5Test setup
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For the Levy (2007) study, prestressing force wassferred by flame-cutting of
the strands. Due to the physical orientation ofitb@ms on the prestressing bed, each
original beam had one flame-cut end and one dedavlere strands were cut after the
transfer. Table 3-5 indicates the physical diffeesnof the test configuration for each
specimen.

Table 3-5.Test configuration dimensions and strand releasditons

Specimen Shear Span | Overhang Strand Release Total Length
(in.) (in.) Condition at End | (in.)
STD-M-E 30 4 Dead 129
STD-M-W | 30 2 Flame Cut 148
SCC-MS-E | 30 2 Dead 138
SCC-HS-W | 30 2 Flame Cut 129
SCC-HS-E |16 2 Dead 147

Steel rocker supports were located at supportipasitand rested on reinforced
concrete pedestals to elevate and support therspesiduring testing. Between the steel
supports and the specimen, lubricated and unreiefoneoprene pads were used to

minimize horizontal force transfer. These suppoats be seen in Figure 3-6.
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Figure 3-6.Neoprene pads, steel supports and concrete blocks
Loading was applied by piston displacement of ardwyiic actuator attached to a
reaction frame. Between the hydraulic piston arddam there was a steel beam
positioned to transmit the force to the load pdtached to the beam surface with a high

strength gypsum-cement mixture. The hydraulic dotuaay be seen in Figure 3-7.
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Figure 3-7.Hydraulic actuator and force transducer

3.6. Instrumentation

Applied load, displacements, top fiber compressivains, and strand end slips were the
main responses monitored during testing of specmiastruments used during the time

of testing are presented in this section.

3.6.1. Measurement of applied load

The applied load was measured by a built-in foraedducer between the hydraulic
actuator and the steel beam. The force transducktha steel beam can be seen in

Figure 3-7.

32



3.6.2. Measurement of displacements

All displacements were measured using linear patergters. One potentiometer was
placed under the beam directly below the load p&latentiometers were also placed
under the flange at each end on each face at ¢théda of the support to measure any
support deflection throughout each test. Thesenpioteeters were also used as a safety
measure to monitor any possible unexpected behaf/iibie beam under applied load.
The actual displacement of the beam relative testhports was calculated using the
output from these potentiometers. Glass microsstiges were glued to the surface of
the beam at the point of contact for each potergiemn order to compensate for surface
imperfections. Figure 3-8 show the positions ofeptibmeters used, and a close-up of

two potentiometers can be seen in Figure 3.6.

Potentiometer atload point

Figure 3-8.Potentiometers
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3.6.3. Measurement of strand slip

Strand slip was measured with linear potentiomedetse end closest to the load point.

This end, which was subjected to the larger shemaef was a prestress transfer location
in the original beam. All strand movement was meassuelative to the end of the beam.
The potentiometers were mounted onto brackets wihesle then attached to the strands.

Potentimeters used to measure strand slip candmeisé&igure 3-9.

Figure 3-9.Strand slip measurement

3.6.4. Measurement of strains at extreme compressidibers

Compressive strains at the top surface of the heara monitored during flexural testing
using an Electrical Resistance Strain Gauge (ER@tB)a 2.36-in. (60-mm) gauge
length. For all specimens except SCC-HS-E, strauggs were positioned 6 in. from the
load point on the shorter shear span. For spec®@®D-HS-E, two strain gauges were

34



attached at the same distance but with 1 in. affisetn the centerline due to the presence

of a recess for lifting hardware.

3.6.5. Data acquisition

All instrumentation signals were acquired by ani@gVIEGADAC Data Acquisition/
Signal Conditioning Unit and then transferred lagtop computer where all data was
recorded and stored. Data was acquired and steessi £/1¢" of a second from each

instrument. The data acquisition system used &iimng is shown in Figure 3-10.

Figure 3-10.Data acquisition system
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Chapter 4. Test Results

4.1. Introduction

This chapter includes a detailed description ohezdhe five tests in the experimental
program. Key performance characteristics of ak figsts are summarized at the end of

the chapter.

4.2. Specimen STD-M-E

The applied load and strand slip versus load phsglacement graph for specimen STD-
M-E, constructed of a conventional moderate stteoghcrete mixture, is given in
Figure 4-1.

After a range of approximately linear elastic bebgwa web-shear crack between
the support and the load point was observed inisgecSTD-M-E when the applied load
reached 32.1 kips and the load point displacemeast®05 in. The inclined shear crack
that formed at this load is shown in Figure 4-2mediately after cracking, the width of
the shear crack was about 0.5 mm (0.020 in.) gptbstressing strand level and 0.2 mm
(0.008 in.) at the centroid of the cross sectidre Torresponding shear force when the
crack opened was 23.6 kips. The cracking load wasttained again by the beam as
more displacement was applied. After cracking,sjpecimen exhibited excessive strand

slip which could also be heard at the time of expent.
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Figure 4-1.Applied load and strand slips vs. load point dispfaent - STD-M-E
A gradual failure of the specimen followed as th&d point displacement was

increased and the resistance of the beam decremaedlue of approximately 16 kips.
The test was stopped at a displacement of 0.65tithis point, the crack width was 11
mm (0.43 in.) at the strand level and 4 mm (0.1panthe centroid. Figure 4-3 and
Figure 4-4 show the final state of the crack atehe of the test. The observed failure
behavior was consistent with a “shear tensionufail which (as related in Chapter 2)
entails a loss of reinforcement development betwkernclined crack and the beam end

that is precipitated by the influence of a sheackr
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Figure 4-2.Initial crack at 32 kips applied load — STD-M-E

The shear crack was diagonally positioned 19 omfthe beam end at strand

level, extending to 28 in. from beam end at thetrosoh
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Figure 4-3.Final state of crack at the end of test— STD-M-E

Figure 4-4.Shear tension failure showing loss of bond — STEM-
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In order to have a better understanding of the \dehat the time of shear crack
opening, a load point displacement and strandvslipus time graph, and an applied load
and strand slip versus time graph are given inréigu5 and Figure 4-6, respectively.
Both graphs indicate that the shear crack andaéshp took place at the same 0.1-

second data acquisition interval.
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Figure 4-5.Load point displacement and strand slip versus 8 D-M-E
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Figure 4-6.Applied load and strand slip versus time — STD-M-E
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4.3. Specimen STD-M-W

The applied load and strand slip versus load phsglacement graph of the specimen

STD-M-W is given in Figure 4-7.
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Figure 4-7.Applied load and strand slips versus load poinpldisement - STD-M-W
Behavior of STD-M-W was very similar to that of STWD-E. Since they were
portions of the same original beam, this was agebepl. After a short range of linear
elastic behavior, a web-shear crack between theostipnd the load point was observed
at a 0.03 in. displacement, when the applied leadhred 27.2 kips, lower than the
cracking load of STD-M-E. This difference may beihtted to the longer transfer length
in the short shear span of this specimen. The vatlthe shear crack was 0.6 mm (0.024

in.) at the prestressing strand level and 0.2 mEO@in.) at the centroid. When the crack
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opened, the corresponding shear force was 20.0kips shear crack is shown in Figure
4-8. The cracking load could not be reached agaid,the specimen exhibited excessive
strand slip after this point. Again, a shear temgalure of the specimen followed as the
displacement was increased. Finally, the crackiwidached 8 mm (0.32 in.) at the
strand level and 6 mm (0.24 in.) at the centrolie Test was stopped after 1.8 in. of
displacement and 0.9 in. of strand slip. At thi;mpdhe load resisted by the beam was
approximately 20 kips, and had remained fairly tamtsover the final 0.25 in. of
displacement and 0.1 in. of strand slip. The fstate of the specimen is shown in Figure

4-9.

Figure 4-8.STD-M-W: Initial crack at 27.2 kips applied loa&TD-M-W

The shear crack was diagonally positioned 18 omfthe beam end at strand

level, extending to 25 in. from the beam end atcéraroid.
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Figure 4-9.STD-M-W: Final state of crack at the end of teSTD-M-W

Load point displacement and strand slip versus meell as applied load and
strand slip versus time graphs of specimen STD-Ms@/shown in Figure 4-10 and
Figure 4-11. The behavior observed from these graphimilar to that of STD-M-E,

showing the same simultaneous behavior of sheak oening and strand slip.
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Figure 4-10.Load point displacement and strand slip versus ti®€D-M-W
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Figure 4-11.Applied load and strand slip versus time - STD-M-W
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4.4. Specimen SCC-MS-E

The applied load and strand slip versus load phsglacement graph of specimen SCC-

MS-E is given in Figure 4-12.

70 0.35
gt st
60 —— B 0.30
50 | ////V / 1 0.25
m
s =
< 40 020<
3 =
= / 2
e [
2 30 015 g
g / / )
<
) / / 0'10
10 0.05
// ‘ —Load — Strand Slips
0 T T T T T T T 0.00
.0 0.2 0.4 0.6

0 0.8 1.0 1.2 1.4 1.6

Load Point Displacement (in.)

Figure 4-12.Applied load and strand slips versus load poispldicement - SCC-MS-E
Specimen SCC-MS-E exhibited a different behavioemvbompared to the
standard concrete specimens. This specimen didawet a shear crack but it had flexural

cracks under the load point, which can be seengar€ 4-13 and Figure 4-14. The
applied load at first cracking was 46.1 kips, amel$pecimen failed in a flexural failure
mode after opening of several flexural cracks regrch maximum load of 63.1 kips.
Figure 4-15 and Figure 4-16 show the state of ldaufal cracks and the beam at the end
of testing. Strand slips initiated when the flexwrack started to get wider at 51.7 kips

of applied load. Although strand slip graduallyreesed with increasing load, strand
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anchorage was sufficient to allow the strands paure in tension at a load of 63.1 kips.
The width of the main crack at strand level wa®rded as 1.5 mm (0.060 in.) at 56 kips

and 11 mm (0.43 in.) at the end of the test.

Load boint"

Figure 4-13.Flexural cracks under load point at 51kips appleedi - SCC-MS-E
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Figure 4-14.Flexural cracks under load point at 56 kips appleed! - SCC-MS-E

Figure 4-15.Final condition of flexural cracks at the end cftteSCC-MS-E

48



Figure 4-16.Final condition at the end of test - SCC-MS-E
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4.5. Specimen SCC-HS-W

The applied load and strand slip versus load phsglacement graph for specimen SCC-

HS-W is given in Figure 4-17.
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Figure 4-17.Applied load and strand slips versus load poinpldisement - SCC-HS-W
Specimen SCC-HS-W had behavior similar to the metdestrength SCC
specimen SCC-MS-E. Again, this specimen did noehashear crack, but it had flexural
cracks under the load point. The initial crackhewn in Figure 4-18. Cracking initiated
at an applied load of 46.6 kips, and the speciméed in a flexural failure mode after
opening of several flexural cracks, reaching a mapn load of 64.5 kips when the
strands ruptured. Strand slips initiated at 56p5 kif applied load. However, strand slips

in this specimen were not as large as in the posviests. The width of the main crack at
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strand level was recorded as 1.0 mm (0.040 irbp&ips and 8 mm (0.32 in.) at the end
of the test, just before the strands ruptured.firted state of flexural cracks and the beam

are shown in Figure 4-19 and Figure 4-20.

Figure 4-18.Flexural cracks under load point at 48 kips appleed! - SCC-HS-W

51



point
.V-"?,_‘j’.f“)"gj*ué_ ;

Figure 4-20.Final condition at the end of test - SCC-HS-W
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4.6. Specimen SCC-HS-E

The applied load and strand slip versus load phsglacement graph for specimen SCC-
HS-E is given in Figure 4-21. This specimen camelfthe same original beam as
specimen SCC-HS-W; however, the shear span wasedda 16 in. (See Table 3-5 for

test configuration dimensions.)
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Figure 4-21.Applied load and strand slips versus load poinpldisement - SCC-HS-E
Specimen SCC-HS-E exhibited a similar behaviohaswoderate-strength
concrete specimens with longer shear spans (agetaifective strand embedment
lengths). After a range of elastic behavior, a whbar crack between the support and the
load point was observed in the specimen when tpeempload reached 66.1 kips. This
shear crack can be observed in Figure 4-22. Atidlaig, the width of the shear crack was

0.8 mm (0.032 in.) at prestressing strand level@Bdmm (0.012 in.) at the centroid of
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the cross section. The shear force when the craeker was 56.8 kips. This shear is a
higher percentage of the applied load (86%) thaherrest of the test specimens (74%)

because of the shorter shear span for this test.

Figure 4-22.Shear crack at 66 kips cracking load - SCC-HS-E

After cracking, the specimen exhibited excessivanst slip, and the cracking
load could not be reached again as a shear tefaiore of the specimen was evident as
the load point displacement was increased. Findiby/test was stopped at a displacement
of 1.2 in. and an applied load of 30 kips. At thant, the crack width had reached 35
mm (1.38 in.) at strand level and 11 mm (0.43@hthe centroid. Strand slips had
increased to approximately 1.0 in. at the cessatidhe test. Figure 4-23 shows the final

state of the shear crack at the end of test.
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Figure 4-23.Final state of the shear crack at the end of t8€C-HS-E

The shear crack was diagonally positioned 11 omfbeam end at strand level
extending to 18 in. from the beam end (directlyolethe load point) at the centroid.

Load point displacement and strand slip versus &inteapplied load and strand
slip versus time graphs of specimen SCC-HS-E ave/shin Figure 4-24 and Figure
4-25. Behavior observed from these graphs is sirntoléhose of moderate-strength,
conventionally consolidated concrete specimens $FB-and STD-M-W, showing the

same simultaneous behavior of shear crack opemidgt@and slip.
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Figure 4-24.Load point displacement and strand slip versus ti®€C-HS-E
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Figure 4-25.Applied load and strand slip versus time - SCC-HS-E
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4.7. Summary of Test Results

Table 4-1 is provided to show a summary of crackiragls, ultimate loads, types of

cracks and failure modes. Further analyses, cosmasiand related discussions follow in

Chapter 5.

Table 4-1.Specimen cracking and ultimate loads and failuoeles

Specimen Shear | Cracking | Ultimate Type of Failure mode
span (in.)| load (kips) | load (kips) | crack

STD-M-E 30 32.1(23.6) 32.1(23.6) Web-shear Sheasion
STD-M-W | 30 27.2 (20.0) 27.2(20.0)) Web-shear  Sheasion
SCC-MS-E | 30 48.1 (35.4) 63.1 (46.5 Flexural Flexi8trand slip|
SCC-HS-W| 30 48.0 (35.4) 64.5(47.5 Flexural Flei8trand slip|
SCC-HS-E | 16 66.1 (56.8) 66.1 (56.8 Web-shear  Stesesion
Corresponding shear forces are given in parentheses

Table 4-2 shows the initial crack positions of #pecimens with respect to beam ends

and support points. Crack position is given atrstri@vel and at centroid.
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Table 4-2.Crack positions of specimens

Specimen At strand level (in. At centroid (in,)| ypE of crack
STD-M-E 19 28 Web-shear
STD-M-W 18 25 Web-shear
SCC-MS-E 32 32 Flexural
SCC-HS-W 39 38 Flexural
SCC-HS-E 11 18 Web-shear
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Chapter 5. Analysis and Discussion

5.1. Flexural Analysis

It can be seen from the test results that threespeimens (STD-M-E, STD-M-W and
SCC-HS-E) failed with shear-tension modes of faijand the remaining two (SCC-MS-
E and SCC-HS-W) beams exhibited flexural modesibdife.

A layer-by-layer flexural analysis, as describeddmflins and Mitchell (1997),
was performed for each of the specimens in ordevétuate their idealized flexural
response, ignoring the effects of shear deformatibhe beam cross section was divided
into several thin layers with unequal thicknessbegwwere analyzed as individual
members being subjected to axial loading. Theivdateformations of these layers were
constrained so that plane sections remained pRatatal of forty-one layers were
implemented, with thinner layers in the flangeltd beam—where inelastic compressive
behavior was expected—and thicker layers in the ngglon. The rows of mild steel
reinforcement and prestressing strand were repieséry two additional layers. The
subdivision of each cross section into layers @shin Figure 5-1. An elastic uncracked

analysis was used to estimate initial stressestaaths for each layer.
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13 iy
12 i

Figure 5-1.Layers for sectional analysis

For each value of top fiber compressive strainctireesponding neutral axis
depth and curvature were calculated based on aal iguess, followed by iteration
aimed to zero the sum of axial forces of all of ldngers. After the neutral axis location
and curvature were determined, the correspondihge\af moment was calculated. This
procedure was repeated for a range of top fibamstfrom a dead-weight only condition
to ultimate flexural capacity.

For prediction of load-displacement response, tenstiffening was considered
based upon the procedure described by Collins atch®l (1997). After cracking,
concrete fibers located within 7.5 diameters affiaicement were assigned average
tensile stresses according to the relationshipritestby Collins and Mitchell (1997).
28" day air-cured compressive and tensile strengticsdrete are used as given in
Table 3-3. Figure 5-2 shows the zones of concreéed affected by tension stiffening.
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Figure 5-2.Concrete fibers affected by tension stiffening
Mild reinforcing steel was assumed linear elasficaa yield point of 61 ksi with
Es = 29,000 ksi (determined according to previousemalttesting). Beyond the yield
point a perfectly plastic behavior (constant sfresss assumed.
For the prestressing strands the following refesiop was used based on previous
material testing:

27941

f,=¢,| 95948+
p p
(1+(1148,)) 2

where,
fp = stress in prestressing steel, and

& = strain in prestressing steel.
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Applied load versus load-point deflection graphsdibfive specimens are given
in Figure 5-3 through Figure 5-7, showing companrssof calculated idealized flexural
response with the actual experimental responseu@&d and measured flexural
cracking and ultimate loads for each specimen mengn Table 5-1. The applied load
that corresponds to the AASHTO nominal moment cépéacalso reported in this table.
This load is less than the value computed fromdiger-by-layer approach because
AASHTO limits the stress in the strands to a vdéss than the nominal strength of 270

Kksi.
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Figure 5-3.Flexural analysis result for STD-M-E
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Figure 5-4.Flexural analysis result for STD-M-W
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Figure 5-5.Flexural analysis result for SCC-MS-E
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Figure 5-6.Flexural analysis result for SCC-HS-W
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Figure 5-7.Flexural analysis result for SCC-HS-E
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Table 5-1.Loads corresponding to flexural cracking and ultenstrength

Analysis Results Experimental Results
Flexural Flexural
crackin Ultimate P at (F) or Ultimate
| 9 load AASHTO | shear (S) capacity
, oad . : : .
Specimen (Kips) (kips) Mn (kips) | cracking (kips)
load (Kips)

STD-M-E 36.2 52.6 50.2 32.1(S) 32.1
STD-M-W 36.2 52.6 50.2 27.2 (S) 27.2
SCC-MS-E 37.8 56.2 52.5 48.1 (F) 63.1
SCC-HS-W | 39.9 60.3 53.5 48.0 (F) 64.5
SCC-HS-E 65.4 97.4 86.1 66.1 (S) 66.1

In Table 5-2, analytically computed flexural cragkimoments are compared with
the actual moments at the locations where cracks agserved.

Table 5-2.Cracking moments corresponding to crack locations

Analysis results Experimental results

Flexural cracking Applied moment (kip-ft) at the time and
Specimen moment (Kip-ft) location of flexural (F) or shear (S) crack
STD-M-E 66.7 29.6 (S)
STD-M-W 66.7 21.7 (S)
SCC-MS-E 69.6 88.6 (F)
SCC-HS-W 73.5 88.4 (F)
SCC-HS-E 75.0 41.7 (S)
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Specimens SCC-MS-E and SCC-HS-W, both having fdiédirally, show good
agreement with flexural analysis results, whileihg\slightly more ultimate capacity
than predicted. This difference of ultimate capaistattributed to the relative
movements of support locations which caused stighhges in total span length, as well
as uncertainties in material properties such angth and modulus of elasticity and other
random experimental errors.

Specimens STD-M-E, STD-M-W and SCC-HS-E each faihea shear-tension
mode of failure. Comparison with analysis resufisvg that they reached neither flexural

cracking moments nor their flexural capacitieshairttimes of failure.

5.2. AASHTO LRFD Shear Analyses

5.2.1. Shear cracking

AASHTO LRFD (2007) provisions lack a prediction walfor initial shear
cracking. In this studyy. is used as a parameter for cracking shear loadmalty, V. is
considered the concrete contribution to the shesistance of a cracked section. If
transverse reinforcement is provid&y s the concrete contribution to the ultimate shear
capacity, not simply the shear that causes irstiglar cracking. However, it is reasonable
to assume that the AASHTO LRFD expressionMoin membersvithouttransverse
reinforcement provides a more accurate estimatieeo$hear corresponding to first
cracking because transverse reinforcement is rggiged until after the crack forms.
Therefore, all of the specimens were analyzed @eif did not have any transverse

reinforcement.
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Figure 5-8 shows a plot & values, calculated using the AASHTO LRFD shear
provisions in Section 5.8.3.3 at the critical settversus experimental ultimate loads.
The critical section, a distanceayfaway from the support, is used as the section for
analysis because the AASHTO LRFD specificationscate this location is to be used
for design of all sections located between thecalisection and the support. The critical
section was found to be the weakest among theossdbietween the critical section and
the load point because it was within the transfagth of prestressing strands. Effective
prestressing force was not fully transferred fostraf the specimens at this cross
section; therefore, in the calculation process ptiestressing force was adjusted for
according to the bi-linear stress-distance relatigm as described by AASHTO LRFD
Commentary C5.11.4.2 (2007), using experimentadtginined transfer lengths and
AASHTO predicted development lengths.

Three more specimens described by Levy (2007), STFD; SCC-MS-D and
SCC-HS-D, are also included in these results. Ttrese additional specimens had the
same cross section and were constructed with the sancrete as those described in this
thesis. Specimens that did not experience sheeksee denoted with a “+” marker as
these specimens would not have experienced shaekscuntil greater loads than were

achieved prior to flexural failure.
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Figure 5-8.Experimental versus valculat®] values

It can be observed that AASHTO LRFD provision YQiis quite accurate for the
moderate-strength conventionally consolidated ateamixtures. However, for the high-
strength and moderate-strength SCC, it is obsehatdAASHTO provisions are quite
conservative. This statement is further supportedvaluating Figure 5-9, whekg is
plotted againsg for < 15 in. & is the longitudinal strain in the flexural tensiside of
the member ang. is the crack spacing parameter. For all the tegpedimenss, was
calculated to be less than the dividing value oinlés maximum aggregate sizg)(was
taken as % in. Figure 5-9 illustrates all possiualkies ofV. for the allowed range &.. It
can be observed that at govalue isV; anywhere close to experimental results for
concrete strengths other than for the 6.32-ksi entignally consolidated concrete

(STD). For those specimens that did not exhibit@agonal cracks (SCC-MS-E, SCC-
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HS-W, SCC-MS-D and SCC HS-D), ultimate loads aahike{limited by flexural failure)

are substituted as a form of lower bound.
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Figure 5-9.V as function of for 5,< 15 in.

5.2.2. Shear capacity
AASHTO LRFD Bridge Design Specifications (2007) weised to calculate predicted
nominal shear capacitie¥y of the test specimens. Article 5.8.3.3 was follovasch
guideline and the General Procedure in Article®482 was used for, calculations. As
these are ultimate (i.e. post-cracking) capacitgutations, transverse reinforcement was

taken into consideration for theggcalculation procedures.

In the General Procedure, as described in Artide354.2, when the member has

at least the minimum required transverse reinfoergnshear ratiov(/f'¢) is used a
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criterion for the iteration procedure &findg values. Shear ratio is simply the shear
stress (shear foroég, divided byb,d,) divided by concrete compressive strength. All of
the tested specimens fall into the lower-boundgmateofv,/f'c < 0.075.

Table 5-3 shows calculatéd, Vs andV, values for the specimens as well as the
maximum applied sheav,. These values were calculated at the criticai@ecising the
maximum applied shear during testing takeWa#Again, prestressing force was adjusted
for using experimentally determined transfer lesgthd AASHTO predicted transfer

lengths.

Table 5-3.Shear capacity calculations based on applied marishear

Specimen | V¢ (kips) | Vs (kips) | Vi (kips) | Vu (Kips) Failure mode
STD-M-E 20.4 35.8 56.2 23.6 Shear-tension
STD-M-W 155 27.8 43.3 20.0 Shear-tension
SCC-MS-E 15.0 19.7 34.7 46.5 Flexural/Strand slip
SCC-HS-W 18.2 19.7 37.9 47.5 Flexural/Strand slip
SCC-HS-E 18.2 19.7 37.9 55.7 Shear-tension

Table 5-4 shows calculatéd, Vs andV, values wherv,, was taken equal to the
applied maximum shear, which was takeVafor the computation process. This
approach is closer to an actual shear design adesn the capacity of a member is

calculated according to the anticipatibsignload.
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Table 5-4.Shear capacity calculations basedge V,

Specimen | V. (kips) | Vs (kips) | Vi (kips) Vimax, exp Failure mode

(Kips)
STD-M-E 12.9 23.1 36.0 23.6 Shear-tension
STD-M-W 12.5 19.7 32.7 20.0 Shear-tension
SCC-MS-E 15.4 21.5 36.9 46.5 Flexural/Strand slip
SCC-HS-W 18.3 204 38.7 47.5 Flexural/Strand slip
SCC-HS-E 18.7 21.7 40.7 55.7 Shear-tension

It can be observed that AASHTO-predicted nominaksistrengths are higher
than the actual shear forces resisted by the spesimith conventional concrete
mixtures. The main reason is that the AASHWY(brovisions assume a diagonal tension
failure mode. In order to also address the shewida failure mode, AASHTO

specifications include a longitudinal reinforcemehéck introduced in Article 5.8.3.5.

On the other hand, AASHTO-predicted nominal sheangths are lower than the
resisted shear forces in the specimens with SC@Qunei. The reason attributed to this
difference is the conservatism of AASHTO LRFD sfieations in case of high-strength,

SCC concrete mixtures.

5.2.3. Post-cracking tension demand

Shear-tension failures observed in the experimgats typically initiated by a
web-shear crack, followed by excessive prestressiagd slip and degradation of bond.
AASHTO LRFD provisions provide a check for excessilemand on longitudinal

reinforcement in Article 5.8.3.5. Tension demandsdd on shear loads and moments on
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the tested specimens were compared with tensicacitags calculated using AASHTO
LRFD specifications per Section 5.11. Experimengdlies of transfer lengths were used
in these calculations, instead of AASHTO-predidratisfer lengths, in order to more
realistically represent tested specimens.

Three specimens with shear-tension failure modes amalyzed for tension
demand and capacity of prestressing tendons atitical section (as defined by
AASHTO) at the experimental cracking load (as ré&gbin Chapter 4). Levy (2007)
specimen STD-M-D was also added because of théasityiin test geometry. Table 5-5
shows the results of these calculations.

Table 5-5.Tension demands compared to tension capacities

Specimen Tension Demand (ksi Tension Capacity (Rsi
STD-M-E 156 128
STD-M-W 117 77

STD-M-D 144 106
SCC-HS-E 357 147

Tension demand exceeding the tension capacitysendéally the cause of
excessive strand slips, as well as the suddenidrogpacity of the member after a single
diagonal crack.

The remaining two specimens, SCC-MS-E and SCC-HSwWe not analyzed
for tension capacity of tendons because the AASHRED approach was derived based
on equilibrium conditionsfter inclined cracking at the relevant cross sectidrese

specimens did not experience shear-influenced orgck
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Shear capacities of the three specimens STD-M-B-8fW and SCC-HS-E
were calculated assuming that the tension demankeoprestressing strands at the
AASHTO critical section controls the maximum alldM&load. Figure 5-10 thru Figure
5-12 show the applied loads that cause the strianeigual their capacity at the critical

section, calculated per AASHTO LRFD specificatidwsicle 5.8.3.5.
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Figure 5-10.Applied load at strand tension capacity for spear8&D-M-E
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Figure 5-12.Applied load at strand tension capacity for speai8€C-HS-E
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Figure 5-14 demonstrates an increasing trend ot after diagonal cracking
as opposed to a decreasing trend as can be setherrspecimens with diagonal cracks.
This behavior is attributed to the centered pasitbthe stirrup seizing the diagonal

crack and engaging more effectively in shear l@sistance.

5.3. Transverse Reinforcement

5.3.1. Effect of transverse reinforcement on postracking tension demand

Because the stirrups did not intercept the diagorsalks in some of the specimens, th
previous analysis for post-cracking tension demamgrestressing strands was repeated
for the case when the specimens were assumed havéoany transverse reinforcement.
Shear capacities of the three specimens STD-M-B-BfW and SCC-HS-E
were calculated assuming that the tension demankeoprestressing strands at the
AASHTO critical section controls the maximum alldeload. Figure 5-13 thru Figure
5-15 show the applied loads that cause the stri@anelgual their capacity at the critical
section, calculated per AASHTO LRFD specificatidscle 5.8.3.5 for both with and

without transverse reinforcement.

75



40

35

30
25
20

o B S
|

Applied Load (kips)

—— Applied load at strand tension capacity with tramse reinforcement
. ==ee Aplied load at strand tension capacity withouhs$rgerse reinforcement
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Load-Point Deflection (in.)
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without transverse reinforcement

76



40

35

30

20 \/ v WW“l

Applied Load (kips)
N
o1

p

15
10
—— Applied load at strand tension capacity with tramse reinforcement
5 Applied load at strand tension capacity withoutsrgerse reinforcement
0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Load-Point Deflection (in.)

16

Figure 5-14.Applied load at strand tension capacity for speaii8&D-M-W with and

without transverse reinforcement
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Figure 5-15.Applied load at strand tension capacity for speai8€C-HS-E with and
without transverse reinforcement
It can be observed from the graphs that the AASHHRBD specifications yield
lower tension demands for the same specimens withemsverse reinforcements.
Analysis results show that AASHTO LRFD shear prmns are not conservative for
members having none or less than minimum transvemstrcement. Therefore, it is
more safe to use transverse reinforcement if AASHRBD specifications are to be

used for design.

5.3.2. Transverse reinforcement spacing

Post-cracking reserve strengths, which refer ta#pacity of the member after diagonal

cracking, of the members STD-M-E, STD-M-W and SC8-H are shown in Table 5-6
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together with cracking loads and reserve strengjih @ercentage of cracking strength.
Reserve strength refers to the capacity of the neemtver diagonal cracking.

Table 5-6.Cracking loads and reserve strengths of specimens

Specimen | Cracking Load| Reserve Load Reserve Load as Percentage of
(kips) (kips) Cracking Load

STD-M-E | 32.1 24.1 75%

STD-M-W | 27.2 23.0 84%

STD-HS-E | 66.1 49.7 75%

It can be observed that specimen STD-M-W has sagmifly higher reserve
strength when compared to the other specimensdiatjfonal cracks, as well as an
increasing load resistance trend after the ingiear crack as can be seen in Figure 4-7.
The difference is due to the position of the spguelative to the diagonal crack. Both
STD-M-E and SCC-HS-E exhibited diagonal cracks gassedetweertwo stirrup
locations as can be seen in Figure 5-16 and Figdre On the other hand, STD-M-W
had a stirrup in the middle of the diagonal cragkan be seen in Figure 5-18. This
position of the diagonal crack enables the stitoupeize the crack before it is too wide

and to increase the reserve capacity of the specime
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Figure 5-16.Diagonal crack location of specimen STD-M-E

Figure 5-17.Diagonal crack location of specimen SCC-HS-E
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Figure 5-18.Diagonal crack location of specimen SCC-M-W

AASHTO LRFD specifications have provisions relatedransverse
reinforcement spacing in Article 5.8.3.3. Requisidtup spacing for three specimens,
STD-M-E, STD-M-W and SCC-HS-E were calculated, @mwvdas found that the
maximum stirrup spacing calculated per Article .8.controls the desigsmnax (0.8d,) is
found to be 9.36 in.—a little less than the supmp$ipacing of 10 in.

From the behavior of specimens STD-M-E and SCC-HB4E clear that the
AASHTO LRFD maximum transverse reinforcement spgcaquirement of 0 is not
always effective in providing each diagonal cradthvat least one intercepting stirrup.
Based on the AASHTO LRFD specifications, the folilmgvrelationship is derived
providing a conservative requirement &g, (maximum stirrup spacing) usirsg

(spacing parameter calculated per Article 5.8.3.d@ ¢ (effective shear depth):
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where, botlsnaxands,e are in inches. This equation is implicitly makinge of
conservative diagonal compressive stress inclinatibigure 5-19 show variation §fax

with respect tal, at severagy (maximum aggregate size) values.
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Figure 5-19.snax (maximum stirrup spacing) versusdyf(effective shear depth)
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Chapter 6. Conclusion and Recommendations

6.1. Summary

Prestressed self-consolidating concrete (SCC)tisullg understood in terms of shear
and bond behavior. Therefore, more research wasreghin this field before full
employment of SCC in prestressed concrete systems.

In order to investigate the shear and bond perfoomaf end regions of
prestressed SCC beams, five prestressed conceaateshveere tested in this study with
single-point loading positioned to create uneqbhaks spans. There were both
conventionally consolidated concrete and SCC meguBoth shear-tension and flexural
failure modes were observed.

Experimental results were compared to computedifeanalysis results and
AASHTO LRFD shear design provisions. Because ctid&SHTO LRFD design
provisions for maximum stirrup spacing proved irguoie for some of the test

specimens, a simple relationship for determiningimam stirrup spacing is proposed.

6.2. Conclusions

The following conclusions can be drawn as a resfutis study:
1. SCC performed better under shear than a similangth, conventionally

consolidated concrete mixture in prestressed ctambeams.
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2. SCC prestressed end regions performed at leastlhanvder external load
as the performance predicted by AASHTO LRFD degignvisions for flexure, shear,
and development of tension reinforcement.

3. Concrete contribution to shear resistanég ywhen the members are
assumed not to have any transverse reinforcemartiecased to estimate shear cracking
strengths of members.

4. AASHTO LRFD provisions can be used to accuratetyreste shear
cracking strength of prestressed concrete beamsdawnventionally consolidated
concrete mixtures.

5. AASHTO LRFD provisions are overly conservative gtieating shear
cracking strength of prestressed concrete beamsdawnventionally consolidated
concrete mixtures.

6. AASHTO LRFD specifications are not conservativegtimating tension
demands on longitudinal reinforcement when no trarse reinforcement is used.

7. Use of transverse reinforcement is an effectivermaed increasing post-
cracking capacities of members that experiencerdbaaion failures.

8. Maximum transverse reinforcement spacing providedASHTO LRFD
specifications is not conservative because diagmagks can occur that are not crossed

by at least one stirrup.
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6.3. Recommendations

The following recommendations are suggested:

1. SCC mixtures with a wider variety of strengths dtddae tested for shear
performance and compared to conventional concreteiras.

2. Further SCC research regarding shear behaviorcessary.

3. High-strength concrete should be more adequatelyeaded by AASHTO
LRFD specifications enabling engineers to take athge of more efficient mixture
designs.

4, The general procedure in AASHTO LRFD shear prowisishould be
extended to cover a wider range of concrete sthesngt

5. The following equation is recommended for the deteation of

maximum stirrup spacing:
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Appendix A. Notation

a | shear span
ag | maximum aggregate size
Aps | area of prestressing steel
As | area of mild tension reinforcement
A, | area of transverse reinforcement within distance s
[ | factor relating effect of longitudinal strain teetshear capacity of concre
by, by | width of web
d | depth of tension reinforcement
d, | effective shear depth
E. [ modulus of elasticity of concrete
E, | modulus of elasticity of prestressing reinforcement
Es | modulus of elasticity of mild steel reinforcement
g1 | strain in direction of principal tension
g2 | strain in direction of principal compression
ep | Strain in prestressing reinforcement

89



&x longitudinal strain on the flexural tension sidetlod member

f1 stress in direction of principal tension

f, stress in direction of principal conmpression

f'c specified compressive strength of concrete
f'.2s | specified compressive strength of concrete at 8 da

fer cracking stress of concrete

fau limiting value of the average principal compresst#ess in concrete
fiy yield strength of longitudinal mild reinforcement

fo stress in prestressing reinforcement

fpe effective stress in prestressed reinforcement bitses

foj stress in prestressing steel after jacking

stress in prestressed reinforcement at the estihmateinal strength estimatg

e by AASHTO prior to flexural testing

foy yield strength of prestressing reinforcement

fr modulus of rupture

fi splitting tensile strength

fiy yield strength of transverse reinforcement

fy yield stress of mild steel reinforcement

moment of inertia
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jd effective depth for shear

liexp. | €Xperimentally determined transfer length

lg.aasHTo| development length estimated by AASHTO with caltadgproperties

predicted nominal moment capacity according to AASH.RFD
Mn
specifications

M, factored moment at section

N axial force

Q first moment of area about the neutral axis

A longitudinal mild reinforcement ratio

o prestressing reinforcement ratio

Jo) transverse reinforcement ratio

S transverse reinforcement spacing

Smax | maximum permitted transverse reinforcement spacing

Sy, Se | crack spacing parameters

o axial stress

t thickness

T shear stress

Tave | Width-averaged shear stress

0 angle of inclination of diagonal compressive stesss
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\% shear stress

Ve nominal shear resistance provided by tensile siseissconcrete

Vi nominal shear resistance of the section considered

Vo component in the direction of applied shear offitestressing force
Vs shear resistance provided by shear reinforcement

Vi average factored shear stress on the concrete

Vu factored shear force at section
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