Chapter 1 - Introduction

1.1General Overview

Prestressed concrete dates back to N&&&y (1996) however, the use of prestressed
concrete was not a common practice in Europe until the 1950s and it was not until 1963 that
prestressed concrete application was first introduced in the ACI buildingBoddy, 2006)
Since then, prestressed concretestattion has evolved and is now a common practice in
the construction of highise residential, commerciabildings and other structures in the
United StatesPrestressed concrete is produced by either stressing the tendon before placing
the concrete ostressing the tendon after placing the concrete; the latter is commonly referred
to as postensioning. Postensioning is the process of producing prestressed concrete by
applying internal forces in concrete, after the concrete has been placed andlbasddo
counteract the effect of the selkeight and reduce flexural cracking when the strudsine
service With the increasing need for commercial, high rise and residential building
developments, posénsioned flat plates have been a preferredcelfor floor systems
because of the numerous advantages such as reduced slabigetf as well as crack and
deflection control compared to conventional reinforced concrete (Balosly, 2006)

The design of a posensioned flat plate in the Uniteda® is done according to the
requirements sdorth by the American Concrete Institute (ACI) Committee 318 Building
Code and CommentafACI 318, 2019) Unlike conventional reinforced concrete, post
tensioned flat plate design is governed by stressesrridithn strength and ACI 318 provides
stress requirements as well as the minimum amount of bonded reinforcement required in the
positive and negative moment regions. In Chapter 8, ACI 318 stipulates that prestressed

slabs shall be designed as Class Uraried, with maximum permissible tensile stress of
@ "Q(ACI 318, 2019 Table8.6.2.3 of the ACI 318 building code also stipulates that
minimum bonded reinforcement must be provided in positive moment regions where the
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tensile stress in the slaxceeds, "Q. Minimum reinforcement is also required in the
negative moment region, where the required minimum is 0.00075 times thaectssal
area of the beasslab strip along the column lifaCl 318, 2019)

The addition of steel fibers to concegirovides better crack control, smaller crack
width, and increased flexural stiffness compared to unreinforced coficoégeen, 2005) It
has also been shown that adding fibers to concrete provides better ductility, toughness and
improved shear resista@ compared to unreinforced concr@@@ssland, 200&8s well as
reduced costs of construction. However, the use of fiber in slabs has been limited to slabs on
ground because there are no code allowances for the use of fibers in load carrying concrete
structures. However, for prestressed concrete to maintain its competitiveness and economy of
cost in the future, more efficient design techniques with improved performance need to be
developed. Currently, the ACI 318 code contains the provision that for lweemasning
steel fibers, that meets code requirements, the minimum area of shear reinforcemaat A
not required if the height of beam is less than 24 in. and the factored shear is less than
%€ "Qw ‘Q This is twice the level of shear for whigk min is required for beams without
steel fibers. There are no such modifications toway slab provisions to take advantage of
steel fibers in the concrete.

The prestressing tendons in ptestsioned flat plates are typically mesivand,
unbonded tetions. These tendons consist of seven wire strands which have been greased,
spun together in a helical form and sheathed. There are numerous possible tendons
arrangements in a twway floor system and all these tendon arrangements are considered to
providethe same flexural strength, for the same numbers and eccentricity of tendons
(Aalami, 1999) The tendons can be arranged in a several combinations of banded and
uniform distribution. In the United States, tw@y posttensioned flat plates were typically

prestressed in both directions with different spacing of tendons in column strips and middle



strips until 1968Bondy, 2006) The column strip and middle strip tendon arrangement

means that some tendons are closely spaced along column line (column strip) and more
widely spaced away from the column line (middle strip), in both directions forming a-basket
weave. Laying out theehdons requires experience and skills because the drape and elevation
of each tendon must be replicated in the field as given in the design drawings.

Detailing and laying out a basketave tendon arrangement is a tedious process for
designers and contraes, because tendons must be laid out in sequence with a typical slab
having about 3@0 sequences. If there is any mistake in the sequencing process, tendons
have to be taken out and reinstalled, since tendons are running in both direction in a parabolic
form, the high points are at the center of each column with the low point at thepamd,
there is also the possibility ofthesendonsd el
problems made this type of tendon arrangement time consuming and |lebsniat

Two-way posttensioned flat slab construction and design has evolved over time and
there have been great improvements in this unique system. One such improvement was the
introduction of the bandedistributed tendon arrangement in the ACI 31Bkuilding code,

shown in Figure 1.(ACI 318, 2019; Bondy, 2001)
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Figure 1.1BandedUniform Tendon Arrangement
The bandedlistributed tendon arrangement means that the tendons in one direction

are placed along the column line, forming a narrow band céingesnlumns as shown in



Figure 1.1. With this introduction of bandddstributed tendon arrangement, it was easy to
follow the load path all the way to the support like in a-oag beam and slab system. The
banded tendons are like hidden beams wherdigiiebuted tendons carry load to banded
tendons along column lines and the load is transferred by the hidden beam to the columns.
There is no weaving of tendons as in the case of distributed tendon arrangement. However,
there are still some issues, likeetdifficulty in creating allowance for future openings,
maintenance and drilling pesbnstruction holes or simple modifications in ptesisioned
slabs because of the concern about cutting unbonded tendons during drilling operations. All
these concerns alke postensioned slabs not marketable to some owners. Also,
constructability is an issue in some irregular structures where columns do not line up in both
directions. It is believed that a bandeanded tendon arrangement will further simplify the
issues save cost, save construction time and labor, making them more advantageous than
current designs.
1.2 Objectivesand Scope

Considering the above information, the objective of this research is to perform tests to
gather data to provide justification forguisions in the ACI 318 code which would allow
designers to take advantage of steel fibers in the design af@y@osttensioned flat plates
and also allow the use of the bandmthded tendon arrangement. The specific objectives of
this research are &sllows:

1) To perform experimental tests and gather datietermine if there is justification to

increase th@ermissible tensile stresssieel fiber reinforced concret8 FRQ post
tensioned slabfrom @ "Qto possiblyx® "Q. This will give rise tgprovisions in the

ACI 318 building code that would allow designers to take advantage of steel fibers in

the design of twavay posttensioned flat plates.



2) To determine if theequirement of minimum bonded reinforcement in positive
moment regions of twavay flat plates where the maximum tensile stress in the slab
exceeds; "Qcan be relaxed when steel fiber is used in the concrete. It is also
possible that this limit can be increased for SFRC.

3) To determine if theequirement ominimum bonded reinforcemeint negative
moment regions necessary with the addition of fibers in the concrete. The current
required minimum is 0.00075 times the cresstional area of the beastab strip
along the column line. This requirement miglsbabe relaxed with the addition of
steel fibers.

4) To investigate the strength and behavior of-imay posttensionedlat plates with
SFRCanda bandeébanded tendon arrangemeftso investigate behavior oivo-
way posttensionedlat plateswith normal ©ncrete and a banddnded tendon
arrangementPresentlyACI 318 does not permit a bandé@énded tendon
configuration assection 8.7.2.3 limits the maximum spacing between a tendon or
group of tendons in at least one directiothmlesser of 8h or 3 {ACI 318, 2019)

The scope of this research involves experimental testing of fotthodescale model
posttensioned flat plate The firstspecimen T1, has bandeéduniform tendon layout with
conventional reinforcement and normal concrétas isthe controlspecimeras it adheres to
all AC1 318 requirement3.he secondspecimerilr2, hasa bandeeiniform tendon layout
with steel fiber reinfored concreteThethird Specimen T3has a bandedanded tendon
layout with conventionaleinforcement and normal concrgtéhile the fourthSpecimen T4,
has a bandetbanded tendon layout with steel fiber reinforced concrete.

The investigation for eactpecimerfocused on measuring cracks, concrete strains, steel
strains, deflections, reactions and tendon stress. The experimental resuspéomen 1

andSpecimenl 3 arecompared to analytical results froRAM conceptRAM Conceptis a



software application fothe structural analysis and design of conventionally reinforced and
posttensioned concrete floors.dhables the engineer to design gesisioned slabs by using

a finite element model of the entire sl&tmwever, RAMConcept cannot model stdéer
reinforcement, hence analytical results cannot be obtained for Specimen T2 and Specimen
T4. The scope of this document is limited to jB@pecimenl'l, Specimenl 3 andSpecimen

T4 becaus&pecimerl2 had been tested and presented in an earlier restadgty

Rosentha(Rosenthal, 2019However, comparisons to Specimen T2 are made.

1.30rganization

Chapter 1 introducebe project and discusses the objectives. Chapter 2 provides
background information on prestressed concrete and steel fiber reinforced concrete, as well as
literature aboutelatedposttensioned flat platandSFRC slalresearch project€hapter 3
provides information about the methods, testing program and procedures that were used in
completing this research project. Chapter 4 through Chapter 6 provides the testing results
obtained from the testing &pecimenT 1, Specimenl'3 andSpecimerir4, focusing orthe
performance of the slab at sendewsel loads, factoretevel loads, and at the ultimate
loading.Chapter7 provides comparison of analytical results and experimental results of
SpecimenTl andSpecimenT 3 that were obtained from the testing. Chapterovides
flexural strength analysis &pecimend 1, T2, T3andT4. Chapter 9 provides comparisons
of behavior of test specimer@Ghapterl0 provides summary dpecimend 1, T2, T3 and
T4, conclusionas well as recommendatiobased on the resslbbtained. The Appendices
provide design drawings, data acquisition wiring diagrams, supporting calculations, and other

relevant information.



Chapter 2 - Literature Review

This literature reviewprovides a discussion of the key aspects of-fgsioned lat
plate design, overview of steel fiber reinforced concrete as well as important studies that have
been completed involving slabs with unbonded tendons and steel fibers. A brief discussion is
also provided on analytical studies on pstsioned flat pkes and a summary of the

literature review is then presented with gaps in literature highlighted.

2.1 Overview of Prestressed Concrete, Pe$ensioned Flat Plate

Prestressings an application of longitudinal forces in concrete structures prior to the
application of service loads. Concrete is typically strong in compression but weak in tension,
and due to the low tensile strength of concrete, flexural cracks develop andapecgialgw
load levels. In order to prevent these flexural cracks from developing at low load level, a
compressive force is applied in the longitudinal axis of the concrete section which
compresses the concrete in those regions that will be subjectedite stresses during
service. Unlike normal reinforced concrete, where the reinforcement does not exert any force
on the structure, prestressing steel creates permanent stresses on the concrete before the
application of full dead and live loads. This alocracking and deflection to be recoverable
in prestressed concrete at service |(dawy, 1996)

Prestressed concrete structures typically have better crack and deflection control,
compared to noprestressed structures, because of an initial camktes ttr@ated by the
prestressing steel as shown in Figure 2.1 below. This compressive stress is applied using
tendons, which can be bonded or unbonded to the concrete. In bonded systems, the tendons
are bonded to the concrete and full conctetsteel stain compatibly is typically assumed.
Conversely, the tendons are not bonded to the concrete in unbonded systems, which makes

them free to slip relative to the surrounding concrete, so cortorsteelstrain compatibly



cannot be assumed. For unbondedesystin flat plates, the tendons are typically coated with

grease and encapsulated in plastic. The tendons are then stressed after the concrete had been

placed and achieved requirsaength
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Post-tensioned concrete after loading without cracks

Figure2.1- Principle of PosiTensioning(BBR, 2010)

2.1.1 Load Balancing

Since thadevelopment of prestressed slabs in the middle of twentieth century, they
have quickly become popular due to many improvements made to the technology. The most
important single advancement made was the introduction of the loadibglapproach by
T.Y Lin in 1963(Lin, 1963b) The load balancing approach for design made prestressed
concrete easy to design just like Aamestressed concrete. This development encouraged the
selection of postensioned systems as a preferred strucgystem. The principle of load
balancing for statically indeterminant structures is based on balancing the effect of induced
stresses due to externally applied loads with prestress stfegssel963b) This is done by
placing the tendon in a paraboliofite similar to the bending moment diagram of the

external loads, in the case of members subjected to uniform loads. For parabolic tendons, the



prestressing tendons will try to straighten out under applied force but will not be able to,
because of the staunding concrete, this will cause vertical forces to act in opposite direction

to the applied external load as shown in Figure 2.2.
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Figure2.2-Load Balancing Design Approach of Prestressed Con(irgte1963b)

The percentage of external load balamegiti prestressing depends on the engineer as
the ACI 318 building code does not give requirements regarding this. However, common
load balancing percentage range is 6580% of dead load. The engineer needs to balance a
percentage that will limit cracksd deflection based on the usage of the structure

(Trygestad, 2005)

2.1.2 Equivalent Frame Method

Currently, theACI 318 code provide only onemethod for designingrestressed
slabs, which is the equivalent frame method. The equivalent frame method idealizes a three
dimensional frame into a series of tdomensional frame systems in both orthogonal
directions and then each tvdimensional frame is analyzed with ¢bapplied in the plane of
the frame. A representation of a tdonensional exterior and interior frames are shown in

Figure 2.3.
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Figure2.3-Representation of Equivalent Frai@@eCl 318, 2019)

The equivalent frame method assumes the distribution of bendingent across any
given section of the equivalent frame is uniform and hence this method typically
underestimates the maximum negative moment at the support. Consequently, an ad hoc
committee of joint ACIASCE 318, committee 423 drafted a tentative recemuhation for
prestressed concrete flat plates in 108@I/ASCE Committee 423, 1974)This document
provided extra guidelines and directions on many expect of the design of prestressed slabs
that were not clear in ACI 3181 code. Specifically, the comr@e recommended that the

maximum permissible tensile stress in pstsioned slabs designed with equivalent frame

method should be "Q (ACI/ASCE Committee 423, 1974This was a significant reduction

fromp ¢ "Q which wasthe maximum permitted tensibtress in the ACI 31B1(ACI 318,

1971; ACI/ASCE Committee 423, 1974his reduction by the committee was because the
maximum negative moments calculated from equivalent frame method are usually less than
the actual maximum negative moments around ¢henans. The reduction in the maximum
permissible tensile stress in prestressed slabs was reflected in subsequent ACI 318 codes after

the recommendations by the ad hoc committee.
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2.1.3 Minimum Bonded Reinforcement
Based on recommendat®of Joint ACFASCE Committee 423 in 1971, ACI 318
provides minimum requirements for bonded poestressed reinforcement in prestressed flat
plates. Minimum bonded neprestressed reinforcement of 0.00075 times the area of the
beamslab strip is required in maximum negatmement regions. This amount is based on
research byscordelis et al (19, Gerber and Burns (1971), Smith (19@2hangwatchai
(1973)(Scordelis et al., 195%erber & Burns, 1971Smith, 1972 Changwatchai, 1933All
these research projects are diseddater in a subsequent section of this document.
Additionally, it was concluded from the research projects above that minimum bonded
reinforcement proportioned as above provided enough ductility and reduced crack width.
ACI 318 also provides requiremisrfor minimum bonded neprestressed
reinforcement in positive moment regions where the tensile stress under service loads
exceeds, "Q. The amount required is based on a modification made in the recommendation
by the Joint ACFASCE Committee 423 of in 1971. This modification is basedhan
research by Scordelis et(&cordelis et al., 195%yhere positive and negative yield lines
fully formed in specimens without neprestressed bonded reinforcement, at moments that
were greater #n the design moments. The main purpose of the minimum reinforcement is to
limit crack width and spacing at service load when concrete tensile stresses exceed the
modulus of rupture, and to ensure adequate flexural perfornja@de318, 2019)
2.1.4 Tendon Distribution
The constructability of pogensioned flat plates is very important as well as the
strength and serviceability of a pdasnhsioned slab project. ACI 318 provides requirements
for distributing tendons in both orthogonal directions. Se@i@r2.3 states that the
maximum spacing between tendons or groups of tendons in at least one direction shall be the

lesser of 8h and 5ft, where h is the slab d¢AI 318, 2019) This requirement means that
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the tendons must be uniformly distributed medlirection, if they are banded along the
column lines in the other orthogonal direction. However, it was not until 1977 that the
allowance for banded tendon arrangements first appeared in the ACI 318 code based on
experience with the Watergate apartmémd/ashington, D.C, which was the first building
to use this system in the United StgBendy, 2001) This tendon layout system radically
increased the use of pashsioned slabs in the United State because it reduced labor cost by
25% and it was easy wisualize load path@ondy, 2001) Some tests have since been
performed to investigate the behavior and performance of this systemavbdibcussed
later in this chapteiThe ultimate strength of a pesinsioned flat plate is controlled primarily
by the total number of tendons in each orthogonal dire¢@1/ASCE Committee 423,
1974)
2.2  Overview of Fiber Reinforced Concrete

The use of fibers in concrete to improve the tensile strength of concrete dates to
ancient days when stiyaked clay bricks ere strengthened by adding figein the form of
straw(Bentur & Mindess, 2006)Since then, fiberhave been used to reinforced different
materials like ceramics, plastics and epoxies. Nonetheless, it was not until 1960 that fiber was
introduced to conete and the use of fiber in concrete has evolved ove(Bnaadt, 2008)
However, the use of fiber has been limited to applications like controlling of shrinkage cracks
rather than for structural purposes in suspended floor systems. The use of fipieall/ty
common in applications such as slab on grades, fiber shotcrete and precast members
(Lofgren, 2005)

Despite the numerous advantages of using fibers in concrete, which are shown in
various research projects discussed later, the use of fiberdéret@slabs has been limited
because most building codes and the ACI 318 building code have not regulated the use in

concrete slabs. This is also due to the fact that the ACI 318 building code is primarily based
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on concrete strength at peak loads and doésonsider toughness in post peak behavior;
which is the region in which fiber is most effectit@éfgren, 200%. Themain reason for
using fiber in concrete is to bridge cracks, limit crack width and reduce crack spacing as

shown in Figure 2.4.

/ \ - Reduced crac_k_sga::i_r;g

f '-| - Reduced crack widths

— - Increased moment resistance
- Increased flexural stiffness
\ / - Increased ductility in compression
— - Improved behaviour at elevated
- Increased shear resistance temperature

- Increased punching resistance

- Increased dowel effect

- Inhibiting growth of splitting cracks

- Increased confinement of anchored bars

Figure2.4-Effect of Fiber on Structural Behavi@itofgren, 2005)

In the ultimate load limit state, fiber in concrete improves the overall ductility of the system
as well as improves shear and punching perform@rifgren, 2005) It should be noted that
addition of fibers in concrete does not improve concrete compeesisength except when
the fiber volume is high, rather it increases the post peak load carrying capacity of the
concrete or toughne¢Bentur & Mindess, 2006)
2.2.1 Types of Fiber

A fiber is classified based on the material it is made of and the cainposihich

affects its properties and behavior in fiber reinforced concrete. These fibers vary aokize,
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and shape, and each type is made for a specific purposed based on the desired property in
concrete. The fundamental types used in the construicttustries are:

1 Steel fiber

1 Synthetic fiber

1 Glass fiber

1 Natural fiber
Generally, fibers can be altered to improve the bond between the fiber and the concrete

matrix. Hence, fibers can be twisted, smooth, paddles, buttons, deformed or bow shaped as

]

Straight  End-hooks Paddles End knobs Coned

crimped Bow shaped Toothed Surface Irregular Twisted
(wave shaped) indented

shown in Figure 2.5.

Figure2.5Some Fiber Geometri¢s6fgren, 2005)

Of all the types of fibers listed above, steel fibers are the type most commonly used for load
carrying structures in concrete and for this research study, steel fiber is used. Hence, the
mechanical properties discussed in the next section are only applicabdeltfiber

reinforced concrete.

2.2.2 Mechanical Properties
The mechanical properties of steel fibeinforced concrete depends on the fiber shape,

size, aspect ratio, orientation and distribuiiBentur & Mindess, 2006)The American
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Society for Tesng of Materials)ASTM A820/A820M, 2006)pecifies requirements for steel
fibers to be small enough to be dispersed in concrete. This standard also defines five types of
steel fibers as follows:

1 Pieces of smooth and cold drawn wire

T Mill -cut or modified ctdl drawn wire

1 Smooth or deformed cut sheet

1 Pieces of deformed cold drawn wire

1 Melt extracted fibers
Under loading, fibers and the concrete matrix carry the load until the onset of cracking, once
cracking begins the load is carried by the fiber, by bridgnegcrack. Consequently, fibers
are effective in resisting shear, tensile, flexure, impact and fatigue loading but less effective
in compressive loadinBentur & Mindess, 2006)
2.2.2.1Compressive Strength

When normal concrete is subjected to compvessiress, it behaves elastically until
the stress reaches about 30% of its compressive strength and then it experiences gradual
softening up to the compressive strength of the concrete. After the maximum compressive
stress is reached, the concrete expess strain softening till failure occurs by concrete
crushing.
Addition of steel fibers to the concrete improves the resistance to longitudinal crack

growth and generally does not affect the-peak properties. After the compressive strength
is reachedthe FRC exhibit more ductile behavior compared to normal concrete matrix as
shown in Figure 1.7, without increase in strengibfgren, 2005)Hence, adding steel fibers
to concrete increases the posdcking ductility and toughness of concrete matnxréasing
the aspect ratio of the steel fibers also increases the compressive toughness and also increases

the compressive strengthanella & Naaman, 1985)
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Figure2.6-Behavior of Plain Concrete and SFRC in Compres§lenlen, 2013)

2.2.22 Tensile Strength

The tensilébehavior of FRGs like its compressive behavior in that, the fibers in the
matrix do not really increase the tensile strength of the matrix. However, it has been shown
that fibers that are carefully aligned in the direction of the tensile stress may increase the
direct ensile strength. On the other hand, if the fibers are randomly dispersed in the mix, they
do not really affect the ultimate tensile strength. However, for normal strength concrete,
adding fibers to the mix will increase the tensile fracture behaviorhenfilacture energy
(Lofgren, 2005) The stressstrain behavior of FRC and plain concrete are shown in Figure
2.7. For FRC, when the concrete matrix reaches its peak tensile strength and it cracks, the
curve steadily decreases to a point where the fibeffastive in bridging and carrying the
tensile stress across cracks. The stress then increases again and the matrix exbibits a good
amount of ductility, with approximately constant stress value at the end of the curve unlike

plain concrete which goes tem.
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2.2.23 Flexural Strength and Toughness

Steel fibers have a considerable effect on the flexural strength of concrete compared
to its effect on compressive and tensile strendthsome cases, this effect is an increase of
up to 100% of its actual flexural strength. The flexural strength is influenced by the aspect
ratio and the volume of the fibers in the matrix, with higher aspect ratio leading to larger
increase in flexuralteength(Bentur & Mindess, 2006)The flexural behavior of an FRC can
either be deflection softening or hardening as shown in FR)8r@-b), depending on the
toughness of the material and dimension of the specjlriggren, 2005) For a thin
specimen,hie behavior may be deflection softening and as the thickness increases, its
behavior may change to deflection hardening. As shown in Figure 2.8, the deflection
hardening of FRC is characterize by formation of multiple cracks while on the other hand,

defledion softening is characterised by localization of a single crack.
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Figure2.8- Flexural Behavior of FRCL6fgren, 2005)

As discusse earlier, the toughness of SFRC is of primary importantieetdexural
strength and the flexural toughness is defined as the total area under ttlefleation curve
up until failure. The flexural toughness also depends on the aspect ratio and the dosage of
fiber added, which is often expressed as weight pefefibers. The higher the aspect ratio
and the weight percent of fiber, the higher the flexural toughness. Additionally, the flexural
toughness of SFRC also depends on the bond characteristics as FRC with deformed steel
fibers exhibits better flexurabtighness compared to FRC with smooth steel fibers, with the
same volume of steel fibe(Bentur & Mindess, 2006)he addition of fibers can drastically
increase the postracking strength and toughness of concrite. flexural behavior of FRC

can be chaacterized as softening and hardening, the behavior is influenced mainly by the
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dosage of fiber used in the concreta. FRC with low fiber dosage typically exhibit

softening while high fiber dosage exhibit hardeniitarcalikova et al., 2020Based on load

vs crack mouth opening displacement (CMOD) curve, as the fiber dosage increases the
residual strengths of the coete carincreasesubstantiallywith the curve exhibiting

hardening behavidiFaconni et al. 202IMonfardini et al 201P The quantity of fiber in the

mix influences the shape of the ledeflection curve. An increase in the fiber dosage can
increase theeinsile strength and toughness of the FRC (Marcalikova et al., 2020; Cajka et al.,
2020)The test methods for measuring the performance of FRC are outlined in ASTM C1609
(ASTM, 2019)and EN14651CEN, 2005) The parameters obtained from these tests are used
with stressstrain models to calculate the flexural strength of the FRC. The different models
and these tests are described in detail in Chapter 8 of this document.

2.2.24 Shear Strength

Many research projects have been conducted to evaluate the influence of steel fibers on plain
concrete. Several researchers in their studies found that there is an increase in the shear
strength of concrete when fibisradded to the matrixMirsayah & Banthia, 2002; Sun et al.,
1999) Conversely, another study found that the shear strength of concrete is independent of
the fiber conten(Barr, 1987) The dowel action and shear friction of conventionally

reinforced conrete increases with the quantity of reinforcement crossing the shear plane, this
is also true for FR(arragan (2002n his study on residual shear stresses at different slip
planes, found out that the dowel action of fibers increased with an incnefitser ivolume

fraction.

2.3  Previous Experimental Testing of PosfTensioned Flat plate
The design recommendations for ptestsioned flat plates in the ACI 318 building
code are based on early research done in 1950s through 1980s. One of such rasearch w

performed byScordeliset al., in 1956. The study investigated the elastic and ultimate
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strength behavior of a twaay prestressed slab. In this study, the researchers tested a square
specimen with overall dimensions of 15 ft x 15 ft x 5 in. thick d®dslab was supported at

the four corners simulating a lift flat slab. The columns were spaced 15 ft in both orthogonal
directions with a rocker and roller below the columns that allowed necessary rotations and
horizontal movement. The researchers {pestioned the slab with ten 3/4 in. diameter
uniformly spaced tendons in each direction, these tendons were placed at-tepthidf the

slab in the norttsouth direction and alternated in the emsst direction with one below and

one above the nortbouthtendons. The test specimen also had bonded reinforcement, which
consisted of No. 3 bars, 3 ft long at 9 in. centers, placed in both directions over the columns
to reduce the likelihood of local failure and distribute loading during lifting of the slab. T
design concrete strength was 5000 psi and the effective prestressing in the strands was
128,000 psiThe slab wasoaded with auniformly distributed loady applying pressure

through amair bag which was placed against a steel frame.

Scordelis et alreported that there was good agreement between measured and
theoretical deflection results within the elastic range. The measured deflections beyond the
elastic range were higher than those predicted by elastic theory based on an uncracked section
analyss. It was also reported that the ultimate strength of the slab was developed at a stress of
210,000 psi in the tendons, which indicated that contrary to general belief, that the tendons
were not entirely free to slip because frictional forces limited lthpagye. Consequently, it
was concluded that prior to cracking, elastic theory can predict the deflections, bending
moments across the slab and the cracking I&uahrdelis et al., 1956)

In continuation of their investigation and to fully understandathleavior of a post
tensioned flat plate in practice, Scordelis et al., 1959 reported the test of a 15 ft x 15 ft x 3 in.,
onethird scale model of a foypanel continuous posénsioned flat plate. The main aim of

the study was to investigate if elasteory is valid up to cracking, predicting the cracking

20



load and physical behavior of a continuous flat slab through the plastic range. The test slab
was supported on columns which were spaced 7 ft on centers in both orthogonal directions
and the columns san rollers that allowed rotations and displacements with no restraint. The
slab was postensioned with twelve uniformly spaced tendons in both orthogonal directions
with the same drape profile. Two layers of wire mesh, covering an area of 18 in..x 18 in
were used as bonded reinforcement over the columns to prevent local failure.
The slab was cast in place on forms, thelag design strength of the concrete was 5000 psi
with an effective prestressing of 140,000 psi per tendon. The slab was load&adhycimg
air pressure into an air bag placed on each panel and the testing program investigated the
distribution of moments, deflections and behavior under different loading conditions.

It was reported that the slab behaved elastically up to a loadgist@&nd the first
tensile crack occurred over interior column. The measured moments and theoretical moments
showed good agreement. The ultimate failure occurred in flexure at a live load of 362 psf
followed by punching shear failure at the center colu@onsequently, Scordelis et al.,
concluded that elastic theory can satisfactorily predict the behavior of prestressed slabs in the
elastic range, the first cracking is localized at region of high moments, hence prestressed
slabs can sustain more load befgpreading of cracking. Additionally, they recommended
that when using beam theory for design of prestressed slabs, the total negative moment
calculated based on beam theory should be distributed based on 75 percent to the column
strip and 25 percent thé middle strip. The total positive moment should be distributed
based on 60 percent to the column strip and 40 percent to middiéSsnglelis et al., 1959)

Several tests were sponsored by American BBR Research Association to evaluate the
adequacy oposttensioned flat plates in the latter part of 1965, but these tests were not
reported until 1971 by Gerber and Burns. The authors reported tests on tempiosted flat

plate specimens which were evaluating the shear and flexural strengthiofglase and lift
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slab postensioned specimens. In this study, the test specimens were 7 in. thick, 12 ft square,
supported at the center on a 12 in. square precast column. Six specimens simulated lift slab
construction while four specimens simulated -tagtlace construction.

The amount and configuration of reinforcement were also varied. All the specimens
were postensioned in both directions with six unbonded tendons each, with the exception of
one specimen that was constructed with grouted tendons. The specimens repaesented
portion of a full building slab with a span of 24 ft in both directions over an interior column
and the average compressive stress in concrete was 250 psi. The specimens were loaded on
all four edges and it was reported that the primary failure in g@@timen was a
combination of flexure and shear. All the specimens were able to sustain a post failure load
higher than the design load of 94,000 Ibs and the shear stress variadgfro@to g8 Q.

The shear capacity of all the specimens was reached before the flexural capacity.

Additionally, supplementary reinforcing over the columns limited cracking and the

specimens with welded wire fabric performed better than some of the specimens with

reinforcing bars in terms of the crack width. The authors concluded that special forms of
supplementary reinforcing steel configuration can be used to increase the transfer of load to
columnsinpost ensi oned fl at pl ates anllesheardesignase t h
practice at the time of the tests was conservative, which resulted in a safety factor in the range

of 2.9 to 4.5, depending on supplementary reinforcing (Gedber & Burns, 1971)

A series of similar studies was performed at the Unitsecdi Texas, Austin and
spearheaded by Burns. In 1974, Smith et al. investigated the behavior-teEnsi@bed flat
plateto-column connections by testing three isolated panels that were 9 ft x 9 ft x 2 % in.
thick posttensioned flat plates, with an®.isquare column stub at the center. The specimens
represented a ofthird scale model of a portion of an interior column of a continuous slab.

The specimens were identical in dimension, tendon profile and tendon layout but the
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guantities of supplementarginforcing bars in the top of the slab varied from none for
specimen 1, #o. 2, in both directions for specimen 2 andN®. 2 in both directions for
specimen 3. Specimen 2 contained the minimum amount of supplementary reinforcement of
0.15% of crossedional area of the column strip in the top of slab, recommended by ACI
ASCE 423 at the time. All specimens were gesisioned with 184 in. diameter uniformly
distributed draped tendons in each direction. The average effective prestressing was 325 psi
with concrete strength of 4000 psi. The researchers reported that the behavior of all the
specimens was similar in the elastic range and the deflections were fully recovered when
unloaded. The specimens with the supplementary reinforcement were more Hantileet
specimen without supplementary reinforcement. All the specimens failed with a combination
of flexure and shear and ultimately by punching shear. Consequently, they concluded that
bonded reinforcement improved flexural behavior and crack diswibatid as the quantity

of bonded reinforcement increased, the behavior of the specimens improved. The ultimate
shear stresses varied frard v "Qtou® @ "Qwhich were slightly higher than the predicted
values in ACIASCE Committee 423 recommendatio(mith et al., 1974)

In the next phase of the series of $edthe University of Texast Austin, Burns and
Hemakom conducted oftkird scale model pogensioned flat plate tests. The first test
reported was a orird scale model posensioned flaplate in 1977. The main aim of the
study was to investigate the physical behavior of a prestressed flat plate structure over both
elastic range and inelastic range. This scale model simulated actual behavior of a complete
indeterminate structure, unlikbe isolated panels that were used in previously discussed
tests. The onthird scale specimen had nine bays and an overhang on two sides of the slab,
with each bay having dimensions of 10 ft x 10 ft x 3 in. thick. The specimen was post
tensioned with 684in. draped tendons in both directions and the tendons were distributed

70% in column strips and 30% in middle strips. Bonded reinforcement consisted of No. 2
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deformed bars, which were provided at the top of the slab over the columns in both
directions. Theverage effective prestressing was 325 psi, concrete strength was 3850 psi at
stressing and 4900 psi when the specimen was tested. Dead load compensation blocks were
placed on top of the slab prior to stressing of the tendons to account for the retudéad
load due to scaling. The slab was loaded with various patterned loads ranging from half of
service to collapse load by pulling downwards with a whiffle tree system.

When loaded with 50% of the design load, the slab behaved elastically, load
defledion curves were linear, and the deflection recovered completely after unloading. The
researchers reported that the first cracking was observed at the face of interior columns and it
became excessive at factored load with no bottom cracks. The slab staviedar
behavior at 90 psf of applied load and the tendon stress increased rapidly as the load
approached ultimate load. The mode of failure of the slab was punching failure, however,
they reported that the slab exhibited flexural distress prior to pumé&hilure. The failure
load was higher than the design factored load and the ACI equation for stress increase
overestimated the tendon stress. They concluded that bonded reinforcement effectively
controlled distribution of flexural cracking and the plaeant over the column provided good
performance. Additionally, the shear strength exceeded the value recommended by
ACI/ASCE committee 423 (1974) and the shear strength of the slab was affected by concrete
strength, amount of bonded reinforcement and tead@ngementBurns & Hemakom,
1977)

In the continuing study, Burns and Hemakom conducted tests oflzatfrexale
model postensioned flat plate in 1985. The main aim of the study was to observe the
strength and behavior of a scale specimen with ddzumiform tendon arrangement. Note
that the bandedniform tendon arrangement had just been introduced in the ACI building

code in 1977, based on experience at the Watergate apartments in Washington, DC. Hence,
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this was the first experimental test coniguicto examine the behavior of the bandadorm

tendon system. The test slab had roags;each bay was 10 ft x 10 ft x 2.75 in. thick with
columns 8 in. x 8 in. spaced at 10 ft on center in both directions. The tendons were distributed
uniformly acrosshe slab in one direction and banded together close to the column center line
with no tendon in the middle strip in this direction. The slab wastpasioned with 23/4

in. tendons in the uniform direction and-244 in. in the banded direction. Thalslwas

designed with a low effective prestressing of 135 psi which was lower than 150 psi
recommended by ACI/ASCE Committee 423 (1974). Deformed No. 2 bars were provided as
bonded reinforcement at the top of the slab in the immediate vicinity of the colarboth
directions to increase the ultimate strength of the slab. The slab was loaded with different
pattern loads by pulling downward with a whiffle tree system which was part of the dead load
compensation of the scale specimen.

The behavior of the dlawas elastic under service load and the slab carried the
factored load without serious cracking. It was found that the panels in the direction of the
banded tendons were stronger than the panels in uniform direction, hence yield lines cut
across the unifon tendon direction. The general behavior of the slab was described to be
ductile with primary failure mode in flexure and followed by punching shear failure. The
tendon stress increased very little at service load and increased rapidly as the failwasload
approached. The researchers recommended that bonded reinforcement should be placed in
regions of high negative moments in vicinity of columns and as many tendons as possible
should pass through the columns in each direction, with minimum of two tef@ioms &
Hemakom, 1985)

In the same year, Kosut et al. reported test of ahaifescale model foupanel post
tensioned flat plate. The primary objective of the test was to examine the tendon stress

increase, and the flexural performance of exterip glanels. The test specimen was 20 ft
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square, 2.75 in. thick and the columns were spaced 10 ft on center in both directions. The slab
was posttensioned with 1/4 in. tendons, uniformly distributed in one direction and banded
together through the columrrigtin the other direction. The effective prestressing ranged
from 173 psi in the interior strip of the banded tendons to 184 psi in the other strips. Top
bonded reinforcement was provided in the slab as required by ACI 318 and stirrups were
provided at thee slabcolumn regions to observe the behavior against torsional cracks. The
concrete strength was 3000 psi and 3950 psi at prestressing and testing of slab, respectively.
Like the previous tests performed by Burns, concrete blocks were placed omthe sla
to satisfy similitude requirements and the slab was loaded with a whiffle tree that pulled the
slab downward. The slab was loaded with thirteen load cases which included four
concentrated load cases used to obtain the shear strength of tbelsiab canection, and
nine uniformly distributed load cases for flexural behavior. The authors observed that the slab
behavior was elastic and symmetrical under service load conditions, hence the banded
tendons did not affect the symmetrical behavior of the sldbd elastic range. First cracks
were observed on the top of the slab extending from the center column at a load a little above
the service load and these cracks were hairline in nature. At factored load, the researchers
reported that no bottom cracks wabserved but new cracks formed at the interior columns
and some formed at the interior edge columns. Cracks began to grow, and additional cracks
formed as the load reached the ultimate load of 210 psf leading to a punching shear failure at
one of the irgrior edge columns. Consequently, they concluded that the bonded
reinforcement effectively controlled cracks. The banded tendon layout was able to sustain
load higher than the designed factored load and the measured tendon stress increase was 10
16% lowerthan the ultimate stress predicted by ACI 318. Additionally, the shear strength of
the column slalzolumn connection was higher than the ultimate shear strength obtained with

ACI 318 building code equatigiKosut et al., 1985)
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Like Burns and Hemakom (198 and Kosut et al (1985), Kim and Lee investigated
the flexural behavior of pogensioned flat plates with different tendon layouts. The
researchers tested two poshsioned slabs and one Aorestressed concrete slab as a control
specimen. All specimerwere 9 #10 in. (3000 mm) x 9 10 in. 3000 mm x 9.8 in. (250
mm) thick. The postensioned slabs had five tendons spaced 13.8 in. (350 mm) in only one
direction for one specimen and five tendons spaced 13.8 in. (350 mm) in each orthogonal
direction Pr the other specimen. The same amount of bonded reinforcement was provided in
all specimens to limit cracking at service. The specimens were all loaded at the center with a
19.7 in. (500 mm) square loading plate that transferred the load from a hyghekilio the
specimen. The specimens were simply supported along the four sides. Fenpiosted
slab with tendons in both directions performed better and had approximately 5% more load
carrying capacity than the pasinsioned specimen that had tendionsnly one direction.
Flexural cracks were evenly spread out in the specimen that had tendons in both directions,
while the cracks in the specimen with tendons in one direction were very deep. Consequently,
the researchers concluded that tendon layowd doehave effect on the load carry capacity
of the specimen tested. However, the placement of tendons in two directions is effective for
better crack contrdKim & Lee, 2016)

Punching shear resistance of psisioned flat plates is also of great intpace
because there is concern about the-stdbmn connections due to the thickness of post
tensioned slabs compared to reinforced slabs:-tBostoned flat plates allow the use of large
spans with thin crossections, thus there is concern about thityabf the slab to resist the
combination of high shear and flexural stresses. Several studies have been conducted to
specifically study the punching shear behavior of flat plates. In one of the earliest tests
performed in 1982 by Franklin and Long, fnenching behavior of a continuous post

tensioned slab with tendons running in one direction was investigated. The researchers tested
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seven onghird scale model pogensioned flat slabs with internal columns and banded
tendons in one direction. It was wefed that banding of tendons through the column lines
helps to improve the punching shear resistance oftpostoned flat plates. Additional
reinforcement is also required in critical locations of peak negative moments to improve
ductility and performaece (Franklin & Long, 1982)

Gardner and Kallage studied the punching shear strength of a continueus post
tensioned concrete flat plate. The researchers tested to failurel@afooontinuous post
tensioned slab designed according to ACI 318 but withgoplementary reinforcement. The
test slab was 18-8 in. (5.69 m) square, 3.5 in. (90 mm) thick supported on nine columns
spaced 9 ft (2.74 m) on center in both directions. The slab wasgpssined with 201/2 in.
diameter (13 mm) tendons in each diren, the tendons were uniformly distributed in one
direction and banded in the column strip in the other direction. Tiiag&oncrete strength
was 4850 psi (30 MPa) and the slab was-parssioned 60 days after the concrete was placed
with an averagefective prestressing of 500 psi (3.5 MPa) in both directions. The slab was
loaded by pulling down with 4foint loads spaced at 3 ft (0.914 m) in each direction. The
first flexural crack was observed at the interior column and as the load was increased,
torsional cracks extended from the interior corners of the edge columns to the free edge. The
failure mode of the slab was punching shear in one of the edge column slab connections. The
researchers noted that the failure was violent with no warning areasra maximum
stress increase of 25% in two tendons that passed through a column. The measured shear
strengths of all the columns were lower than the values obtained from the AC1 318 building
code. They concluded that the flexural behavior of-passiacned flat plates is very good,
with the ability to sustain large load before cracking becomes excessive. Conversely,
punching shear failure is brittle so there is need to use more conservative strength reduction

factors(Gardner & Kallage, 1998)
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A similar study published by Silva et al. in 2007 discussed the treatment of punching
shear of postensioned flat plates by building code requirements and compared the result to
actual experimental studies that had been performed. The building codes evalua#®&@iwere
31802, Eurocode 2 and FIP recommendations. The authors compared results obtained from
the three codes to experimental results obtained from tests previously conducted by one of the
authors, Ricardo Silva. Silva tested sixteen slabs that were &l i6.f{(2 m) square, 4.9 in.

(125 mm) thick and supported on thick steel plate and hydraulic jack. The test slabs were
loaded upward at the center with a hydraulic jack. The slabs wereepsgined with 0.5 in.

(12.7 mm) diameter tendons and uniformlycgzhdeformed bars provided at the top and

bottom of the slab. The variables were the numbers of tendons in each direction, arrangement
of the tendons and the size of the support plates on the jack. The study showed that the
increase in tendon stress wasajest in the tendons that directly pass over the support. The
stress increase was also greater as the applied load reached the flexural capacities of the slab.
Consequently, the stress increased as the loading area increased and as the area of prestressed
steel reduced. The primary failure mode in all the specimens tested was punching. The
researchers compared punching strength results obtained from the tests conducted by Silva to
results obtained by the various codes mentioned above. They concluddbittinaeaode

methods gave a satisfactory result compared to those obtained from the experimental tests.
The authors also discussed weakness related to each code in estimating the shear strength of
posttensioned flat plates. For instance, the ratio okexrpental to calculated strength in ACI

318 decreased as the ratio of support size to the slab thickness in¢Silaseet al., 2007)

It has been shown that tendons running through the columns can improve the
punching failure resistance of pdsnsioné flat plates. A study on pepunching shear
behavior of prestressed concrete flat slabs, published by Ramos and Lucio in 2008, reported

results from experimental testing of six reduced scale slabs. The specimens were 7.9 ft (2.3m)
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square, 3.9 in. (100 mnthick and these models represented a section near an interior
column. All specimens were prestressed with four unbonded tendons in both orthogonal
directions, except one which was not prestressed with any tendons. Top and bottom
reinforcement were provetl in the slab in both orthogonal directions. They were loaded
vertically upward at the center by a hydraulic jack, which had a 11.8 in. (200 mm) square
plate on top that simulated an interior column. The model slabs were loaded up to failure to
evaluate lte punching strength and later loaded again to study thg@poshing shear

behavior. The measured tendon stress increase ranged from780%6n the specimens

where tendons passed through the columns and almost remained the same in the other
specimensAdditionally, the pospunching failure resistance of the specimens that had
tendon running through the columns was on average 25% higher than the test punching load
while for the other specimens, it was about 65% of the punching(l®achos & Lucio,

20089.

2.4 Review of Analytical Research on PostensionedFlat Plates

Several studies have used different computer programs to predict the performance of
two-way posttensioned flat plates. However, only a few of them have examined the strain
distribution,flexural behavior and effect of tendon layout on flat plate behavior. Hence, only
the relevant studies as regards to the mentioned areas are summarized.

Schokkeret al. (2002) investigated the effect of different tendon arrangements on the
performance ofwo-way flat plates using the finite element program, Sap 2000. The
analytical study was based on applying tendon equivalent load on the models without
modelling the tendons explicitly. The slab models were nine panels, each bay was 9.8 ft x 9.8
ft (3m x 3n) with a 2.6 ft (0.8m) overhang on two sides. The slab models were supported on
sixteen columns with rollers at the base. Note that this was the same as the specimen tested

by Burns and Hemakom (1985). A parametric study was conducted on a typicatlisolate
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interior panel of the test slab which was modelled in Sap 2000 using plate elements and
subjected to gravity loads and equivalent loads from tendons. The different tendon
arrangements examined in the study were babhdeded, bandedniform, uniformuniform
and 75% tendon in column line with 25% in middle strip. The deflection results showed that
the layout that resulted in the largest upward camber at panel center points is a banded
banded tendon arrangement while the unifoimiform layout had the smeakt camber.
Schokkeret al. (2002) stated that the moment distribution along the slab panels may vary
significantly at critical locations with different tendon layouts. The net moment intensity due
to selfweight and prestressing was observed to be srhfdiesniform-banded layout and
highest for uniforruniform layout. Consequently, they concluded that the most effective
tendon layout for twavay action was uniforAbanded layou¢Schokker et al., 2002)
However, the isolated panels used in this study medyeffectively account for the twoay
action as they cannot adequately predict the behavior of a full indeterminate structure.
Similarly, Abd-El-Mottaleb and Mohamed (2018) conducted an analytical study to
examine the behavior of pegnsioned flat @te based on finite element analysis. The
researchers conducted a parametric study to evaluate the effect of concrete strength, slab
thickness, different values of jacking force and effective prestressing on the performance of
flat slabs with and withoutPsystem, using RAM software. The analytical model was a full
scale sixteen panel twway concrete slab, and the overall dimension was 164 ft x 147 ft
(50m x 45m) and it was supported on columns. The model had an opening at the center of the
slab to invesgate the effect of opening on the performance. The model was discretised in
RAM and the analysis result showed that the total moment distribution along a select column
line was 57.5% higher for the slab without PT compared to slab with PT. The average
deflection for slab without PT was 78% higher compared to slab with PT. The effect of slab

stiffness was investigated for slabs with and without PT for different thickness of flat plate,
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and the thickness ranged from 9.4 in. (240 mm) to 13 in. (320 mm)sliteparted that

generally, the maximum deflections were higher for slabs without PT compared to the slab
with PT. The maximum deflection decreased as the slab thickness increased for slabs with the
PT system. The researchers also investigated the effechofete pre&eompression by

varying the value of P/A (Jacking force/ area of concrete) from 0.15 psi (1 kPa) and 0.29 psi
(2 kPa) in increments of 0.07 psi (0.5 kPa). The maximum vertical deflection decreased as the
P/A increased, however, for the slaitkmess of 13 in. (320 mm), the value of the maximum
deflection was almost the same for P/A equal to 0.15 psi () &R 0.29 psi (2 kPa).
Consequently, AbdEl-Mottaleb and Mohamed (2018) concluded that a PT system with
adequate thicknessedfective in deflection control, the P/A ratio is more effective in slabs

with small thickness as the effect is negligible as the slab thickness inc(aasesl-

Mottaleb & Mohamed, 2019)

2.5 Research on Steel Fiber NoiPrestressed Concrete Slabs

The addtion of fibers in concrete has been shown to significantly increase ductility
and improve post cracking behavior of steel fiber reinforced concrete slabs (SFRC). Tan and
Paramsivan evaluated the punching shear strength of SFRC. The researchers loaded 14
square slabs that were simply supported along all four edges to failure, subjected to a
concentrated load over a square area at the center. The span to effective depth ratio, volume
fraction of fiber, thickness of slab, concrete strength and the widtte ébdlding area were
varied. The concrete strength ranged from 5076psi (35 MPa) to 9427psi (65 MPa), width of
loading area ranged from 3.9 in. (100 mm) to 7.9 in. (200 mm), slab thickness ranged from
1.38 in. (35 mm) to 2.76 in. (70 mm), volume fractiorfibér ranged from 0.31% to 2% and
the span effective to depth ratio ranged from 20.5 to 65.2. Welded steel fabric was used as the
main reinforcement. Generally, the specimens exhibited a load deflection curve with distinct

regions of initial elastic, craatevelopment, postielding and post peak behavior. It was
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reported that the cracking load, ultimate load and ductility of the specimens increased with
increase in the volume fraction of fibers of SFRC slabs. Similarly, ductility and ultimate load
also ineceased with increased slab thickn€Ban & Paramasivam, 1994)

Barrosand Figueiras performed tests on SFRC slab strip specimens to evaluate the
benefits of SFRC under bending. The fiber contents of the specimens ranged from 0 to 60
kg/m?. The slab strip were 71 in. (1800 mm) x 20 in. (500 mm) with average thickness of
2.8 in. (71.5 mm). The slab strips had wire mesh on the tensile side of the specimens in both
orthogonal directions. The test results showed that the average crack spacing decreased as the
fiber dosage increased. Also, the failure load and energy absorption capacity of the specimens
increased as the fiber content increased. The average failure load of the slab strip with 60
kg/m? fiber dosage was 2.1 times the average failure load of therete slab strip reinforced
with wire mesh onlyBarros & Figueiras, 1996)

In another test evaluating the design recommendations for steel fiber reinforced
composite slabperformed by Ackermann and Schnell, the test results showed that steel fiber
reinforced concrete can go through large rotations before failure. The researchers completely
replaced conventional reinforcement and tested four full scale continuous composite slabs.
The crack distribution was favourable, and the load could be increasethaffiest hinge
formed until the system ultimagtrengthwas reached. They concluded that steel fiber
reinforced continuous slabs are an efficient and economic floor syatkarmann &

Schnell, 2011)

Michels et al. examined the bearing capacity aff $labs with fibers by performing
experimental tests on octagonal shaped specimens under symmetrical loading, around a
column. All specimens tested had eight columns around the edges with fiber as the only
reinforcement and a fiber dosage of 100 Ky/fime researchers varied the column

dimensions and plate thickness which ranged from 7.9 in. (200 mm) to 15.7 in. (400 mm).
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One of the specimens had openings around the column to increase the shear load in the
column area. They intentionally reduced the spagths to increase the likelihood of
punching shear failure, but all the specimens failed in flexure. The results of the test indicated
a ductile behavior in all specimens and the maximum bearing load of the specimen increased
with increasing plate thickiss. It was also observed that the specimen with the opening
around the column had lower bearing load compared to the same type of specimen without
opening(Michels et al., 2012)

Fall et al. investigated the load redistribution and load carrying capédibeo
reinforced concrete twway slabs. The test slabs were -q@agel octagonal shaped slabs
spanning 7.2 ft (2.2 m) in both directions and 3.1 in. (8cm) thick. One of the specimens had
conventional reinforcement, another had both fiber and convent®inédrcement while the
third specimen had only fiber. The specimens were designed to resist load in two directions
and those with conventional reinforcement were reinforced twice as much in one direction as
the other direction. The loading of the speain@as deformation controlled and it was
observed that that the specimen with conventional reinforcement showed elastic behavior up
to cracking and this was followed by bending hardenmgthe applied load increased
beyond cracking load with increasedeflection. The specimen with only steel fiber did not
exhibit bending hardening, however, the residual capacity of the specimen contributed by the
fibers was significant and it had higher ultimate capacity compared to the other two
specimens. The numlzeof cracks were larger, and the width was smaller for the specimen
with fiber. It was concluded that steel fibers improves the ductility of flat slabs and the slabs
can go through considerable inelastic deformation. Additionally, fibers can improveathe lo
redistribution of flat plate§Fall et al., 2014)This experimental study further showed that

adding fibers to concrete controls cracks and improves post cracking behavior.
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In the same year, 2014, Parmentier et al. published results from testsledcaliel
steel fiber reinforced concrete slab. The researchers examined the flexural behavior of a
SFRC slab and compared the flexural capacity to results obtained from the fib Model Code
2010. The specimen tested had HAnag's, each bay was 19.7 ft (6 my%7 ft (6 m) x 0.6 ft
(0.2 m) thick with sixteen circular columns, at one of each of the corners of the bays. No
conventional reinforcement was used and the fiber dosage wagri0 The flexural
behavior of the slab was evaluated by applying a unifpchsitributed load and
subsequently, a concentrated load was applied at the center of select bays. In the first phase of
loading, two corner panels were loaded with a water tank and it was reported that the load
deflection curves were linear up to cracklogd of 4 kPa. The cracking load was kept on the
slab for one full day and it was observed that the deflections had increased significantly the
next day. The ultimate capacity and post cracking behavior of the slab were studied by
applying a concentratddad on one center, edge and corner bay consecutively. Bottom
cracks formed in both orthogonal directions with top cracks around the four surrounding
columns. The post cracking behavior was quite ductile as it showed significant plastic
potential of the SRC at peak loa@Parmentier et al., 2014)

Salehian and Barros (2015) performed tests to assess the performance of steel fiber
self-consolidating concrete (SFRSCC) in elevated slabs. The main purpose of the study was
to evaluate the ability of SFRCC to adop into an important material for elevated slabs. The
researchers tested a eqaarter scale prototype of a residential building. The test structure
consisted of an elevated SFRSCC supported on twelve columns and a SFRCC that was
directly below it on sdi The elevated slab had gpanels;each panel was 47.2 in. (1200 mm)

X 39.4 in. (1000 mm) x 3 in. (75 mm) thick with no conventional reinforcement. In the first
phase of loading, the slab was loaded by placing cement bags uniformly on some bays of the

slab to evaluate the service behaviealehian and Barros (2015) stated that no cracks were
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visible in the loaded bays at service level load and the maximum deflection was significantly
below the code requirements. The ultimate limit state behavior ofahevas ductile, the
slab showed a post peak residual strength and the ultimate deflection was 3.6 times the
deflection at peak loaBalehian & Barros, 2015)

Khanlou et al. investigated the crack width of composite slabs due to shrinkage and
effect of gravity load. Ten twepan fullscale composite slabs were investigated;
conventional wire mesh was used in some of the specimens while others had steel fibers. The
bond between the concrete and deck was also varied. The test slabs werem)fin(te& x
20.7 ft (6.3 m) long with a span length of 9.8 ft (3 m). The fiber contents used in the
specimens ranged from 20 kdg/to 60 kg/ni. The slabs were loaded by fepwint bending
setup and the specimen with 60 kdthfiber showed improvedrack width control
compared to the specimen with lesser dosage of fibers and the specimen with no fibers.
Additionally, the improvement in crack width control was also higher than the best specimen
reinforced with mesh reinforcement. No significant im@ment was observed in terms of
crack width control for specimens with fiber dosage less than 668kghma load carrying
capacity of the specimen was also examined and it was reported that the specimen with fibers
performed similarly and better than the tohspecimen with no reinforcemefithanlou et
al., 2016)

Blanco et al. investigated the influence of the type of fiber on structural response and
design of fiber reinforced slabs (FRC). The main objective of thesdalle test was to assess
the repercssion of using a common design philosophy for fiber reinforced concrete slabs.
The researchers tested six FRC slabs with different slab width and fiber type. The test
specimens were 9.8 ft (3 m) in length, 0.66 ft (0.2 m) thick and the width ranged fdm 4.
(1.5 m) to 9.8 ft (3 m). Some of the specimens were cast with steel fibers while the others

were cast with plastic fibers. The test slabs were simply supported on steel frames along their
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edges and they were loaded with a uniformly distributed lolae .failure mode of all

specimens tested was pure bending and it was reported that the specimen reinforced with
steel fibers had more secondary cracks than the specimen reinforced with plastic fibers. This
is because steel fibers bonds well with the coeam@trix, hence they have higher capacity

to transmit stresses across the cracks. Specimens reinforced with steel fibers also showed
better redistribution of forces consequently, the load sustained increased significantly after
cracking compared to the speen with plastic fibers. Additionally, the maximum total load
resisted by the specimens decreased as the width of the specimen in@kassxdet al.,

2016)

AbdelRahman et al. (2016) from the University of Cairo examined the punching
shear behaviorfG6FRC flat slabs. The main aim of the study was to investigate ways to
improve the punching shear strength of SFRC flat slabs. The researchers tested fourteen full
scale slakcolumn connections to failure in two phases. In the first phase, they tested ten
interior square slabs that were axially loaded and in the second phase, they tested four
eccentrically loaded specimens to study the effect of moment transfer on the punching shear
failure of the slabs. The test specimens were 67 in. (1700 mm) x 67@@ ¥im) x 6 in.

(150 mm) thick, with a 7.9 in. (200 mm) square column at the center and the fiber volume
fraction ranged from 0% to 1.5%. A constant mild reinforcement ratio of 1.2% was provided
in the top and bottom of the specimens. The mode of faifua# the specimens tested in

phase 1 was punching shear and it was brittle in nature. The researchers stated that even
though failure was brittle in nature for all specimens, ductility improved with increase in the
ratio of fibers. The area of projectednehing failure cone also increased with increased fiber
volume. In the eccentric loading phase, as the fiber volume increased, the ultimate load
carrying capacity of the specimens increased. Fiber volume of 1.5% increased the ultimate

load carrying capaty by 24%. AbdelRahman et al. (2016) concluded that increasing the
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fiber volume does not affect the general behavior of the slab and the failure mode. However,
it increases the ultimate load carrying capacity of the (@ddelRahman et al., 2018)

Stee fibers can replace conventional reinforcement completely or partially to improve
performance of bridge decks. In an experimental study conducted at Texas A&M University,
College station by McMahon and Birely (2018), it was stated that steel fibers card®
reduce the amount of conventional reinforcement and increase spans without more
conventional reinforcements in a bridge deck. The researchers tested ten slab strips of a
prototype bridge deck to study the interaction of conventional bars witHibers. The test
specimens were 18 in. wide, 8 ft long and six of the specimens had a thickness of 7.5 in while
four had a thickness of 9 in. A constant fiber volume of 0.5% was used in all specimens
tested. The conventional reinforcement ratio variedhff.165% to 0.86% and the location of
the reinforcement also varied from bottom to middle of the specimen. The specimens were
loaded by foupoint bending and it was observed that the formation of primary cracks started
at lower deflection for slabs witlow reinforcement ratios. Concrete crushing was less severe
for specimens with smaller steel reinforcement ratios compared to specimens with higher
reinforcement ratios. Specimens with higher reinforcement ratios located at the bottom
sustained higher loadBased on the results of the test, McMahon and Birely (2018)
concluded that steel fibers are efficacious in controlling the width of cracks before large
deformations. Steel fibers were beneficial for service limit state performance as they
increased thallowable service moment for the specimens te@tdMahon & Birely, 2018)

Marcalikoya et al. (2019) evaluated the mechanical properties of different types of
dramix fibers and dosagéd-or thestudy, Dramix OL13/20 and Dramix 3D 55 30BG steel
fibers in dsage of 40 and 75 kg/m3 were used. Tp@iat bending test was performed on
concrete samples and it was reported that the curve of the load deflection diagram for both

dosages is very similafor a particular fiberThere was slightly greater residukgxural
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strength in the higher dosages of fibers (Marcalikoya et al., 20h8)ending tensile
strengthof FRC with hooked Dramix fibers have also be shown to incregadicanty

compared to straight fibe(Marcalikoya et al., 220).

2.6 Previous Redted Research to this Testing Program

Three distinct but related studies have been completed since 2017 when this research

program started. The following studies have been completed and they are summarized below.

2.6.1Design of Loading System and Prelinmary Analysis of OneThird Test Scale

Model of PostTensioned Flat Plate(inerkar, 2018).

The study carried out preliminary analysis of the specimens using the equivalent frame
method. Also, the loading techniques used in this research progrardeveteped in this
study. The analysis of the dead load compensation arrangement and verification of the
whiffle tree loading system to simulate a uniformly distributed load was also carried out in
this study. It was concluded that the whiffle tree loadipgtem approximates the uniform
distributed loadIn addition, the study involved construction and testing of a 10 ft x 10 ft trial
slab to determine the wobble coefficient and coefficient of friction of tendons used in this
research progranT.he coefficiet of friction obtained from the tests conducted on the trial
slab was 0.17 peradianwhile the wobble coefficienith straighttendon profile was 0.0009

per foot

2.6.2 Equivalent Frame Analysis of onethird Scale Mode of PostTensioned Flat Plate

and Comparison of the Model and FultScale Prototype(Li, 2019).

This study built upon I nerkarés study by
onethird scale model and a ftdlcale prototype of Specimen T1. The study examined the
similitude between thecale model and prototype by checking the stresses at stressing and
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service and comparing the results. Note that the original design performed by the oversite
committee was done using RAM Concept while Li used the traditional equivalent frame
method. The sty also carried out punching shear capacity and demand calculations for full
scale column supports as well as flexural calculations. Results from the study showed that
there is similitude and similar stresses were obtained for the scale model andsbaléull
prototype. Also, since columns were sized larger than typical, punching shear was not

predicted to occur prior to factored load.

2.6.3 Strength and Performance of Steel Fiber Reinforced Concrete Pe3ensioned

Flat Plates(Rosenthal, 2019)

The secad slab, referred to as Specimen T2, in this research program was tested in
this study. The main objective of this study was to examine the behavior and performance of
fiber reinforced postensioned flat plates. Specimen T2 had nine bays; each bay \itas 10
10 ft x 3 in. thick with fourteen 11 in. x 11 in. and two 12 in. x 12 in. columns, spaced at 10 ft
on center in both directions. The tendons were distributed uniformly across the slab in one
direction and banded together close to the column cenéeinlithe other direction. The slab
was postensioned with 145/16 in. unbonded monostrand tendons in the uniform direction
and 175/16 in. in the banded direction. The slab had two conventional bonded reinforcing
bars in both directions over two interioolumns. 84.3 Ib/ytiof Bekaert RG30/30BP fibers
were added to the concrete mixture. Dead load blocks were provided on the slab prior to
stressing and the slab was loaded by pulling downward with a whiffle tree system, which was
also part of the dead I[daompensation of the scaled specimen.

The behavior of the slab was elastic under service load and the deflections were fully
recovered on unloading of the slab. The deflections of all the bays at service load was well

below the ACI service loadeflection limit of L/360. The maximum crack width at service
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load was 0.28 mm (0.011 in.). The tendon stress increased very little at service load but
increased rapidly as the failure load was approached. Yield lines formed at the bottom and
top of the shb in both directions and the general behavior of the slab was described to be
ductile with primary failure mode in flexure and concrete crushing. Generally, the
performance of the slab was very satisfactory, and it was concluded that positive moment
reinforcement is not necessary if the tensile stress does not exé&detailed test results

of Specimen 2 are provided and compared with other specimens in this research program in

discussion section of this document.
2.7 Literature Review Summary

The minimum requirements for the design of tway, posttensioned concrete flat plates
are dictated by the American Concrete Institute (ACI) Committee 318 Building Code and
Commentary(ACI 318, 2019) The sections relating to allowable stresses, minimum
amounts of bonded neprestressed reinforcement, and detailing were originally developed in
the ACI Committee 423 report ATentative Reco
Pl atesodo which weAESI/ABGEKCbmnstteeedd3, 19 Thé dSighs

governed primarily by tensile stress and the maximum allowable tensile stress as dictated by
the ACI 318 building code i@ "Q, which is a 50% reduction from the value of 12

required under section 18.4 of ACI 3I8. This reduction was because the negative

moments calculated using the equivalent frame method are less than the actual negative
moment in the immediate vicinity of the columns. The recommendation for minimudedon
reinforcement in the negative and positive moment regions where the tensile stress is higher
than2 "Qwere based on experimental studiesSoprdelis et al (1959), Burns and

Hemakom (1977), Gerber and Burns (1971), Burns and Smith (1972), Ch&®waj.(The
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recommendation for tendon spacing not to exceed lesser of 8h and 5 ft in at least one
direction was arbitrarily determined based on experience and satisfactory field performance.
As shown in the previous sections, many experimental studiesrhestigated the
flexural and punching shear behavior of indeterminate-feosioned flat plate systems. The
majority of these studies involved the study of a scale model which can simulatscafell
prototype, with or without conventional reinforcertenrhe performance of steel fiber
reinforced concrete slabs has also been investigated by many researchers and it was shown
that fiber improves ductility, tensile fracture behavior as well as toughness by bridging
cracks, thus transferring stresses dfterconcrete matrix cracks. However, there is a need
for research in SFRC petnsioned flat plates. Incorporating fibers in PT slabs may allow
designers to take advantage of the benefits of steel fibers in the designvadyvpost
tensioned flat platesnd improve performance. It may be possible to increase the maximum
allowable tensile stress limit and eliminate the requirements for minimum conventional
reinforcement in the positive and negative moment regions with the inclusion of steel fibers
in PTslabs. Additionally, it is possible for a bandeahded tendon arrangement system to be
incorporated in the ACI 318 code as this will save design and construction time as well as
cost. This current research seeks to gather test data to address alVéheegbwements and

make provisions in the ACI 318 code where possible.
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Chapter 3 - Description o Test Experimental Setup

3.1 Introduction

This chapter describes the experimental testing, test setup, specimen details,
equipment used and pre=stsing technique. The overall test program involved experimental
testing of four onghird scale model pogensioned flat plates. The specimens had the same
dimensions, but the tendon layout and method of reinforcing were varied to examine the
effect of hese variables on performance of the sldi® naming convention of the
Specimens are based on the type of tendon distribution in both orthogonal directions.
i Ban-dJnd f oneamsithathe tendons are banded together in one direefimmg
column linesand uniformly distributed in another directidgiBanded- Bande@ means that
the tendons are banded togethebpath orthogonatlirectiors along columnTheresearch

programs as well as the specimenastructed and testede as shown in Figure 3.1

 Testing of 10 ft. x 10 ft. trial slab (Completed by

Inerker, 2018 and Rosenthal. 2019) )
* Testing of one-third scale model (Specimen T1)
» Banded-uniform tendon arrangement with mild reinforcement

* Testing of one-third scale model (Specimen T2)
» Banded-uniform arrangement with steel fibers (Completed
by Rosenthal, 2019)

L << - 4

v + Testing of one-third scale model (Specimen T3)
 Banded-banded arrangement with mild reinforcement }
* Testing of one-third scale model (Specimen T4)
u + Banded-banded arrangement with steel fibers J

Figure 3.2 Research Workflow
Specimen T2 was previously tested and details of the test can be found in Rosenthal
(2019). The determination of the wobble and friction coefficient of thetpastoning

strands and a test of the loading system used in #eareh program were previously
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performed and the details can also be found in Rosenthal (2019) and Inerkar TRGLS8).
chapter presents the design, and test setup for Specimen T1, T3 and T4.
3.2 Design of PrototypeSlab and One Third Scale Model Specimers

The prototype sladarenine-bay, two-way posttensioned flat plates that 294.5 ft x
99.75 ft Each bay i80 ft x 30 ft,which isa span lengtkypically found in high rise
construction The prototype slabs hageteen columns, out of which fourteen colunans
33 in. x 33 inin dimensiorand twocornercolumns are 36 in. x 36.iThe corner columns
were made larger to prevent early failure due to punching shear. Theranslaver on one
side that is 7.5 fivide and thehickness of the slab is 9.ihe plan view of the prototype is
as shown in Figure 3.2T'he design conforms to all current ACI design requirements, except
that the prototype for Specimen T3 (band&adnded with conventional reinforcemedbes
not conform to ACI 3189 sectiorB.7.2.3. This provision allows banded tendons in one
direction, but a tendon spacing of not greater than the les8eroofs ft in the othedirection
is required This implies that the tendons can only be banded in one direction and must be
uniformly distributed in the other direction. Specimen T4 (bandethded with fiber
reinforcement) does not conform to either ACl 38sectiorB.7.2.3or 8.6.2.3. Section
8.6.2.3 requires minimum bonded conventional reinforcement in both positive and negative
moment regions, the ACI 31B code has not codified the use of fiber in gessioned flat
plates.

The designs of the prototype slabs were developed by an oversight committee using
commercially available software, RAM Concept and Ad@pe desigewerealso performed
independently by the VT research team usingetiigvalent frame methodl o determineghe
behavior of theorototype slabwith different tendon arrangemerand reinforcing typest

onethird scale modebf the prototype wadevelopeds shown in Figure 3.3he design
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superimposed dead load was 20 psf and design live load of 40 psteded 24 psf per

IBC provisions(IBC, 2018)
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Figure 3.2 Typical Prototype for Specimens
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Figure 3.3 Typical OneThird Scale Model
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3.2.1 One-Third Scale Model Specimenr1

The onethird scale model of prototype slab T1 referred to as Specimen T1 is-a nine
bay, tweway posttensioned flat plate with overall dimension of 33 ft x 31.5 ft x 3 in. Each
bay is 10 ft by 10 ft and there is an overhang on one side that is 2.®ftMie plan view of
Specimen T1 is shown in Figure 3.4. This specimen is the control specimen of this research
program as it conforms to all AC1 318 design requirements for pdsnsioned flat plates.
The design of specimen T1 is based on balancing @0 total seHweight and the dead
load compensation. The tendon drape is based on 1/12th span reverse parabola with high
points at the center of the columns as shown in Figure ) (d12th span reverse parabola
means that the curvature of the tensd reverses near the columns at 1/12 times the span
length, measured from the center of the columns. The slab has a ub#dnded tendon
layout with a final effective force of 9 kips per tendon in each direction. The tendon was 5/16
in. diameter GR 25Mmlv relaxation greased & sheathed. There are sixteen tendons in the
uniform direction (EW) spaced at 2ft, while there are seventeen tendons in the banded
direction (NS). The interior column lines have five tendons in the band, the overhang

column line ha four tendons while the exterior column line has three tendons.

& & i

3in. thick

5000 psi concrete slab
(=)

1 Distributed tendons
at 6ft center to center

Mild
REIRTSIESmient

316"

Top & Bottorn 5 tendons banded at
each interior column line
{4 at overhang cclumn lines)
L= {3 at exterior column lines)
7 a8 {H
b
9 \I:I/
H i 5 fh
) ! 10" ! 10 ! o !
33'-3

Figure 3.4 OneThird Scale Model Specimen T1
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Figure 3.5 Typical Tendon Profile

Specimen T1 is supported with 12 in. x 12 in. exterior corner columns, and 11 in. x11
in. interior columns and edge columns. The column stubs extended 13.5 in. below and 12 in.
above the slabrhe column stubs above the slab do not provide any flexural stiffness to the
slab but they are for development of the column reinforcement. Minimum bonded mild
reinforcement was provided in the positive and negative moment regions, as required by the
ACI 31819 code Article 8.6.2.3, in both orthogonal directions. The full design drawings of

the onethird scale models are provided in Appendix A. A similitude analysis is presented at

the end of this chapter.
3.2.2 One-Third Scale Model SpecimenT 3

SpecimenT 3 is a onethird scale model of the prototype amals the same dimensions
asSpecimenrll, but the tendomrrangement is the banded arrangement in txdtiogonal
directionsas shown in the plan view, in Figure 3Thisspecimerdoes nohave stel fibers
butdoes have the same amount of minimum mild reinforcement provided in Specimen T1

provided in the top and bottom of the slab. This allows a direct comparison between the two
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specimens to examine the effect of tendon layout on the performamadbefandedbanded
system, due to the high points of the tendons in both directions conflicting at the four interior
columns, the tendon drape in théAEdirection was reduced at the four interior columns as
shown in Figure 3.7 compared to Specimen Tdlilerin the same direction shown in Figure
3.5b. Consequently, the prestressing of Specimen T3 balances slightly less than T1, which
balanced 60% of the total selfeight and the dead load compensation. There are sixteen
tendons in the banded\l directian, while there are seventeen tendons in the band®d N
direction. The interior column lines in both directions have five tendons in the bands, the
overhang column lines have four tendons while the exterior column lines have three tendons.

The support contlons for Specimen T3 are the same as described for Specimen T1.

3 in. thick
5000 psi concrete slab
=]
e ——————[[[| 5 tendons banded at
?ach interior column line
3 at exterior & 4 at overhang
28 /oolu;mn lines)
Mild
_y Reinforcement
- Top & Bottem
52
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H2'-G" ! 1G" ! 1G" ! 1G 1

Figure 3.6 OneThird Scale Model Specimen T3
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Figure 3.7 Typical E-W Direction Tendon Profile with InflectioRoint at 1/12thSpan
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3.2.3 One-Third Scale Model Specimerir4
SpecimenT4 is a onethird scale model of the prototype amals the same dimensions
asSpecimenrll, the same tendon layout as Specimenbl8with fibers andho mild
reinforcement. This allows a direct comparison between Specimens T3 and T4 to examine the
effect of fiber on the performance of the slab. The tendon profile is the same as Specimen T3
in both directions. The support conditions for Specimen T4 are as described for Specimen T1
and the plan view is shown in Figure 3T®e full design drawings dhe onethird scale
model are provided in Appendix A. Summary of

properties are shown in Table 3.1.
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Figure 3.8 OneThird Scale Model Specimen T4

3.2.4 One-Third Scale Model SpecimenT 2
A complete description for gimen T2 can be found in Rosenthal théRissenthal,
2019) Concisely, T2 has the same tendon layout as T1, but fibers instead of mild

reinforcement except at two interior columns.
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Table3.1- General Properties of Of#hird Scale Specimerand Prototyp

Onethird | Onethird | Onethird | Onethird
o model model model model
Description Prototype Specimen | Specimen| Specimen| Specimen
T1 T2 T3 T4
Slabdimension, ft | 99.75 x 94.5 33.25 x 31.5 33.25x 33.25 x 33.25 x
31.5 31.5 31.5
Thickness, in 9 3 3 3 3
Overhandength, ft 7.5 2.5 2.5 2.5 2.5
Bay Size, ft 30 x 30 10 x 10 10 x 10 10x 10 10 x 10
Interior/Edge 33x33 11 x11 11 x11 11 x11 11 x11
columns, in
Exterior corner 36 x 36 12 x12 12 x12 12 x12 12 x12
columns, in
Column height, ft 10 1.5 1.5 1.5 1.5
Number of columns 16 16 16 16 16
Number of panels 9 9 9 9 9
Tendonsize, in 1/2 Dia 5/16 Dia 5/16 Dia | 5/16 Dia | 5/16 Dia
Tendon size (if) 0.153 0.058 0.058 0.058 0.058
Mild No. 4 Bar D5 Bar - D5 Bar -
Reinforcement, in 0.5 Dia 0.252 Dia 0.252 Dia
Fiber type - - Bekaert - Bekaert
RC-80/30 RC-80/30
BP BP
Fiber dosage (pcy - - 84.3 84.3
Max aggregatesize, 1.125 0.375 0.375 0.375 0.375
in
Number oftendons
N-S direction 51 17 17 17 17
E-W direction 48 16 16 16 16
Designreduced 24 24 24 24 24
Live load, psf
Dead Load, psf 1125 37.5 37.5 37.5 37.5
Superimposed dea 20 20 20 20 20
load, psf
Deadload - 72.5 72.5 72.5 72.5
compensation, psf
DesignSteel fy, ksi 60 70 70 70 70
Design e&ndon fpu, 270 250 250 250 250
Ksi
Design effgctlve i 9 9 9 9
force, Kips
Design concrete 5000 5000 5000 5000 5000
strength, psi
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Several checks were performed to determine the appropriate fiber dosage shown in
Table 3.1. Flexural tests on beam samples with different fiber dosage were performed
according to EN1465(0CEN, 2005) The flexural residual strengthrgJ required to replace
the prescriptive mild conventional reinforcement as stipulated by AC{ATB318, 2019)
was calculated. The equivalent required fiber dosage was then determined from the EN14651
test data for the given fiber type. In FRC, the residtress#: and k4, depending on the
method of design and application, are critical for ultimate limit state checks. The residual
strength &s and &4 are as defined by the testing standard EN14651. Note that the scaling of
the specimen involved scalitige FRC matrix geometrically, however the residual stresses
need to be the same in the fatlale and on¢hird scale model. Consequently, the dosage of
83.4 pcy of RC 80/30BP fiber in the otteérd scale specimen was meant to simulate the
response of aanmensurate fulscale FRC matrix of 51 pcy of 5D fiber. Detail framework is

presented in section 9.5.

3.3 Construction of OneThird Scale Model Specimen and Support System

The onethird scale model specimens were supported on precast columns which were
placed on pedestalsl he following section outlines the constructsgguence of the test
structure and the ortird scale model specimens.
3.3.1 Pedestals and Columns

The pedestals were used to elevate the specimens to provide room to install the
loadingsystem beneath the slab. The pedestals were spaced 10ftoegnézrand anchored
to the strong floor beams in the high bay ofshe r u clab.uHoveedes the spacing of the
floor beams in the strong floor is only 8ft, so 5/8in. steel plates weraasdi$et the
exterior pedestals, 3ft from the center of the exterior floor beams and the interior pedestals 1ft
from the interior floor beams. Four shear studs were welded to the steel plates to anchor and

create adequate bond between the concrete ampdbtieeas shown in Figure 3.9. The 20in. X
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20in. x 487/8 in. pedestals were cast on the base plates at each of the sixteen column

locations. An elevation view of the specimen support configuration is shown in Figure 3.9.

] ]
1112
Plate_ “ ” Spherical
50 kip 1 n load head
Load Cell z 7 14" 1" Plate
leveled base plate f
Plate” on grout pad ]
E==E==L E==E==

59147

11

€ Floor beam C floor
bheam

Figure 3.9 PedestaConfiguration on Strong Floor Beams

After the pedestal concrete was placed and the concrete had cured, the forms were
removed. To ensure that the sl abds col umns
pedestals, the exact centers of the pedestate marked and a grout pad was cast on the
pedestals to support the precast columns. Two different grout pad thickness were used for the
column pedestal assembly. Note that of the 16 columns, 8 were on load cells & 8 were on
swivel heads. Pedestals tisapport columns that had load cells below them required
different thickness of grout pad from pedestal that support columns with swivel heads. Small
forms were made, placed and aligned at the center of the pedestals. A steel plate with circles
milled outto provide small lateral restraint for the swivel head and load cell was then placed
on the forms and held by four 1/4in. diameter rods, which were anchored into the pedestal. A

laser level was used to level the top of the plate to ensure the corretibalefaéhe plate

was achieved. Grout with compressive strength of 5000 psi was then cast in the forms. The
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column pedestal assemblies are shown in Figure 3.10. Note, regardless of support, distance

from bottom of slab to point where column can rotatbésstame (see similitude analysis).

1-1 12" Transducer 11 112 6" x 6" x 172" plate
6" x 6" x 1" plate Technique -
- CLC 50 kip .
N _~"Load Cell ! 34 g
1" r
= ) f—
(e e aiae -1 ) - — Ty
pge A [ &x6x34a'plate Cunge—— o [ Ta g x5 x1"piate
e Saddie s T -
I | T l M x 11" x 34" plate 312" ™ 11in. x 11 in. x 3/4 in. Base Plate
! ! -
Grout Pad
21z ~ -

1/4" anchor rods
to level base plate
before grouting

Figure 3.10 Details of Column Pedestal Assemblies

The precast columns contained two steel base plate wielded together, shear studs and
steel reinforcements. Circles were milled out at the bottom surface of the lagesplates
to provide small lateral restraint for the swivel heads and load cells. Four shear studs were
then welded to the base plate to anchor the plate and the column concrete together. The
reinforcement used in the precast columns consisted ofXmurs vertical bars in the 11in. x
11in. columns and fotKo. 6 bars in the 12in. x 12in. columns. The four bars were tied
together with D5 deformed wire ties ah4spacing and then placed in forms. The column
reinforcement extended above the slab abgirt tb provide adequate development length as
shown in Figure 3.1Wwhich represents the columns below the slab were cast and the top

column stubs were cast after the slab concrete was placed.
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Figure 3.11Precast Column in Forms

Theconnections below the columns were desags pirs, so a swivel head (Enerpac
CAT-100-cylinder saddle) was used at eight column locations and a Transducer Techniques®
CLC-50k load cell was used at select column locations beneath them. The load cells and
swivel head fit inside the milledout circle in the base plate placed on the grout pads, and the
milled-out circle in the steel plate attached below the columns. These assaiived the
necessary rotations below the colummse locations of these Idaells are shown in Figure
3.17. The thickness of the steel plate and the column concrete make up the total column
height of 13.5in., which is the clear height to underside of the slab. The required height for a
onethird scale model was determined frormdnsion analysis of the prototype column
stiffness. It was determined that the stiffness of a one-tiumte model would be 1/2i7e
stiffness of the prototype column. It should be noted that the boundary conditions of the
columns in a full indeterminagarototype system are fixed at the top and bothowh the
column height is 10 ffTherefore, accounting for this difference in boundary condition, the

required length of the orthird scale model column was 15in. measured from the center of
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the slab. All sxteen columns for eac$pecimen were cast at once and the results of the
compressive strength testre shown inrable 32.

Table 32- Concrete Strength for Precast Columns

Specimen| Placement Datg 28-day Strength (psi)

T1 06/13/2019 4620
T3 10/24/2019 5440
T4 02/14/2020 5040

3.3.2 Construction of Scaffolding

The slab forms consisted of 3/4 in. plywood, 2an@l 2 x 4umber The plywood
with the 2 x 4. wasused to form panels by supporting the plywood with the 2while
double 2 x 6 whalers were used as the girders. The®hakrs were supported by 4 x 4
posts with Simpson StroAfie JP44 jacks connecting both togetfdre Simpson Strong Tie
JP44 jaks can be used tadjustthe finalelevationof the slab panels. Allowance was created
between each column to allow for easy real@f the panelsfterthe concrete had cured.
The 4 x 4 posts were braced with atbdace in both directions to increase kieral stiffness
of the scaffolding. Plywoodtripswith 3in. width were cut to make the slab side forms which
were nailedaround the perimeter of the slab. The typical slab formwork with precast celumn
in place and without the side boards is shown gufg 3.12 All design details and drawings

of theformwork andscaffolding can be found in Rosenthal, (2019).
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Figure 3.12 Typical Slab Formwork with Precast Columns in Place

After completion of the slab formwork, the precast columns warefully placed on
the pedestals with the swivel head or load cell below them. The jacks on the 4x4 posts were
then used to raise the formwork by twisting the nut on the JP44 jacks. The level of the panels
and the columns were made to be flush with edlsroand no precast column extended
above the panels to ensure that the slab would not fail prematurely due to punching shear.
The final elevation of the formwork was always within +3/8in. of the theoretical elevation of
the bottom of slab. The precastwnns were levelled vertically with a water level, shims
were placed at the gaps between the slab panels and the columns to ensure the columns
remained vertical during placement of concrete. Construction plastic was laid on the panels to
allow for easy remval of the formwork after the concrete had cured and to prevent water

from seeping out from the formwork.
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3.3.3 Tendon and Reinforcementd.ayout

This section descrilsthetendon and reinforcement layout of the specimens as well
as the placement sequence.
3.3.3.1 SpecimenT1

The locaton®f t he tendondés chairs and the rein
the design drawings, prior to laying the thin construction plastics on the plywood panels.
When there were conflicts between a reinforcement and tendon, the tendon was given priority
andthe reinforcement was adjusted to ensure there was adequate cover between tendon and
reinforcement. The &V uniform tendons over the columns were placed first and they were
supported on specially fabricated bar chairs as shown in Figure 3.13. The @rairs w
purchased in four standard sizes and they were hammered to required heights, to get the
tendon profile as given in the design drawings (see Appendix). The chairs were nailed down
into the plywood to hold them in place. TheS\bottom steel was placeftea the EW
uniform tendons, and all bottom bars consisted of D5 bars that were supported at three points
with small pieces of 5/16in. threaded rod along their lengths. T8ebhttom reinforcing
bars were concentrated along the column lines and spadad as shown in Figure 3.13.
The 5/16in. threaded rods were nailed down and then tied to&thai3 to hold them in
place.Note that the cover is not exactly scaled to 1/3. The aggregate in scaled concrete
mixture had 1/4 in. max aggregate size, so H18& approximatively 1.25 times max

aggregate.
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Figure 3.13 A section of theSpecimenT1 with Uniform- Banded tendon layoand
Reinforcement

The EW bottom bars were placed after theSNbottom bars and they were uniformly
distributed across the aps unlike the N5 bottom steel as shown in Figure 3.13. TH&E
top bars were placed on D5 bars that spanned between slab chairs and were tied to securely
hold them in placeThe N-S banded tendanwere supported on D5 bars spanning between
two slab chas as shown in Figure 3.13. When the actual elevation of the tendons could not
be achieved with D5 bars or slab chairs, a combination of D5 bar and 3/8 in. or 5/16 in.
threaded rods were used. After the&SNhbanded tendons had been placed, H&tdp bars
were placed in the same plane and supported on the D5 bar that spanned between slab chairs.
The remaining BV uniform tendons were placed last on slab chairs. All tendons passed
through 3.5 in. x 2.5 in. x 0.5in. thick anchor plates that were attacheel stathside forms.
(Seelnerka, 2018 for plate design)

Backup barswere also provided behind the tendon anchor plates as required by ACI
318 section 25.9. These bars are to prevent crushing of the concrete in the immediate vicinity

of the anchor plate ding stressing of the tendons. The bars consisted of D5 deformed wire
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and they were attached directly to the top and bottom of the tendons. The bars extended 4 in.
beyond two tendons in the\® uniform direction as shown in Figure 3.14 while they
extended! in. beyond the edge tendons for each band of tendons.

Whiffle tree blockout pipes were also installed prior to placement of concrete. The
block-out pipes consisted of 3/4 in. PVC pipe which was 3 in. high and bolted down as
shown in Figure 3.14. Thig@vents the pipe from displacing during concrete placement. The
main purpose of the PVC pipe was to block out the concrete and create a hole through which

the loading system was attached to the slab.

i ¥ tor
o Whiffle
Tree

,}" - - a : g £
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g »

Figure 3.14Typical Back-Up Barson E-W Uniform Tendams and Whiffle Tree BlockOut
Pipe
3.3.3.2 SpecimenT3
The construction of Specimen T3 followed the same general process and sequence as
Specimen T1 but with a few differences. Just like Specimerh&llptationo f t he t endor
chairs and the reinforcement for Specimen T3 were marked as given on the design drawings,

prior to laying the thin construction plastic on the plywood panels. The tendons were given
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priority when there was any conflict between tendon andarcement, the reinforcement

was adjusted to ensure there was adequate cover between tendon and reinforcement. Unlike
Specimen T1, the tendon layout for Specimen T3 was banded in both orthogonal directions.
Additionally, the bottom reinforcing bars f&pecimen T3 were uniformigistributed along

the bays in both directions (Fig. 3.15 and Fig 3.24), while the bottom reinforcing bars in the
N-S direction of Specimen T1 were concentrated along the column lines (Fig. 3.13 and Fig.
3.18). Although the arrgement differed, the two specimens had equal areas of
reinforcement. The &V banded tendons were placed first and they were supported on D5
bars spanning between two slab chairs. Tt Bottom bars were placed after th&\E

banded tendons and they werpported at three points with small pieces of 5/16in. threaded
rod along their lengths. The-8l bottom bars were placed next directly on top of tw E

bottom steel and/ihere they did not sit directly on the\& bottom steel, they were supported

on 5/16in.threaded rods as shown in Figure 3.15.

Figure 3.15 A section ofSpecimeril 3 with Banded- BandedTendors and Reinforcement

Layout
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The EW top bars were placed next in the same plane as the banded tendons in the E
W direction and supported on D5 bahat spanned between two slab chdineN-S banded
tendors were placed and supported on D5 bars that spanned between two slab chairs as
shown in Figure 3.15. When the actual elevation of the tendons could not be achieved with
D5 bars or slab chairs,c@mbination of D5 bar and 3/8 in. or 5/16 in. threaded rods were
used. After the N5 banded tendons had been placed, H&tbp bars were placed in the
same plane and supported on D5 bars that spanned between slab chairs.

All tendons passed through 3rb k 2.5 in. x 0.5in thick anchor plates that were
attached to the slab side fornBackup barswere also provided behind the tendon anchor
plates. The bars extended 4 in. beyond the edge tendons for each band of tendons. Whiffle
tree block outs were alsostalled prior to placement of concrete.
3.3.3.3 SpecimenT4
The tendon layout for Specimen T4 was a badskttled arrangement with no minimum
mild reinforcement, as shown in Figure 3.16. The construction process, tendon profile and
placement sequence of tendons were the same as described for Specimen T3 in section

3.3.3.2. The fiber was added to the concrete before placing the concrete.

61



Figure 3.16 A section of theSpecimerir4 with Banded- BandedTendors

3.3.4 Placement of Concrete and Curing

Prior to placement of concrete for alecimensa markwasmade3in. above the
formwork onthe interior column@reinforcement to provide the contractaneference point
to ensurauniform slab thickness finishnd also the 3 in. tall PVC blockouts teide them in
achieving correct slab thicknesSoncrete was delivered from a local reawix plant in two
trucks containing 6yteach. When the trucks arrived at the lab, a slump test was performed
with a target slump of 5 in., for ease of placemHrthe slump was less than 5 in., either
additional water or additional HRWR was add&bde concrete mixture proportisrare
shownin Table3.3. The split column foectual HRWR is the dosage for each of the two
trucks for each slablhe concrete was transpattom the truck to the slab formwork area
using a bucket attached to an overhead craneSp@rimerir4, 84.3b/yd® of fibers were
added to the mix and mixed thoroughly for uniform distribution at the batching plant

Specimen T1 and T3 had the same mixfoiroportions as T4, except there were no fibers in
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the mixtures. Note that this was identical to Specimen T2 presented in Rosenthal, (2019). For
Specimen T1, there was a significant difference in the properties between Truck 1 and Truck
2. This was becae the slab was cast on a warm day in July 2018 and it was requested that
the mix water be chilled. For the first truck it was not, so HRWR was needed to get the
required slump. The second truck had chilled water and arrived with the correct slump, so no
additional HRWR was added. For Specimen T3, the slump was adjusted by adding water to
the truck at the lab. The same amount of water was added to both trucks.

The concrete waglaced spread, vibrated and screeldvith a steel angle until the top
of the slab flushed with the 3in mark at the interior columns and the top of the whiffle tree
PVC blockout pipe. The section of the slab cast with each truck is provided in Appendix B
as well as detail concrete tessuts. Concrete cylinders, prissiand beams were made for
compressive strength, shrinkage, creep and flexural tests from eachrtra6n. x 12in.
cylinders were made for compressive and creepuéste 4in. x 8in. were made for modulus
and to monitor sength gairup to28-day strength. Tabld.4 shows the summary of the
concrete testfor all thespecimensAdditionally, six flexural beams were made and sent to
TEC service for flexural testing based on ASTM C1609 and EN14651 guidelines. The result
summay from the flexural tests is provided in Appendix C.

Table 3.3Mixture Proportion for Specimens

Constituent . Tl . T3 . T4
Weight (Ibs) | Weight (Ibs) | Weight (Ibs)

Portland Cement 714 714 714
#9 Aggregate 1571 1571 1571
Natural Sand 1285 1285 1285
Fibers(Bekaert RE80/30BP) - - 84.3
Water 371 371 386
DesighHRWR 4 oz/cwt 4 oz/cwt 4 oz/cwt
Actual HRWR

oz/owt 8 4 4 4 6 6
Designw/c ratio 0.52 0.52 0.54
Actual w/c 0.52 0.54 0.54
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Table 3.4 Compressive Strength Results atd28/ andTesting Day

Slab Truck 28-day Strength, psi Strength on Test Day, ps
Truck 1 6070 6360
T Truck 2 5210 2640 4900 °630
N Truck 1 7770 7710
T2 Truck 2 7440 7610 7620 7670
Truck 1 5770 5860
T3 Truck 2 5930 o850 5960 °910
Truck 1 6290 6290
T4 Truck 2 6040 6170 6040 6170
*Data from Rosenthaldés thesis (Rosenthal, 20

3.3.5 Data Acquisition and Instrumentation Plan

This section describes thestrumentation used for each specimen in this research
program. Data were collected during stressing of the tendons and at each loading phase of
each specimen. Three independent data acquisition systems were used for the test and several
sensor types weramployed. The data acquisition systems used during the testing program
were the Campbell Scientificdéds CR5000, CR9O0O
The CR5000 was used for the letegm measurements while the CR9000X and BDI system
were used dumg the actual testing of the Specimens. All the sensors connected to these
systems are outlined in the following sections. There are a few differences between the
locations and number of sensors used for each specimen due to differences in the tendon and
reinforcing layouts.
3.3.5.1 SpecimenT1

Load cells were attached to the dead and live end of one tendon in each direction to
monitor stresses during jacking and seating as well as long term losses. The load cells were
permanently attached to monitor tieedon force from the time of stressing to testing day.
Load cells were also placed below eight select columns to measure the reactions during

testing. Vibrating wire gages were used to measure the longitudinal concrete strain at the
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mid-depth of the slaby embedding them in the concrete. The locations and labels of these

gages are shown in Figure 3.17.
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Figure 3.7- Layout of Load Cells and Vibrating Wire Gages

The vibrating wire gages were carefully placed at theaejoth of the slaland
attached to the formwork prior to placement of concrete. The load cells under the columns,
on the postensioning and the Vibrating Wire Gages (VWGSs) were all connected to the
CR5000 and started recording data just prior to the beginning of stremsgans. The load

cells were all calibrated using the Forney compression testing machine, with the load cells
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connected to the CR5000. The calibration factors for the VWGs were provided by the
manufacturer.

The CR9000X data acquisition system was uséyl @uring the load tests. Two
Pressure transducers, thityo electrical resistance strain gages, twelve string
potentiometers and three LVDTs were connected to the CR9000X data acquisition system.
Electrical resistance gages were mounted on the reinfpbars which were embedded in the
concrete to measure the steel strains. Twelve of the electrical resistance strain gages were
mounted on some of the embedded bottom reinforcing bars. The gages were approximately at
the middle of the bars and the locasoof these bars are shown in Figure 3.18. The
remaining twenty strain gages were mounted on the embedded top reinforcing bars at three
select columns. These gages were at the face of the columns, the locations and designations
are shown in Figure 3.19.

A total of twelve string potentiometers were used to measure thepaiddeflection
of the bays. They were calibrated immediately prior to testing using a height gage and they
were attached to the underside of the slab prior to testing. The locatianstfitiy
potentiometers and bay designation are shown in Figure 3.20. Three LVDTs were also used
to monitor the vertical movement of the portal frames to which the string potentiometers were
attached. The LVDTs were attached at the portal frames below2p8yand 4 and the
recorded data from these bays were usethédyzethe deflection results of other similar
bays. The details of the portal frame will be discussed ilat8ection 3.2.8

The CR9000X system also recorded data from two pressure trarsudidniein
monitored gage pressure on the two hydraulic pumps used with twelve hydraulic rams to load
the slab. The rams were each calibrated with the pressure transducers in the Forney test
machine to get an accurate relationship between line pressurepdied &md. One pressure

transducer was attached to the hydraulic system that loaded the three overhang bays, while
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the second pressure transducer was attached to the hydraulic system that was used to load the

nine standard bays.
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The wiringdiagrams and program codes used for the CR500@#& 9000 data

acquisition systems are provided in Appendix D.

68



/ Lezd Bl =] B
BA“12 B%‘f 11 EIQY 10 BﬁYB
@ & B 5 ag
by (LY} CE | =3 kil
B%Y g Bé‘r‘ 7 BéY & B%Y 5
| ] [F3 | & [t |
@ [ Mg VN £ 2|
BQ‘M B)v 3 B§Y2 Bé\ﬂ
@ £ | 3 (M|
W] | ] ]
o Location of String
Patentiemeter

Figure 320- Locationof String Potentiometer and Bay Numbering

Concrete strains were measured with surface mounted strain transducers that were
bonded to the top of the slab along one column line and at the bottom of the slab along the
mid-span in both directions. The transducer layout for the top of slab and bdtstab avith
designations are shown in Figure 3.21 and Figure 3.22 respectively. The strain transducers
used were manufactured by Bridge Diagnostics Inc (BDI) and they have a full Wheatstone
bridge using four bonded strain gages. The configuration allavgabes to compensate for
thermal output and reduce the effect of the length of cable compared to a standard quarter

bridge bonded strain gage. The gages were calibrated by the manufacturer and the
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measurements obtained are accurate to within 2% of thala@tlue. There were 19

transducers on top of the slab, and they were placed along one columns line in each direction,
at the face of the columns where the highest strains were expected. The strain transducers on
top of the slab were attached prior teessing of the tendons to obtain the strain distribution

at the end of stressing. After stressing they were removed to allow for casting of the upper
part of the column stubs and placed back at the end of casting of the upper column stubs. A
total of 13 trasducers were attached to the underside of the slab and all the strain gages were

connected wirelessly to the base station which collected all data.
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3.3.5.2 SpecimenT3

The instrument layout for Specimen T3 was similar to Specimen T1, but with some
few differences. The prestressing forces in the tendons were measured with the same load
cells used for Specimen T1. However, because the tendon layout feasndifrom
Specimen T1, the location of the load cells was different and is as shown in Figure 3.23. The
column reactions were also measured in the same manner as Specimen T1, the location of the
load cells and designations are shown in Figure 3.23. tumiately, Load cell 8 (LC8) was

not functioning properly prior to | oading of
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data during loading. All load cells were connected to the same CR5000 used for Specimen T1
in the same manner. Vibrating wiregagewer e not used for Speci mer
give any useful data during load testing of Specimen T1, hence the research team felt they

were not necessary.
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Figure 323- Layout of Column and Tendon Load Cells
A total of 40 electrical resistanceaan gages were used and they were mounted on
the reinforcing bars which were embedded in the concrete to measure the steel strains.
Twenty of the electrical resistance strain gages were mounted on some of the embedded
bottom reinforcing bars in the sameamnmer as Specimen T1 and the locations of these bars
are shown in Figure 3.24. The remaining 20 strain gages were mounted on the same
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embedded top reinforcing bars as shown in Figure 3.19 of Specimen T1. These gages were at
the face of the columns, the &imns and designations are shown in Figure 3.19 of Specimen
T1. The vertical deflections during load testing were measured with the same string

potentiometers and LVDTSs as described for Specimen T1.
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The CR9000X system was setup in the same way for Specimen T1 and it recorded
data from two pressure transducers which monitored gage pressure on the two hydraulic
pumps useavith twelve hydraulic rams to load the slab. Concrete strains were measured in
the same manner as Specimen T1 and the surface mounted strain transducers were bonded to

the top of the slab along one column line and at the bottom of the slab along tqmamid
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both directions. The layout and designation of the gages are shown in Figure 3.25 and Figure

3.26.
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3.3.5.3 SpecimenT4

The instrumentatio planfor Specimen T4 was the same as for Specimen T3 apart from
electrical resistance foil strain gages. Electrical foil strain gages were not used since
Specimen T4 was reinforced with fiber and not conventional reinforcement. The prestressing
force alang the tendon, the column reactions and the vertical deflection during load testing
were measured with the same sensors and in the same way as described for Specimen T3.
Thelocations of the load cells and string potentiometer with their designation stievas in

Figure 3.23. BDI gages were used to measure concrete strains in the same manner as
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described for Specimen T1. The layout and designation of the gages are shown in Figure 3.27

and Figure 3.28.
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3.3.6 Dead Load Compensation

As previously mentioned, to fully understand the behavior of the prototype slabs, one
third scale models were developednstructed and tested. The scaling down of the prototype
by a factor of three resulted in significant reduction in thewel§ht compared to the
prototype slabs. The scaling down of the prototype from 9in. thick to scale model of 3in.
thick resulted ira loss of 6in. thickness of concrete seHight. As a result, the total weight
that needs to be compensated for was 72.5 psf. which is equivalent to the weight of a 6in. of

concrete. Consequently, the loss insatight was compensated for by placingraxdead
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load blocks on the test models prior to stressing of the tendons to satisfy model similitude
requirements. The blocks were placed three days after the slabs had been moist cured. The
whiffle tree loading system, which is described later in thisidwmnt, provided

approximately 10.5 psf of the dead load compensation while the blocks contributed 62 psf.
Solid masonry blocks were purchased locally and arranged on the fiiti@hscale model.

The blocks were arranged uniformly to simulate a uniforaigyributed load. For typical

standard bay, 12in x 12in. x 8in. blocks weighing about 80 Ibs each were used and arranged

as shown in Figure 3.29. Figure 3.30 shows the dead load blocks in place on Specimen T1.
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Figure 3.30 Specimen T1 with Dead Load Blocks
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For the overhang bays, twerfiye 16in.x 8in. x 8in. blocks weighing 60 pounds each
were used. It was envisioned that the negative moment yield lines would form at the colu
lines. Therefore, as shown in Figure 3.29, the blocks were arranged in such a way that the
column lines were visible. Note, analysis by Inerker, (2018) confirmed moments from block
arrangement were close to uniformly distributed load.

3.2.7 Prestressng Operation

The stressing operations for all specimens followed the same process and sequence
described below. The-S tendons were stressed first followed by th&/Eendons. All
specimens were stressed after placing all the dead load compensatioslabgfand
approximately 8 days after placing the concrete, slab still supported on forms and shoring.
The minimum design compressive strength at stressing was 3000 psi, consequently the
stressing operation began when the strength was above the reqeingthstTable 3.5 shows

the strength at stressing of all the specimens.

Table 3.5 Compressive Strength at Stressing

' Strength at Stressing (psi)
Specime
Truck 1 Truck 2 Average
T1 5784 4448 5115
T2 6932 6572 6752
T3 5183 4776 4980
T4 6290 6040 6170

The stressing setup consisted of a stressing ¢hd8B00 Strain Indicatodoad cell,
actuator and a hydraulic pump. The stressing chair was fabricated with HSS members which
consisted of two HSS 2.5x1.5x 3/16in. welded to an HSS 3x2.5x1/4irors@stishown in
Figure 3.31. The tendon design effective force after all losses in both directions was 9 kips,
however, to compensate for short and lbegn losses, the jacking forces for the tendons in

the NS and EW directions were 10.79 kips and 10/@ps respectively. The jacking force
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for the EW direction tendons was more because more losses were expected in the tendons

due to their longer lengths compared to the tendons in{8BaliXection. The jacking force
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Figure 3.31 Stressing Chair

wasmonitored with a temporary load cell which was connected to-steain Indicator. The

temporary load cell was calibrated with the strain indicator prior to stressing to establish the

correlation between the reading from the strain indicator and acfpl&@foad. One tendon

in each direction had two permanent load cells on it with one load cell on the dead end and

the other on the live end. These permanent loads cells were used to monitor the change in

prestressing force from time of stressing to tgstiay. Consequently, two stressing setups

were used, and these are shown in Figure 3.32.
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Figure 3.32 Typical Stressing Operation Setups
The stressing operation began by pushing the wedges into the chuck body at the dead
end of the tendon and making ariknao that the movement of the wedges could be monitored
and measured. Next, the wedge and chuck on the live end was pushed onto the tendon, and
the stressing chair and the ram were set in place as shown in Figure 3.33. Also placed the
load cell, spacerswd stressing chuck/wedge. The reading on the strain gage indicator was

zeroed and the actuator was pumped to 1.5 kips to stiffen and straighten the whole setup.

Figure 3.33Stressing of a Typical Tendon without Permanent Load Cells in Progress
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Due tothe short stroke of the actuator, the stressing of each tendon involved two
stages. At the first stage, the initial 1.5 kips was added to the system and the wedges at the
live end were pushed into the chuck as far as possible with a hammer to holdehe thec
tendon. Once the wedge had been pushed into the chuck, the force in the actuator was
released. At the next stage of stressing, a spacer was added between the steel plate and the
temporary load cell close to the actuator. About 1.5 kips of loadapplied to stiffen and
straighten the assembly again. Once the assembly was deemed good and concentric, the
wedge seating distance on the dead end and jacking end were measured and recorded. The
piston extension and the length of the tendon from the efdidpe slab to the end of the chuck
near the load cell was also measured and recorded. The reference points for all these

measurements are as shown in Figure 3.34.
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Figure 3.34Stressing Elongation Measurement Reference Points
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After taking all measwments, the load was increased to 5 kips and all the measurements
described above were taken and recorded. Then the load was increased to 8 kips and
measurements recorded. Finally, the load was increased to the final jacking loads and alll
measurements reated. For the N5 tendons, the final load was 10.79 kips while for th&' E
tendons, the final load was 10.90 kips. The final elongations were compared to the predicted
elongations after stressing of each tendon. Then the wedges were pushed into theayhuck b
and hammered to hold the force in the tendon. Once the wedges were fully in the chuck as far
as possible, the piston was retracted to reduce the load to about 1 kip, the piston extension,
wedge seating distance on both the dead and jacking end wesereteand recorded. These
measurements were used to calculate the actual seating loss of the tendon. All the
measurements taken during stressing of each tendon were recorded-maaprexcel
spreadsheet for each tendon, which are provided in AppendileEstressing of all the
tendons for each specimen took approximately two days to complete after which the forms
were removed to allow for installation of the whiffle loading system.

3.3.8 Loading System

To satisfy model similitudeequirements, the reduction in seléight after the scaling
down of the prototypes was compensated by dead load on the slabs prior to stressing and the
whiffle tree loading system. The whiffle trees weigh approximately 13 psf. Note that the
whiffle tree weight and the dead load compensation blocks altogether was 72.5 psf, which is
equivalent to 6 in. of concrete. The slabs weeeledby pulling downwith 16-point loads in
each bay and foypoint loads on each overhang to simulate a uniformly distribotedl |
Note preliminary analysis by Inerker, (2018) showed moments were very similar.

The whiffle tree loading system is based on transfer of a single point load onto
sixteen load points over the area of the sldlis wasaccomplished using an underslung

whiffle treesystem shown in Figure 3.3for one bayThe lowest beam of the system ran
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through a portal frame that was attached under each bay. The portal frame was attached to a
W10x49 section which ran per pendstrangflo@r t o an
beams. The layout of the strong floor and the W10x49 sections are shown in Figure 3.36. The
lowest part of the whiffle tree system shown in Figure 3.34 was pushed down witora 25
actuator that was attached under the beam of the portad.fildme details of the portal frame
are shown in Figure 3.37. The center of each portal frame was directly below the center point
of each bay.

The whiffle tree system consisted of four levels which were fabricated from hollow
sections, W sections and doublennels sections. The details of the whiffle tree components

are shown in Figure 3.38.

Figure 3.35Schematic of the Whiffle Tree Loading System
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Figure 3.38Details of Components of the Whiffle Tree

The lowest level of the whiffle tree consisted of a single W8x40 beam that was
connected to two double channels with a 24,000Ibs capacity shackles and 30000lbs master
links. The double channels were connected to the HSS 5x3x1/4in. with 10000lbs capacity
shackles and 12300lbs master links. The 5x3x1/4in. HSS sections were then connected to the
top level HSS 4x2x1/4in with 4000Ibs capacity shackles. Eyebolts were passedhtfroug
slab at 16 points in each bay, these eyebolts were then connected to the HSS 4x2x1/4in.
sections with 2000lbs capacity shackles. 6in. x 6in. x 3/8in. bearing plates were provided at
each eyebolt location to spread the load and prevent stress catioardt the points of
attachment of the slab.

For the overhang bays, the whiffle tree components were different from the ones used
for the standard bays. The overhang whiffle tree consisted of only two levels. The lowest
level was a W8x40 spreader bedmattwas below the actuator and it passed through the

portal frame. Two threaded rods connected the W8x40 to the top HSS 4x2x1/4in. that was
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attached to the slab. The HSS 4x2x1/4in. was then connected in the same manner as the main

bays to the slab. The fukhiffle tree for the overhang is shown in Figure 3.39.
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Figure 3.39Typical Overhang Bay Whiffle Tree

Additionally, the whiffle tree design of Bay 9 was different from the other main bays.
This is because there was a reaction block from another ptlogeaxtended below the slab
at the laboratory. Consequently, the whiffle tree under Bay 9 had to be modified to
accommodate this reaction block. The concept of the whiffle tree was still the same, however,
it consisted of two levels below the slab and texel above the slab. The lowest level
consisted of a W8x40 that was connected to the double channels with two threaded rods.
Threaded rods were then used to connect the double channels directly to the two top levels
placed above the slab. The third legehsisted of HSS 4x2x1/4in. that supported the top

HSS 5x3x1/4in sections. The full details of this assembly are shown in Figure 3.40.
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Figure 3.40Whiffle Tree for Bay 9

The load waspplied to the center of tladl thebottommost spreader beayandthe
loadwasspread out to the sixteen points of attachment to theaiaach main bayhe nine
hydraulic rams for the full bays wemonnected to one pump, soakreoperatingunder the
same line pressure ahddapproximately the same applied loathe three rams for the
overhangsvereoperated with a separate pump, since they batlone fourth of the load on
the main baysThe manifold for the overhang and bays were equipped with a pressure
transducer each to monitor the gage pressure awthkydraulic pumps and the transducers
were connected to the CR9000X data acquisition system. Figure 3.41 shows the dead load

compensation blocks and whiffle tree after installation below the slab.
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3.3.9 Materials
1 D5 Deformed Bars
Thebonded reinforcement used for this research project consisted of D5 deformed
wire with crosssectional area of 0.053@and diameter of 0.25 in. The theoretical yield
strength was 0ksi. However, coupon tests performed on three samples which were 20in.
long showed that the average yield strength of the three samples tested was 82ksi, modulus of
27190ksi and ultimate strength of approximately 92ksi. The s$tems relationship fothe
samples are shown in Figure 3.42.
1 Strands
Thestrandswvere grade 250ksi encapsulated with an area of 0.9&8ththe diameter
wasb/16in. The strands were encapsulated in plastic sheathing filled with specially
formulated grease to reduce friction grdtect the steel from corrosio@oupon tests
performed on two samples which were 2 ft long showed that the average yield strength of the
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two samples tested was 228ksi based on 0.01 strain and average modulus of 27630 ksi. The

coupon test was stopped bed ultimate in other not to damage the extensometer and since

the ultimate strength of the tendons were not reached during actual slab testing, the ultimate

strength was not of high importance. The ultimate strength of will obviously be greater than

250 ksi. The stresstrain relationship for the samples are shown in Figure 3.43.
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3.3.10 Dimension Analysis

Similitude is an important concept in testing of engineering models. Care must be
taken to properly scale the model so that there is geometric (shape) and dynamic (stresses)
similarity between the fulscale prototype and the model. There is a need todeaetric
similarity between the model and the prototype without altering the boundary and loading
conditions. The purposes of the dimensional anafygito generate nondimensional
parameters thdtelpsin the design of the experimental setup and taialgcaling laws so
that the behavior of the prototype can be predicted from the scaled model behamoof
of similitude of the prototype and scaled model is shown below. The parameters considered

for this analysis are listed below.

I 5 Stress

=

g: Distributedioad

=

|: Slabpanellength

t: Slabthickness

=

1 Kc: Columnstiffness
M U: deflection
M E: Elasticmodulus

1 m: Equivalent distributed Mass

Thefundamental quantities considered are;

1 L:Length
T M: Mass

1 T:Time
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The parameters in terms diimensional quantities are;

T

The corresponding dimeionless parameters are as follcave d

means dimensionless

I 1
= =—=1
A
i 3
e =
T T
5.=9_9
T

M  Elm
aT® L mil a
Gd= — e
M Eml E
2 K
E;=K, T1 =K, mﬂ =—°
ML= Emi® EIP
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Egquation I
Equation 2
Equation 3

Egquation 4

Equation 3

Equation 6

Equation 7

Equation 8

Equation 9

Equation 10

Eguation 11

Equation 12

Eguation 13

Equation 14

Egquation 15
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"I i
Ga=4g S ik 2

M imE E

Eguation 16

Hence from the above equations, the similitude ratios for dlortescale model and
prototype are shown bel ow. Subscript Amo

L
For a onethird scale model, Ly, = ?p

t 4

=g Hence, ¢, = L 1 Equation 17
Im L 3
g, O

"=-LF  Hence, 4, = ] Sy Equation 18
Im 1 3
T _ % Hence, o,=0, Eguation 19
E E

K

K’"ﬂ =—= Hence, K,=— K, Eguation 20
EL,° El° 27
q’ﬂ QF - ~

= Hence, g,=g Egquation 21
E E 7

From above, the uniformly distributed load an@sses (See Equations 19 and 21)
would be the same for the model and prototype. The deflection and column stiffness of the
model is onehird and ondwenty seventh (See Equations 18 and 20) of the deflection and
column stiffness of the prototype respeetiv The scaled model dimensions were obtained
from dimension analysis shown above. Figure 3.44 shows the prototype and model column

configurations.
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From above,
K, = % Kp (From equation 20)
8 EI,
= = Equation 22
EP
3 El
= = Egquation 23
E} 4
lw=10125 1, [—m] Equation 24
o)
p
Where:

1 bmis one dimension of the square model column

1 bpis one dimension of the square prototype column

=a

lp is the height of the prototype column

=a

Imis the height of model column

Using Equation 24, the column height of a #hnied scaled modekith pin far end

column typewill be 15 in. measured from the center of the coltstab connectio.
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Chapter 4 - Experimental Behavior of SpecimenT1 and Discussion

The following sectioadisaussresults from stressingf SpecimenT1 as well as load
test results, up to ultimate failure of the slab. This is the baseline specimen with-banded
uniform tendon arrangement and bonded mild reinforcement as required by AGIG18
318, 2019)
4.1 Stressing Results

The stressing of the tend®started on July 16, 2019 and was completed on July 17,
2019. Stressing sheets were made for each tendon and these are provided in Appendix E. The
stressing sheets were computed with a friction coefficient of 0.12 and wobble coefficient of
0.00009/ft whith were determined from trial slab testing. The results of the trial slab testing
can be found ifRosenthal (2019)
4.1.1 Tendon Force

Using the predetermined friction coefficient and wobble coefficient from the trial
slab, the average measured tendongation was 0.7% less than the expected elongation.
However, to accurately determine the actual average tendon force of the tendons, a corrected
friction coefficient of the tendon was back calculated using a solver, by changing the
measured elongation uniilwas equal to the expected elongations at the end of the stressing
of the tendon. This process was repeated for all tthiriye tendons and the average corrected
friction coefficient was 0.1Mote that the wobble coefficient used was the same vaiue fr
the trial slab testing and this was held constant for all tendons.

The average jacking forces for the tendons in the banded directiSh ids
determined to be 10.78 kips while the average jacking force in the uniform directitgh (E
was 10.86 kips. Usg the jacking forces, the average corrected friction coefficient, average
measured seating loss and wobble coefficient, the average tendon forces in each orthogonal

direction was determined. The average force in a tendon in the banded direcEparftl
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uniform direction (EW) after seating was 9.92 kips and 9.93 kips respectively. The measured
seating losses for all tendons ranged from O to 1/8 in. Figures 4.1 and 4.2 shows the force
distribution along the slab length in the banded and uniform direcgpectively. Note that

all tendons have the same profile in a given direction except for the two tendons that passed

through the interior columns, in the\E direction.
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As expected, the tendon force is not constant along the length of the tendons, it is
higher at the jacking end and lower at the dead end of the téwedore seating losses. This
is because of the friction generated between the sheath and the tendons which resulted in
losses during stressing. Pulling the tendons during stressing resulted in friction loss that
varied and increased with the distance fromltve end. Conversely, the tendon force at the
jacking end is lower than the force at the deadiemdediately after seating losses, for both
directions as shown in Figures 4.1 and 4.2. The likely reason for this is because of the short
length of the slla, hence short length of tendon. Note that the design assumed final effective
force was 9 kips.
4.1.2 Measured Concrete Strairand Stressat Mid -Depth of the Slab

The vibrating wire gages were used to measure the longitudinal concrete strains at the
mid-depth of the slab, at select bays during stressing. The strains were converted to stresses
using the modulus of elasticity determined from testing of concrete cylinders. For reference,
the designation of the gages is shown in Figure 3.16 and the modulus @destsains with
corresponding stresses are shown in Table 4.1.

Table 4.1 Concrete Strains at Midepth of slab

Gage | Change | Change in| Change | Modulus| Stress from
in Strains in (ksi) Instantaneou
Strains at Overnight,| Strains at Strain (psi)
the end | end of day| the end
of 1lto of
Stressing| beginning | Stressing
onDay 1| ofday 2 | onDay 2
(ustrain) | (ustrain) | (ustrain)
VWG1 -30 -12 5 3870 -116
VGW2 -14 -9 -13 3500 -94.5
VGW5 -30 -13 3 3500 -116
VGW3 6 5 -31 3500 -109
vVGwW4 -11 -29 3500 -102
VGW6 4 -12 -29 3870 -112
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Proper interpretation of the results in Table 4.1 depends largely on understanding the
stressing sequence of the tendons in both directions and the orientation of the gages shown in
Figure 3.16. Referring to Figure 3.16, the banded tendoi& dMection)along column lines
B, C and D were stressed on the first day and the orientation of gages VGW1, VGWS5 and
VGW?2 is parallel to banded tendons. Gages VWG1 and VWGS5 were closest to the stressed
banded tendons compared to gage VGW?2. Consequently, the claggestgshe stressed
tendons measured higher compressive strains as shown in Table 4.1. However, the gages that
have their orientation perpendicular to the stressed tendons (3, 4 & 6) measured tensile strains
due to Poisson effect. On the second day, theldanded tendons along column line A and
the uniform direction tendons were stressed. Stressing began with the banded tendons along
column line A and gage VGW?2 is the closest gage to this column line, which is why it
measuredompressivestrain. At theend of stressing on the second day, the gages whose axes
were parallel to the stressed tendons measured compressive strains while gages perpendicular
measured tensile strains due to Poisson effect. The gages were left to record data from end of
stressing o first day to beginning of stressing on the second day and as shown in Table 4.1,
the change in strain overnight is likely due to creep and shrinkage and this phenomenon was
apparent in most of the gages. The measured strains with no Poisson effedhadrasslied

and uniform direction tendons are shown in Figures 4.3 and 4.4,
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Figure 4.3VWG Measured Strains across Banded DirectiorS|Mifter Stressing
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The measured strains were less than the strains determined using equivalent frame
method (EQF) considering just the effect of the prestressing. Hovitbeengasured strains
arein general agreementth the EQF strains. The average measured di@in VGWSs is
approximately3 E Whi | e t he pr eedg witveadl es#Bt® Hfioratnferi mmd by
converting stress to strain using measured n
it ssweebht since the shoreg. are stildl in plac
4.13 Measured Concrete Strainand Stress on Surface of Slab after Stressing

BDI gages were used to monitor the concrete strains along one critical column line in
each direction. These gages were mounted on the top surface of the slab along coluBnn lines
and 2 (Refer to Figure 3.21 for the location of these gages). The concrete strains were plotted
for gages along a specific line to illustrate the strain distribution. The strain distribution along
the uniform tendon direction (Column line 2) and ban@edion direction (Column line B) at
the end of stressing are shown in Figure 4.5 and Figure 4.6 respectively. The predicted strains
from the equivalent frame method considering-sadfght and prestressing only are also
shown in both graphs. As shown intbh@lots, the measured strains and the predicted strains
from equivalent frame considering just prestressing are in general agreement. However, the
measured strains are higher in the immediate vicinity of the columns compared to the

predicted strains froraquivalent frame. This is because the equivalent frame is an
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approximate method which assumes the strains distribution across a strip is uniform which is
not true. General observation of the plots show that the slab is in compression since the

shores aretdl in place and the slab has not taken any of itsweigjht.
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Figure 4.5Strain Distribution at Top of Slab along Column Line 2, at End of Stressing
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Figure 4.6Strain Distribution at Top of Slab along Column Line B, at End of Stressing
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4.14 Deflections Prior to Load Testing

Deflections of the slab were measured after stressing of the tendons and removal of
shores. This was performed usingser level permanently mounted on a steel column and a
ruler with increments of 1/32 in. The zero position was after the slab had been moist cured
for 7 days, and all the dead load compensation blocks had been placed, but the slab was still
fully suppored on the forms and shoring towers. The other times of deflection measurement
were after stressing, after the shoring towers were lowered and the forms removed.
Deflections were not measured after the whiffle trees were in place because of change in
posiion of the reference point, of the laser level due to human error. Table 4.2 presents the
deflection change relative to the zero after stressing the tendons and after lowering the forms.
The positive sign indicates upward camber while negative sign tedidawnward

deflections. The bay numbers are as shown in Figure 3.19.

Table 4.2 Deflections Prior to Testing

Bay Number| After Stressing (in.) After Lowering Forms (in.)
1 +1/16 -1/8
2 +1/16 -1/8
3 0 -1/8
4 +1/16 -1/32
5 +1/32 -1/16
6 +1/16 -1/16
7 0 -1/8
8 0 0
9 +1/16 -3/32
10 0 -1/8
11 0 -1/8
12 +1/16 0
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4.15 Cracks after Stressing and Removal of Formwork

Cracks were monitoredlfter stressing and after the shores wewneered. The crack
map after stressing and removal of formwork is shown in Figure 4.7. The black cracks were
observed after the stressing operation was completed. Most of the cracks observed after
completion of stressing were hairline in nature with alwidtO 0 . 1 41m) exceptfdd . 0 0
cracks at column B3. The width of the cracks at this column are approximately 0.25 mm
(0.01 in.). and most of the cracks started from the face of the columns and propagated
outwards. The grey cracks were observed dfteshores had been completely lowered and
removed. All c¢cracks formed were 4d4imilor |l ine in
summary, cracks were only observed at the four interior columns where the moments are

highest, and no bottom cracks were présen

B4 Ba
B =
A2 6 B2
B

Figure 47-Crack Map after Stressing and Removal of Shores
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4.2 Load Test Results

Onthe first day of loadingthe slab was accidentally loaded in increments qi50
instead of 5psf due to a factor of 10 in the data acquisition systengrtioe was detected at
100psf. At this point bottom cracks were noticed, and the slab was unloaded. After
unloading, the slab was loaded in increments@gf3o the fullservice load value which is
44 psf of applied load plus 72sf in selfweight conpensation and 37 jasf of slabself
weight. The design loads are shown in Table 4.3a and the concrete properties at testing are
presented in Table 4.3b for referenBéeach load increment cracks were marked, measured
and fully documentedeactions wereecorded at select columns, tendons stress increases
were measured using load cells on both live and dead end at select t&eftmtsions were
measured at the center of each bay and reinforcement strains were measured in the positive
and negative momenggions at select locations total, the slab was subjected to three
loading and unloading cycles on the first day.t@msecond dayhe slab was subjected to
three loading and unloading cycles before loading to ultimate failure. Figgsbows the

loading cycle for the two days over a period of about 10 hours
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Table 4.3aDesign Load

Design Loads (psf)
SeltWeight 37.5
SDL 20
Dead Load Compensation 72.5
Reduced Live Load (RLL) 24
Applied Service LoagSDL+RLL) 44
Service Load (DL+LL) 152.5
Factored Load (1.2DL + 1.6LL) 191
Applied Factored Load 84.4

Table 4.3b: Concrete Properties

Property Truck 1 Truck 2 Average of Trucks
Compressive Strength (psi) 6360 4900 5630
Splitting TensileStrength (psi) 520 500 510
Modulus of Elasticity (ksi) 4000 3415 3710
Modulus of Rupture (psi) 8% 785 835

4.2.1 Average Effective Tendon Forces

Two load cells were permanently placed on the dead and live ends of one tendon in
each direction to monitor the losigrm losses before load testing. The average loss in each
direction is based on the change in prestress force on the dead and live exdldoBable
4.4summarizes the average force per tendon after sebttimggtermlosses (between
stressing and testing day) and the average force per tendon on the testing day. The average
force immediately after stressing was determined based on redastassing forces and

elongationsas described in section 4.1.1 of this document
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Table4.4. Forces in Postensioning Tendons

Stress (ksi)

Average Force per Tendon| Banded 9.92 171
Immediately after Seating Uniform 171

: 9.93

(kips)

Average Losper Tendon Banded 0.82 14
(Kips) Uniform 0.87 15
AverageEffectiveForce per Banded 9.10 157
Tendon Immediately prior to| Uniform 156

: . 9.06

Testing (kips)

The average precompression prior to testing in the banded direction and uthiction

are 126.4 psi and 126 psi respectively. These values are just above the ACI minimum of 125
psi in section 8.6.2.1 of ACI 3189 (ACI 318, 2019)
4.2.2 Service Load Performance

The service load deflectiomseasured with string potentiometei, all the bays are
shown in Figire 4.% through Figre 4.9c.The bay designations are also shown on these plots
and these deflections were measured on the second application of load to service load of 44
psf in incranent of 5 psf. The deflections measured at the first application of 50 psf were
approximately the same as the deflections at the second application of load to service load of
44 psf. The deflections shown in Figures 4cSare only due to applied load add not
include the deflections due to dead load reported in Table 4.2. The load deflection curves at
service were linear and when unloaded the deflections were fully recovered for all bays. The
tie rods installed at the edge columns to control lateral mewés were also very loose at
service level loads. This showed that they had no influence on the performance of the slab at
service level loading.

General observation of the slab showed that the exterior bays deflected more than the
interior bays. This ibecause the interior bays have more bending restraint due to

surrounding bays compared to the exterior bays, hence the interior bays are stiffer than the

105



exterior panelsThe deflection limit given by ACI 318ACI 318, 2019)or live load
deflection is L/®0, this is equal to 0.38. for the main bays and 57in. for the overhang
As shown in Figre 4.9 no bay deflection exceeded this limit even though the selevet

loads also include deflections due to superimposed dead loads
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Figure 4.9Service Level Load Deflection Curves

Reinforcement strains were also monitored at service level load and the maximum
strain at service we363 pstrain(11 ksi) in top reinforcement at Column C3. There was no
sign of yielding in any of the reinforcement monitored at service IBeatks were
extensively measured and documerggdr toloading and at every 1iisfincrement of
applied load up tthe point where the slab was deemed safe to climb. #gomentioned
previously, top cracke/ere observed at tHaces of thdour interiorcolumns after removal of
formwork. These cracks were duesf-weightof the slaband dead load compensation
Some new cracks formed due to the applied load while the previous cracks that formed due to
dead load grew in width at service load.

Table 4.5resents the width of the maximum cracks observed at the face of the four
interior columns while Figure. 4.1$hows the location of all the cracks that were observed at
the servicdevel loading conditionthis includes the cracks observed prior to apptioeof
load The crack measurement used for service load condition was the first application of
accidental 50 psf, since this was close to the actual service load of 44 psf and both
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measurements were approximately the sarhe.only cracks that were obsed were

locatedat thetop of the slabaroundthe columnswhere the anticipated tensile stresses were
highest There was no indication ebntinuous crackbeginning to formand there was no
reinforcement yielding at this point. At accidental 100 psfppfii@d load, narrow bottom

cracks formed, and the bottom cracks were wider neatbaydand smaller along column

line. This is because the bottom reinforcement perpendicular to these cracks was concentrated
along the column lines in that direction and thestrained formation of cracks. The bottom

cracks were generally narrow, and they completely closed after unloading when the error was
detectedThe bottom cracks that formed didt have significant effect on the performance of

the slab as there was ngrsficant residual deflection after unloading the slab.

b4
&
]' »
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/
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4 \

Figure 410-Crack Mapat Service Level Load
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Table4.5: Top CGackWidth at Face of Columnst &ervice Level Load

Applied Load Width

Type (psf) B2 B3 C2 C3
(mm) | (mm) | (mm) (mm)
Mean 0 0.10 0.10 0.10 0.10
Characteristic 0.10 0.10 0.10 0.10
Mean 10 0.10 0.10 0.10 <0.10
Characteristic 0.10 0.10 0.10 <0.10
Mean 20 0.10 0.10 0.10 0.10
Characteristic 0.10 0.10 0.10 0.10
Mean 30 0.15 0.10 0.15 0.10
Characteristic 0.20 0.15 0.20 0.10
Mean 40 0.20 0.10 0.15 0.10
Characteristic 0.25 0.15 0.20 0.10
Mean 44 (Service 0.20 0.15 0.20 0.10
Characteristi load) 0.25 0.15 0.20 0.10

(Note: 1mm = 0.0394 in.)

Referring to Table 4.5, the mean crack width was the average o¥itlibcrack along
its length while the characteristic crack width is the crack width of same crack that was wider
than approximately 90% of the remainder of the crack length. The maximum crack width at
service level load was 0.25 mm (0.0098 in.) and this ocdw@atreolumn B2. All cracks were
measured with crack card.

BDI gages were used to measure the strain distribution along two column lines on top
of the slab and along two midspan sections at the underside of the slab. The locations of these
gages arshown in Figures 3.21 and 3.22. The strain distribution at the top of the slab along
column line 2 and column line B are shown in Figures 4.11 and 4.12 respectively. The strains
shown are based on the second application of load after accidentally |desiglt and they
are only due to the applied load in increment of 10 psf up to service load. As stated
previously the slab vasfirst accidentally loaded in increments of 50 psf instead of 5 psf due
to a factor of 10 in the data acquisition system, therevas detected at 100 psf. At this

point, bottom cracks were observed, and the slab was unloaded. After unloading, the slab was
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loadedin increments of 5 pgb the fullservice load valuarhich is44psfof applied loaglus
72.5psf in selfweight compasationand 37.5 psf of slabelf weight In Figures 4.11 and

4.12, the first application of 50 psf is also shown and there is a difference in column line 2
strain distribution at column B2 and C2. The likely cause of this is because the bottom crack
formed near midspan, parallel to column line 2 and this crack probably reduced the strains at
the peak regions. For column Line B, the strain distribution at second application of service
load and the accidental p3f are comparable and similar in magnitubee bottom strain
distribution along a migpan section in &V direction, across the banded tendons is shown in
Figure 4.13. Figure 4.14 shows the bottom strain distribution along-apaidsection in M
direction, across the uniform tendoii$ie locatiam of the line where the gages are located

across the slab is also shown in each plot.
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Figure 4.11 Strain Distribution at the Top of the Slab along Column Line 2
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Generally, the strains are higher at the immediate vicinity oédhenns than at the
mid-span locations. This is consistent with expected behavior discussed in literature and the
strain profiles observed during stressing. This-noifiorm distribution of strains necessitated
the inclusion of top reinforcement in the irachate vicinity of the columns to limit cracks at
peak stress regions. Overall, the service level performance was good with no sign of yielding
of reinforcements and there was no significant increase in the tendon stress. Note that the
strain to cause crids 137 pstrain which is the ratio of splitting tensile strength and
measured modulus on testing day.

4.23 Factored Load Performance

After loading to service load on the first day, the slab was unloaded and loaded
slightly beyondfactored loadThe contolling factored load was 1.2D + 1.6L, which
consisted of 45 psf of factored seleight, 24 psf of factored superimposed dead load, 87 psf
of factored dead load compensation and 38.4 psf of factored live load which made a total of
197.4 psf of factored lah Hencethe load to reach this factored load was 84.4 psf of applied

load. The factored loadeflections for all the bays are shown in FigdrEsa through Figure
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4.1%c. Figured.15a shows the factored load deflection for BayBay 4, Figuret.1% shows
the factored load deflection for Bayi Bay 8 and Figurd.15c shows the factored load

deflection for Bay9 i Bay 12
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Due tothe problem with the data acquisition systerhich led to accidentally loading
the slab a little beyond factored loadttiom cracksicross Bay4-4, Bays 912 and top
cracks around the cantilever were notie¢d 00 psf of applied loadThese cracks were
narrow and completely closed after unloading of the atapreviously statedHowever,
plotting the load deflection cun the first applicabn of applied loaghows that the first
bottom crack formed at 83xf of applied load across Bay8 and 11which is a little below
the applied factored load. Additionally, because this was not the first application of loading
and the slab had been teadl suddenly to 100 psf, the point where nonlinearity began could
not be obtained in Figure 4.15.

At factored load, the behavior of the slab was generally symmetric with similar
exterior bays deflecting approximately the same amount. However, the maxiefiection
at factored load was about 0.ib6which occurredat the middle oBay 11. The interior bays

had less deflection than the exterior bays.
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The top of slab crack pattern at factored applied load @84 shown in Figure
4.16. At this point,atop crack alreadpadformed at the cantilever due to accidental p6D
load. Therevasalso potential beginning @bntinuous craclt the cantilever. However, this
is not so obvious at the four interior columns. At factored load, new cracks werelraitice
thefaces of thdour interior columns, previous cracks grew in length and width. No cracks
were noticed along column line D, this was expected since the moment at this column line is
small. Table 4.6presentshe progression of the top of slataximum crackwidthsup to

factored load.
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Figure 4.16Top of Slab Crack Pattern at Factored Load

Table4.6: Top Crack Widthat Faceof Columns,at Factored.oad
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Applied Load Width

Type (psf) B2 B3 Cc2 C3
(mm) | (mm) | (mm) (mm)
Mean 60 0.25 0.15 0.20 0.10
Characteristic 0.25 0.15 0.20 0.15
Mean 70 0.25 0.20 0.20 0.15
Characteristic 0.30 0.20 0.20 0.20
Mean 80 0.25 0.20 0.20 0.20
Characteristic 0.30 0.20 0.20 0.20
Mean 84.4Factored 0.25 0.25 0.20 0.20
Characteristic Load) 0.30 0.25 0.25 0.25

(Note: 1mm = 0.0394 in.)
Figure 4.17 shows the bottom crack pattern at factored Tadude 4.7 presents the
progression of the bottom of slab cracks width from the first accidental 100 psf, unloading

and loading to factored load.

| B4
e Crack 2

€3

B2 D2

,

Figure 4.17Bottom of $ab Crack Pattern at Factored Load
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Table4.7: Bottom Gack Widthat Factored_oad

Type Applied Load
(psf) Crack 1 (mm) Crack 2 (mm)
Mean Accidental 0.40 0.1
Characteristig 100psf 0.50 0.2
Mean 0 0.20 0.1
Characteristic 0.30 0.2
Mean 60 0.3 0.15
Characteristic 0.40 0.30
Mean 70 0.35 0.20
Characteristic 0.50 0.40
Mean 80 0.35 0.25
Characteristic 0.50 0.40
Mean 84.4(Factored 0.35 0.25
Characteristig Load) 0.50 0.40

(Note: 1mm = 0.0394 in.)

Referring to Figure 4.17 and ssown in Table 4.7, Crack 1 and 2 were noticed after
the slab had been accidentally loaded in increment of 50 psf up to 100 psf. The width of crack
1 was 0.5 mm (0.020 in.) at the ridys and 0.3 mm (0.011 in.) along the column lines. For
crack 2,the widh was 0.2 mm (0.0079 in.) at the rbbdys and 0.1 mm (0.0029 in.) along the
column lines. The cracks were generally narrow at the column line due to the presence of
concentrated mild conventional reinforcement in that direction. After unloading, the crack
closed and increased gradually after reloading. The bottom crack width at factored load was
approximately the same for Crack 1 at the accidental 100 psf load.

The load cells on the tendons at the dead and live ends indicated insignificant increase
in force at factored load. This is because deflections were small, the number of cracks were
limited, and crack widths were generally still small at this point. At factored load level, there
was no yielding of the top and bottom reinforcements. Figure 4.1Bignck 4.19 show the
plots of load versus reinforcement strains while Figures 3.18 and 3.19 show the location and
designation of the gages. Note that the top gauges were placed at the immediate faces of the

select columns, on all four sides of the columns.
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Theloadstrainplotsup to service loadand factored load for all the gagesere
linearwhich indicated that cracks did not affect the rate of strain incréasenaximum
strain was approximately 3%Gtrain (10 ksi) and this occurred at the top reinforcenment i
column C3. This was expected because tensile stresses are greatest at regions of high
negative moments, which is at the immediate vicinity of the interior columns. All strain
gauges reading at factored load indicated that the reinforcement straingsseieh the

yield strain.
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Column loadsat eight select columns (column lines B and 2 as well as corner column
D1) weremonitored at every load increment during testifggure 4.2Ghrough Figure 4.24
showthe measuredolumn loadsip to 100 psf of applied load, at select columns that had
load cells A plot of estimated column load assuming elastic behavior, using the area of slab
tributary to the columns is also shown for comparison. The tributary areas used to estimate
the columrreaction at each load increment are 18ftinterior column, 50 ftfor edge
column, 25 ft for corner column and 75%ftor edge column next to overharihe column

designations are as shownFigure3.17.
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As shown in Figures 49through 4.2, therewas reasonable agreeméetween the
measured column loads at select columns and the estimated column loads based on tributary
areasexcept for corner column D1. The measured load at corner colunva®lbwer than
the estimated loads the applied load increaséddhis is likelydue to more loads going to the
interior columns which resulted from unsymmetrical deflection of the exterior bays, in
continuous systems.

The comparisons of the sums of expected load based on columns tributary areas for
column lines B and 2, and the totakasured loads are shown in Table 4.8. Jureof all the
estimated loadsf column lines 2 and B are based @25 ft>and300ft?tributary area
respectively. For both column lines B and 2, the sums of measured load are in general
agreement with the susf expected loads at various applied load levels.

The comparisons of the total expected load based on column tributary areas and the
total measted load is shown in Table 4.9n Table 10, all columsload, and other identical
columns were summed updanompared to the total expected load. Since not all columns had
load cells to measure theactions the following assumptiorsbout columns loadiere made

to estimate the total loazh the slab
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1) Corner column D1 =D4

2) Edgecolumns B1=C1=B4=C4

3) Column line 2 = Column line 3

4) Al/B1 = A2/B2. Since B1, A2 and B2 are known, Al was solved for and assumed

that A1=A4.

As shown in Table 4,3he total measured load is 8 percent less than the total
expected loaddowever,the total measured load isreasonableagreement with the total

expected load, at different load levels.

Table4.8 Comparison of Measured Load on Column Lines B and 2 with Expected Load

Applied| Sum of | Sum Using % Sum of | Sum Using %
Load | Measured Tributary | Measured Measured Tributary | Measured
(psf) | Loads on| Areas for for Loads on| Areas for for

Column Column Column | Column Column Column

Line2 | Line 2 (psf)| Line 2 Line B | Line B (psf)| Line B

(psf) (psf)

0 0 0 0 0 0 0
10 3.36 3.25 1.04 3.03 3 1.01
20 6.69 6.50 1.03 6.24 6 1.04
30 9.92 9.75 1.02 9.13 9 1.01
40 13.01 13.00 1.00 12.05 12 1.00
50 16.13 16.25 0.99 14.99 15 1.00
60 19.58 19.50 1.00 18.10 18 1.01
70 23.02 22.75 1.01 21.24 21 1.01
80 26.45 26.00 1.02 24.33 24 1.01
90 29.66 29.25 1.01 27.06 27 1.00
100 32.84 32.50 1.01 30.11 30 1.00
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Table4.9: Comparison of Total Measured Load with Expected Load

Applied| Sumof | Sumof | Sumof | Sumof | Total Total %
Load Two Loads on | Loads on| Loads on| Column| Load | Measured
(psf) Corner | Column Four | Overhang Load | based on

columns| Lines 2 Edge | Columns| (psf) | Tributary
(assumeq and 3 | columns| (psf) Area
D1=D4) | (Assumed| (assumed (psf)
(psf) column | B1=Cl,
line B4=C4)
2=Column| (psf
line 3)
(psf)
0 0 0 0 0 0 0 0
10 0.44 6.73 1.62 0.49 9.27 9.75 0.95
20 0.67 13.38 3.47 0.95 18.47 19.50 0.95
30 1.07 19.84 5.02 1.49 27.43 29.25 0.94
40 1.32 26.06 6.59 1.94 35.91 39.00 0.92
50 1.71 32.26 8.30 2.42 44.69 48.75 0.92
60 1.94 39.17 10.03 3.01 54.15 58.50 0.93
70 1.97 46.03 11.75 3.54 63.28 68.25 0.93
80 2.54 52.90 13.50 4.17 73.12 78.00 0.94
90 2.64 59.33 15.01 4.76 81.73 87.75 0.93
100 3.03 65.69 16.70 5.21 90.63 97.50 0.93

424 Ultimate Load Performance

Specimen Tlvas subjected to six loading and unloading cycles throughout the two
days of testing before loading to ultimate, with three loading and unloading cycles on the first

day and three loading and unloading cycles on the second day. The ultimate load that was

reached was 211¥sf of applied load, for a total slab load, including-sedight,of 323.7

psf. The load ersusdeflection plots for the final day of testing up to the final unloading of

SpecimenTl are provided in Figuré.25 Note thatnotall the plotsstartat zero deflection,

which reflects the residual deflectioascumulatedrom the first dayThus, theséoad-

deflection plots represent the three loading and unloading cycles on the second day of testing

and accounted for residual deflections from the previous day of testing.
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The slab was firdbaded in increments of 10 psf to 44 psf, and then unloaded. The

deflections were fully recovered upon unloading. It was loaded to 100 psf and then unloaded.
Upon reloading, slightly above 100 psf, the slab began to exhibiimesr behavior. At 190
psf, the slab was unloaded, the amount of residual deformation for the panels ranged from 0.2
in. to 0.7 in.General observation of the loaeéflection curves in Figure 4.25 shows a
reduction in stiffness of the slab as the applied load incred3eekall, the outer panels
deflected more than the interior bajfiese observed relative deflection magnitudes of the
bays were as anticipated. Upon reloading, Specimen T1 was able to achieve 211.2 psf of
applied load when the load suddenly dropped, aadidilections increased significantly.
After unloading, it was discovered that a punching shear failure had occurred at Column B4,
the edge column between Bays 10 and 11. The influence of punching failure can be seen in
the loaddeflection plots of Bays(, 11 and 12, as these panels deflected excessively as soon
as the load dropped.

The crack patterns at the top and bottom of the slab at ultimate failure are shown in
Figure 4.26 and Figure 4.27 respectively. On the second day of testlraf) psf of aplied
load, the cracks on the top of the slab started to grow in length at Column C2 and C3 running
along the uniform tendon direction. Some cracks along column line 3 at the top surface of the
slab were also observed running in the uniform tendon directit 150 psf of applied load, a
continuous crack appeared, running from Column B2 to B4. Some diagonal cracks were also
noticed at 155 psf around Column B4 and subsequently around Columns A4, C4, D4, and D1

at 189 psf of applied load.
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Figure 4.B3-Top of Slab CrackPatternat Ultimate Load

As stated earlier, bottom crack 1 and 2 were observed at accidental 100 psf of applied
load. These cracks formed across the full length of the slab, were narrow and completely
closed after unloadingf the slab. Based on the load deflection curve, the first bottom crack
most likely formed at 83 psf of applied load across Bays 10 and 11 (a portion of crack 2). At
120 psf of applied load, Crack 3 started to form across Bays 3,7 and 11. At 150 psieaf appl

load, Crack 3 had propagated across the full length of the slab.
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Figure 4.Z-Bottomof Slab CrackPatternat Ultimate Load

Ultimately, the sl abds behavior was ducti
and cracking prior to ultimat®ilure. Continuous cracks oreyd lines formed in both
negative and positive moment regions as shown on the crack maps in4-&fiard Figure
4.27. There was some concrete crushing on the top surface of the positive moment yield line
in Bay 12(Crack?) as shown in Figurd.28 It was believed that this concrete crushing
happened between applied load of 189 psf and ultimate load of 211.2 psf since observation of
the slab for cracks was stopped at 189 psf due to safety conksrstated earlier, spieen

T16s f aiwasarcembinatioth ef shear and moment transfer failure at coldmras B
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shown in Figured¢.29and4.30,which caused the excessive deflections of the surrounding

bays (Bay 10, 11 and 12) after the load dropped

Figure4.28Concrete Crushingh Bay 12

Figure4.29Plan Viewof Punching Shedfailureat Column C1
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3

Figure4.30SideView of Punching Shedfailure at ColumrB4

Tendonstress was monitored throughout the duration of testing of the slab, with load
celsonrbot h i ve and dead ends of one tendon in
for Specimen T1 are shown in Figures 4.31a and 4.31b, for the whole duration of the loading
history. There was no significant increase in the stress in the tendongém8ps T1 until
about 120 psf of applied load. As noted earlier, the factored load was achieved with an
applied load of 84.4 psf.

The stress in the banded tendon started to increase rapidly at about 140 psf of applied
load due to large deflections anddeibottom cracks in Bays 9, 10, and 11 (Crack 2) running
perpendicular to the tendon. This behavior was also observed in the uniform tendon at about
160 psf of applied load due to bottom cracks in Bays 3, 7 and 11, perpendicular to the
uniform tendons. Thsetress increase at ultimate varied from 17 ksi to 35 ksi and it is
dependent on the amount of cracking and width of crack that the tendon passed through.

Thecomparisons of the increasestress at ultimate fdhe slabs in good agreement
with the ircrease predicted ACI 31819, Tabl e 20. 3. 2. 4.1 equations

t endbsnisng the equations in this takke, the <c
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The banded tendon stress increase is significantly higher than the uniform tendon stress

increase as shown in Figure 3.31. This is because the width of Cracks 1 & 2 running
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perpendicular to this tendon is quitede as the applied load approached ultimate load, these
wide cracks resulted in large increase in the banded tendon stress.

The plots of the applied load versus bonded reinforcement strains throughout the
loading history are shown in Figure 4.32a tlylodrigure 4.32j. The strains and rate of
change of strains differ considerably at various locations across the slab. The locations and

designation of these gages are as shown in Figures 3.18 and 3.19.
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As shown inFigures 4.32d and 4.32e, the top reinforcements at the south face of column
C3 experienced large strains (gages C3_5 and C3_6). This is because the south face of C3
was facing the bottom yield line that cut across bays 9, 10, 11 and 12. As the applied load
approached ultimate, the rotation at this column increased due to large deflections at this
yield line. The bonded reinforcement strains at the faces of the columns show nonlinear
behavior at an applied load of 140 psf and the rate of change in straased rapidly as the
applied load approached ultimakéost of the bonded steel gages at negative moment regions
exceeded the yield strain at ultimate load (See Figures 4:89) (&or the bottom
reinforcement in the uniform direction, the measuredrstsahigher than the bottom

134



reinforcement in the banded direction because Crack 4 shown in Figure 4.27 crossed the
bottom reinforcement in the uniform direction while no crack crossed the banded direction

bottom reinforcement.

4.2.5 Summary of Behavior of Specimen T1

Specimen Tlvas tested and loaded to service and ultimate failure on August 20 and
21, 2019 respectivelyThe slabvas subjected to six loading and unloading cycles throughout
the two days of testing before loading to ultimatgh three loathg and unloading cycles on
the first day and three loading and unloading cycles on the secondftiaystressing and
removal of formwork, cracks were observed at the four interior columns where the stresses
are highest, and no bottom cracks were predéost of these cracks were hairline in nature.
The camber due to stressing range from 0 in. to 1/16 in. while the deflection due to dead load
and selweight compensation range from 0 in. to 1/8 in.

The performance of the slab at service and factoreti@e very good and met ACI
criteria for deflections and strength. Deflection at each center of panel was linear at service
and fully recovered when unloaded. The maximum deflection at service due to applied load
only was 0.085 in. at Bay 3. There was melding of reinforcement at service load.

However, some new cracks formed due to the applied load while the previous cracks that
formed due to dead load grew in widithe maximum crack width at service level load was
0.25 mm (0.0098 in.) and this occur@dColumn B2. Note that presently there is no code
specified crack width except in older version of the ACI 318 that specified a cracks width of
< 0.016 in. at service. Also, it is hard to directly relate crack widths in scale model to full
scale.The temon stresses remained unchanged until beyond the factored load.

The first bottom crack was observed at33&sf of applied loagust prior to factored
load There was substantial cracking around the four interior columns. The maximum top

crack width was B0 mm (0.012 in.)at ColumnB2 while the maximum bottom crack was
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0.50mm (0.020 in.) No yielding of bonded steel was obseraedithe maximum strain of
363 ustrain(11 ksi) was observed in the top reinforcement at Columratdactored load.
There was no significant increase in the tendon stress until ab@psflof applied load. The
load-deflection and loadteel strains curveemainedinear at factored loadht about 110
psf, the slab showed nonlinear ledeflection behavior in some of the bays

Yield lines formed in both negative and positive mom&he negative moment yield
lines formed in both directions with diagonal flexural cracks around the cornenrt®iyl1,
A4 and edge columns C1, B1 and D1. There was some concrete crushing on the top surface
of the positive moment yield line in Bay .1I2was believed that this concrete crushing
happened between applied load of p89and ultimate load of 211@&f since observation of
the slab for cracks was stopped at p80due to safety concerns. Ultimatdlye slab failed
as a result o& combination of shear and moment transfer failure at columwhith caused
excessive deflections of the surrounding b#8ay(10, Bayll and Bay 12) after the load
dropped.The ultimate load that was reached was 2p$faf applied load, for a total slab
load, including seHwveight, of 323.7 psfAdditional comparison of slab measured behavior to

calculated behavior igresented in Chapter 8 and Chapter 9.
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Chapter 5 - Experimental Behavior of SpecimenT3 and Discussion

The following sectioadiscusgesults from stressingf SpecimenT3 as well as load
test results, up to ultimate failure of the sl@his specimen has a bandbdnded tendon
arrangement and bonded mild reinforcement.
5.1 Stressing Results

The stressing of the tendons started on Dec 18, 2019 and was completed on Dec 19,
2019. Stressing sheets were made for each tendon and these are pnoAmjeehdix E. The
stressing sheets were computed with a friction coefficient of 0.12 and wobble coefficient of
0.00009/ft which were determined from trial slab testing. The tendons were stressed in the
same sequence and manner as the tendons in Speclmen T
5.1.1 Tendon Force

The average tendon force for Specimen T3 was determined in the same manner as
Specimen T1. Using the predetermined friction coefficient and wobble coefficient from the
trial slab, the average measured tendon elongation was 0.1tdessethan the expected
elongation. The average corrected friction coefficient was Qi@ that the wobble
coefficient was the same value used for Specimen T1 which was obtained from the trial slab
testing and this was held constant for all tendor&piecimen T3.

The average jacking forces for the tendons in tH dNrection was determined to be
10.78 kips while the average jacking force in tR&/Elirection was 10.93 kips. The average
tendon forces in each orthogonal direction were determined gathe manner as Specimen
T1. The average force in a single tendon in th® dlirection and BV direction after seating
was 9.92 kips and 10.0 kips respectively. The measured seating losses for all tendons ranged
from 1/16 in. to 1/8 in. The forces distrilbt along the slab length in theSland EW

direction are presented in Figures 5.1 and 5.2 respectively. Note thaShierdon profile is
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exactly the same as Specimen T1 and slightly different in #édirection due to conflicts

at interior columns
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Similar to what was observed for Specimen T1, the tendon forces arenstardgo

along the length of the tendons, they are higher at the jacking end and lower at the dead end
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of the tendon before seating losses. As stated earlier, this is because of the friction generated
between the sheath and the tendons resulted in losseg ditessing. Pulling the tendons
during stressing resulted in friction loss that varied and increased with the distance from the
live end. The tendon force at the jacking end is lower than the force at the dead end
immediately after seatinigsses, in both orthogonal directions as shown in Figures 5.1 and
5.2. The likely reason for this is because of the short length of the tendons in-theadne
scale modelThe design assumed final effective force in the tendon was 9 kips.
5.1.2 Measured Concrete Strainand Stress on Surface of Slab after Stressing

BDI gages were used to monitor the concrete strains along one critical column line in
each orthogonal direction. These gages were mounted on the top surface of the slab along
column lires B and 2 (Refer to Figure 3.25 for the location of these gages). The concrete
strains were plotted for gages along a specific line to illustrate the strain distribution. The
strain distribution across the banded tendew Hirection (Column line 2) andanded
tendon NS direction (Column line B) at the end of stressing are shown in Figure 5.3 and
Figure 5.4 respectively. The predicted strains from equivalent frame method considering self
weight and prestressing only are also shown in both graphs. As ghbwthn plots,
measured strains are in general agreement with predicted from equivalent frame with
prestress only. However, like the strain distribution that was observed for specimen T1, the
measured strains are higher in some regions along the coluesrchmpared to the predicted
strains from equivalent frame. As stated earlier, this is because the equivalent frame method
assumes the strains distribution across a strip is uniform. After the stressing operation, cracks
were noticed around the interiaslumns. The slab is in compression due to prestressing
since the slab was still supported on shores immediately after stressing, assuming the slab

does not pick up much of its selfeight until shores were lowered.
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5.1.3 Deflections Prior to Load Testing

Deflections of the slab were measured after stressing of the tendons and after removal

of shores. This was performed in the same mannersasiloed for Specimen T1. The zero

position was after the slab had been moist cured for 9 days, and all the dead load

compensation blocks had been placed, but the slab was still fully supported on the forms and

shoring towers. The other times of deflentimeasurement were after stressing, after the

shoring towers were lowered and the forms removed. The deflection changes relative to the

zero reading after stressing the tendons and after lowering the forms are presented in Table

5.1. The positive sign dicates upward camber while negative sign indicates downward

deflections. The bay numbers are the same as for Specimen T1 and are shown in Figure 3.19.

Table5.1: Deflections Prior to Testing

Bay Number| After Stressing (in.) After Lowering Forms (in.)
1 0 -1/8
2 +1/16 -1/8
3 0 -1/8
4 +1/32 -1/32
5 0 -1/16
6 0 -3/32
7 0 -1/8
8 0 -1/32
9 0 -1/8
10 0 -1/8
11 0 -3/16
12 +1/32 0

5.1.4 Cracks after Stressing and Removal of Formwork

Cracks were observedter stressing and after the shores were lowered. The cracks

map after stressing and removal of formwork is shown in Figure 5.5. The black cracks were

observed after the stressing operation was completed. Most of the cracks observed after

stressingweredi r | i ne

in nature with a wi

dt h

O 0.1

Cracks were only noticed at column B3 and the cracks started from the face of the columns
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and propagated outwards. The grey cracks were observed after the shores had been
completely | owered and removed. AlIl cracks f
mm (O 0.004 in.). Cracks were also noticed a
most bays as shown by the grey coloured cracks in Figure 5.5. Some a&fdgesgacks

were noticed when the slab was still supported on shores. These cracks were visible on top

and bottom of the slab at each edge location. The edge cracks were likely shrinkage

differential or edge tension cracks and had no structural sigregoam the performance of

the slab during testing.

bA
B e
B2 B2

Figure5.5-Crack Map after Stressing and Removal of Shores
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5.2 Load Test Results

Onthe first day of testinghe slab was loaded in increments qfsb to the fult
service load value, which is 44f of applied load plus 72{&sf in selfweight compensation
and 37.5sf of slabself weight.The design load is the same as Specimen T1 and they are
presented in Table 4.3at each load increment, cracks were marked, measured and fully
documented. Atesvice, the slab was unloaded to check that the sensors were reading
correctly and then loaded in incrents of 10 psf to factored loadlue and 10@sf. In total,
the slab was subjected to two loading and unloading cycles on the first day.

Onthe secondlay of testingthe slab was subjected to three loading and unloading
cycles before loading to ultimate failure. At each loading stage, reactions were recorded at
select columns, cracking was documented, tendons stress increases were measured using load
cells on both live and dead end at select tenddaBections were measured at the center of
each bay and reinforcement strains were measured in the positive and negative moment
regions at select locationBhe loading cycle for the two daysver a perioaf about 10

hoursis shown Figure 5.6 and the concrete properties at testing are presented in Table 5.2
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Figure5.6-LoadingHistory
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Table 5.2: Concrete Properties at Testing

Property Truck 1 Truck 2 Average of Trucks
Compressive Strength (psi) 5860 590 5910
Splitting Tensile Strength (psi 560 560 560
Modulus of Elasticity (ksi) 3175 3330 3250

5.2.1 Average Effective Tendon Forces

The average force in each tendon immediately after stressing in each direction was
determined based aneasured stressing forces, seating losses and elongagidescribed in
section 5.1.1 of this documen®©ne tendon in each direction was equipped with a load cell at
each end. This enabled the confirmation of the wobble and frictiefiicients used for all
tendons. The load cells on the tendons were monitored from the time of stressing until
testing to determine prestress loBable5.3summarizes the average force per tendon after
seatinglong-termlosses (between stressing desting day) and the average force per tendon
on the testing day.

Table5.3 Forces in Postensioning Tendons

Stress

Average Force per Tendon| Banded(N-S) 9.92 171
Immedlat(ei!?lgg;‘ter Seating Banded (EW) 10.0 172
Average Loss pefendon Banded(N-S) 0.8 15
(kips) Banded (EW) 0.8 15
AverageEffective Force per | Banded(N-S) 9.04 156
Tendon Immediately prior to| Banded (EW) 157

: ; 9.11

Testing (Kips)

The average precompression in the band&ldirection and banded\® direction
prior to testing are 126.5 psi and 125 psi respectively. These values meet the minimum
effective precompression of 125 psi stated in section 8.6.2.1 of AC1318CI 318, 2019)
5.2.2 Service Load Performance

The service load deflectiomseasued with string potentiometerfyr all the bays are

shown in Figire 5.7 through Figre 5.7c.The bay nhumberings are also shown on these plots
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and these deflections were measured on the first application of load to applied service load of
44 psf in incremet of 5 psf. The deflections shown in Figures 5.Fa7c are due to only

applied load and do not include the deflections due to dead load reported in Table 5.1. The
load deflection curves at service showed elastic behavior, they were linear for @hdays

when unloaded the deflections were fully recovered for all bays. There were no noticeable
columns rotation at service. Consequently, the tie rods installed at the edge columns to
restraint lateral movements were very loose at service level loads,ietergsion in the tie

rods. This showed that the tie rods had no influence on the performance of the slab at service
level loading.

From the loaetleflection curves in Figure 5.7, the rate of deflection is higher for the
outer panels compared to interi@nels. The observed relative deflection magnitudes of the
bays were as anticipated for the slab. The maximum deflection at service due to applied load
only was 0.09 in. which occurred at panel 3, while the minimum deflection was
approximately 0.01 in. atamel 8. As stated earlidhe deflection limit given by ACI 318
(ACI 318, 2019¥or live load deflection is L/360, this is equal to 0iB3for the main bays
and0.167in. for the overhang As shown in Figre 5.7a through Figure 5.7copanel
deflection exceeded this limit even though the serlagel loads also include deflections due

to superimposed dead loads
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Bonded reinforcement strains were monitored and the strains in the bonded
reinforcement were in the elastic rargjeservice level load. The maximum strain was 239
pstrain(7 ksi) in tg reinforcement at the south face of Column C3. The strains in the bottom
bonded reinforcements monitored were negligible. There was no sign of yielding in any of
the reinforcement monitored.

Cracks wereextensively measured and documergddr toloading and at every 10
psfincrementof applied load up tthe point where the slab was deemed safe to climb.upon
As mentioned previously, top crackere observed at tHaces of thdour interior columns
after removal of formwork. These cracks were duseidweightof the slaband dead load
compensationThe location of all the cracks that were observed at selvamkare shown in
Figure 5.8while the width of the maximum cracks observed at the face dbtienterior
columns are presented in Table 5.4. Note that Figure 5.8 includes the cracks that were

observed prior to application of loatihe only cracks that were obsensatdservicevere
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locatedat thetop of the slabaroundthe columnswhere the tensile stresses were anticipated to
be highest

At service level load, the edge cracks observed at the middle of each bay after
removal of formwork did not grow in length nor increase in width. This implies that the
cracks were likely shrinkagdifferential or edge tension cracks and did not affect the
behavior of the slab. However, new cracks formed around the interior columns and some of
the cracks that formed due to slab sedight and dead load compensation, noticed prior to
application ofload grew in length at service level load. No crack was observed at the bottom
of the slab at service level load. All cracks were measured with crack cards that had smallest

increments of 0.10 mm (0.004 in.).

b
B3 =]
% B

Figure5.8-Crack Mapat Service Level Load
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Table5.4: TopCrack Width at Face of Columng, $ervice Level Load

Applied Width

Type Load (psf) B2 B3 C2 C3
(mm) (mm) | (mm) (mm)
Mean 0 <0.10 0.10 <0.10 <0.10
Characteristic 0.10 0.10 0.10 0.10
Mean 10 <0.10 0.10 0.10 <0.10
Characteristic 0.10 0.10 0.10 0.10
Mean 20 0.10 0.10 0.10 0.10
Characteristic 0.10 0.15 0.10 0.10
Mean 30 0.10 0.10 0.10 0.10
Characteristic 0.12 0.15 0.10 0.10
Mean 40 0.10 0.10 0.20 0.15
Characteristic 0.12 0.15 0.20 0.20
Mean 44 (Service 0.10 0.15 0.20 0.15
Characteristig  load) 0.12 0.15 0.20 0.20

(Note: 1mm = 0.0394 in.)

Referring to Table 5.4 and as stated earlier, the mean crack width was the average
width of the crack along its length while the characteristic crack width is the crack width of
same crack that was wider than approximately 90% of the remainder of the crack length. The
maximum crack width at service level load was 0.20 mm (0.0079 in.) anacthisred at
column C2.

BDI gages were used to measure the strain distribution along two column lines on top
of the slab and along two midspan section at the underside of the slab. The locations of these
gages are shown in Figures 3.25 and 3.26. The slisthibution at the top of the slab along
column line 2 and column B are shown in Figures 5.9 and 5.10 respectively. The strains
shown are based on the first application of load and they are only due to the applied load in
increment of 10 psf up to sereidoad (44 psf)The bottom strain distribution along a mid
span section in &V direction, across the banded3\tendons is shown in Figure 5.11. Figure

5.12 shows the bottom strain distribution along a-spdn section in M direction, across
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the bandedE-W tendonsThe location of the line where the gages are located across the slab

is also shown in each plot.
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Figure 5.9 Strain Distribution at the Top of the Slab along Column Line 2
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Figure 5.10 Strain Distribution at the Top of the Slab along @oh Line B
Using the measured modulus of elasticity and splitting tensile strength, a strain of 172

pstrain is expected to cause crack.
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Figure 5.11 Strain Distribution at Underside of the Slab, along{8jgan in EW Direction
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Figure 5.12 Strain Distribution at Underside of the Slab, along{8juhn in NS Direction

Generally, the strains are higher at the immediate vicinity of the columns, at the top of
the slab than at the m&pan locations. The behavior of the slab was similar and symmaie

in both orthogonal directions, as evident in the strain distribution presented in Figures 5.9
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through 5.12. The average strain across the slab is approximately the same in both directions.
However, the rate of change of strain at column B2 was higimapared to other columns
monitored. This is likely due to some small cracks passing through the BDI gage at the face
of the column. Overall, the service level performance was good with no sign of yielding of
reinforcements, no bottom cracks and there m@significant increase in the tendon stress.
5.2.3 Factored Load Performance

After loading to service load on the first day, the slab was unloaded and loaded to
slightly beyondactored loadThe controlling factored load was 1.2D + 1.6L, which
consisted of 45 psf of factored seleight, 24 psf of factored superimposed dead load, 87 psf
of factored dead load compensation and 38.4 psf of factored live load which made a total of
197.4 psf of factored load. Henttee applied load to reach this faxtd load was 84 psf of
applied loadThe factored loadeflections for all the bays are shown in Figbrg3a5.13.
Figure5.13 shows the factored load deflection for BayRay 4, Figureb.14b shows the
factored load deflection for Bayi5Bay 8 and kjure5.13 shows the factored load

deflection for Bay91 Bay 12
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Figure 5.13d.0adDeflection at Factored Load for Bays 4
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Figure 5.13Factored Load Deflection Plots

Specimen T3 was able to carry the full factored load without serious distress. As

shown in Figures 5.13 {@), the loaedeflection curves for all bays were proportional to the

applied load up to about 80 psf ofpdipd load. At 80 psf of applied load, most of the bays
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deflected considerably with no increase in load. At this point, cracks were discovered at the
bottom of the slab between Bays 3 and 7, and Bays 9, 10 and 11. These cracks caused the
bays to deflect vih no increase in load and on the other hand caused Bays 6 and 8 to camber.
Consequentlythe maximum deflection at factored load was ab@®#8 i@ which occurredat
the middle of Bay 3The interior bays had less deflection than the exterior bays. The
deflection plots do not showerioussign of loss of stiffnesafter crackingthe slopes of the
curves before cracking are very similar to the slopes after first bottom crack.

The topand bottom of slabrack pattern at factored applied load ofp@#areshown
in Figure5.14 and Figure 5.15 respectiveRherewas nosign ofnegative moment
continuous crackingprming at the cantileveor at the column line$n the other hand, there
were bottom cracks in both orthogonal directions, potentially formingnencmus crackAt
factored load, new cracks wesbservedat thefaces of thdour interior columns, previous
cracks grew in length and widtHowever, it was observed that the number of cracks was
small, and the cracks were distributgdactored loadevel.No cracks wer@bservedt the
exterior column lines anthis was becausthe momerg at thesecolumn lines weresmalkr.
Table5.5presentshe progression of the top of slataximumcrackwidthsup to factored
load. Theslab did not show anserious distress and it was still capable of carrying more load
at factored load.

The bottom crack pattern at factored load is shown in Figuke Bable 5.6presents
the width of bottom of slab cracks at factored load andpsD@f applied load. Referrg to
Figure 5.5 and as shown in Tab®6, cracks formed in both orthogonal directions at the
bottom of the slabThe first set of bottom cracks were Crack 1 and Crack 3, and these cracks
formed at 80 psf of applied load. At 84 psf of applied load, theks continued to grow in

length and Crack 2 was observed running in th& Hirection.
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Figure 5.14Top of Slab Crack Pattern at Factored Load

Table5.5 Top Crack Widthet Faceof Columns,at Factored_oad

. Width

Type App'('sgf)Load B2 B3 c2 c3
(mm) | (mm) | (mm) (mm)
Mean 60 0.10 0.15 0.20 0.15
Characteristic 0.12 0.15 0.20 0.20
Mean 0 0.15 0.15 0.20 0.15
Characteristic 0.15 0.15 0.20 0.20
Mean 80 0.15 0.20 0.20 0.15
Characteristic 0.15 0.20 0.20 0.20
Mean 84.4Factored 0.15 0.20 0.20 0.15
Characteristic Load) 0.15 0.20 0.20 0.20

(Note: 1mm = 0.0394 in.)
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Figure 5.15Bottom of Slab Crack Pattern at Factored Load
Table5.6: Bottom Gack Widthat Factored_oad
Tvoe Applied Load
yp (psf) Crack 1 (mm) Crack 2 (mm) | Crack 3 (mm)
Mean 84.4(Factored 0.20 0.25 0.15
Characteristig Load) 0.40 0.40 0.20
Mean 100 0.25 0.25 0.20
Characteristid 0.40 0.40 0.30

(Note: 1mm = 0.0394 in.)

The bottom surfade widestcrack was @ mm (0.0157 in.atfactored load.

However, the cracks wereider close to the midpan of the bays and thinner at the column

lines where the banded tendons were locathd load cells on the tendons at the dead and

live ends indicated insignificant increase in force at factored Tdaete was no yielding of
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thetop and bottom reinforcements. Figures 5.16 and Figure 5.17 show the plots of factored
load versus reinforcement strains while Figures 3.19 and 3.24 show the location and
designation of the gages. Note that the top gages were placed at the immediatetifeces

select columns, on all four sides of the columns.
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