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ABSTRACT
EFFECT OF SELF CONSOLIDATING CONCRETE (SCC)
MIX PROPORTIONING ON TRANSFER AND
DEVELOPMENT LENGTH OF PRESTRESSINGSTRANDS
By
Mahmoodul Haq
Self-consolidating concrete (SCC), a special concrete tailored for high
deformability and stability, has recently gained much interest from the precast/prestressed
industry. In spite of many developments on SCC material technology, knowledge on the
performance of elements built using SCC is limited. Of particular relevance in
prestressed concrete is the issue of strand bond. The research objective was thus to study
the effect of SCC mix proportioning on the bond of prestressing strands as it relates to
transfer and development lengths in prescast/prestressed girders. The study focused on
13mm (0.5 in.) diameter strands on laboratory-scale T-beams. Three SCC mix designs
were strategically designed to bound the accepted proportioning methods. Comparison
was made with a conventionally vibrated concrete mix (NCC). Transfer lengths were
determined by strand draw-in and concrete strain measurements and development lengths
were obtained through flexural beam tests. Transfer length results were within the current
ACI-318/AASHTO code recommendations. Experimentally determined development
lengths were longer than the ACI-318/AASHTO values. The source for this discrepancy
solely on the concrete mix is questionable and the quality of the strand is being further
evaluated to fully justify this findings. In spite of these doubts, the effect of SCC mix
proportioning was found to distinctly affect the different mechanisms of strand bond

performance influencing transfer and development length.
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CHAPTER 1 INTRODUCTION AND BACKGROUND
1.1 Background and Problem Definition

First introduced in Japan in the early 1980s (Okamura, 1999), self-consolidating,
or self-compacting concrete (SCC) has been gaining increased attention due its unique
behavior to fill formwork and flow around obstructions without blocking or segregating.
This behavior, obtained by tailoring the selection of materials and mix proportioning has
allowed it to be classified as a kind of high-performance concrete, offering the possibility
of designing for both the fresh and hardened properties of concrete to specific project
needs.

Much work has been done since the development of SCC, particularly in the
development of mix designs, characterization of its rheology and mechanical properties,
and evaluation its in-situ properties. The underlying principles govemning the
development of SCC-type behavior, i.e., a stable highly flowable concrete mix, are now
generally well accepted and a great variety of SCC mixes have been developed using
different materials and optimized for different purposes. In spite of all the progress made
on the material characterization of SCC, very limited information exists on construction
and design specifications to guide industry, designers, and highway transportation
authorities. If this trend continues, it is likely that even the most extensive and detailed
material characterization efforts on SCC will not address the concerns of the state DOT’s,
whose ultimate interest lies on the structural performance and durability of the built
structure.

The underlying principles governing the development of SCC-type behavior, i.e.,

a stable highly flowable concrete mix, are now generally well accepted and a great



variety of SCC mixes have been developed using different materials and optimized for
different purposes (Khayat, 1999). However, the special mix designs that give SCC its
unique fresh-property advantages significantly deviate from what is currently considered
as ideal and developed through many years of experience and research. This has raised
concerns regarding material and structural performance issues. Among them are material
properties such as creep and shrinkage; structural issues such as prestress losses and
bond; and durability issues such as freeze-thaw behavior. These concerns have limited
the acceptance of SCC in the United States, despite of its increased use in Japan, Canada
and Europe.

Self-consolidating concrete (SCC) has become of high interest to the precast
concrete industry due to the benefits it offers in enhancing construction productivity. In
spite of this interest and rapid developments on SCC technology, its acceptance in the
U.S. is lagging due to material and structural performance concerns; among these is the
issue of bond. The issue of bond for prestressed concrete members has been debated from
the past six decades. Considerable work has been done regarding the development of a
better understanding of bond and its relationship with transfer and development length for
conventionally consolidated concrete. Consequently, several theories for transfer and
development length have been formulated. In spite of the multiple efforts, current
provisions by the ACI Code (318-02) [3] and AASHTO (2] are primarily based on the
work of Hanson and Kaar [17]. However, in general, it has been found that these
guidelines underestimate the actual transfer and flexural bond lengths, and their validity
has been questioned for over 25 years [8][10][18][24][31][331[35][41]. Thus, even for

conventional concrete, which is well developed and ideal shows large deviation on results



related to bond issues. In such a scenario, with the absence of specific design codes and

guidelines for SCC, the study of bond in SCC has become inevitable

1.2 Objectives

The design of a concrete mix for SCC-type behavior for specific project needs
grants SCC its quality as a high-performance material. However, this advantage can also
limit the development of all-inclusive guidelines. It is now generally agreed that SCC can
be obtained by two general approaches or the combination thereof: (a) mixtures with high
fines content and high-range-water-reducing admixtures, and (b) mixtures with high-
range-water-reducing admixtures and viscosity-modifying admixtures.

The current study thus focuses on bounding the parameters that allow the
development of SCC-type behavior and on investigating the bond performance of SCC in
precast/pretensioned bridge elements with the objective of providing guidance on the
construction and design of these elements when using self-consolidating concrete.

The specific aims will be:

® To investigate the material properties of three types of SCC mixes through

small-scale tests.

e To experimentally investigate the development and transfer lengths for ¥2”

prestressing strands in SCC through small-scale tests.

Also, the constitutive hardened concrete properties including the compressive
strength, split tensile strength and modulus of elasticity were evaluated at various ages of
concrete. The results from SCC mixes are compared with a normally consolidated

concrete (NCC) mix.



1.3 Self Compacting Concrete (SCC) Vs. Normally Consolidated Concrete (NCC)

The unique self-consolidation behavior of SCC and its tailorable nature to suit

specific project needs has allowed it to be classified as a kind of high-performance

concrete. SCC offers many advantages for the precast/prestressed industry, among them

arc:

b)

d)

€)

g)

h)

It can be placed with no mechanical vibration, resulting in savings in placement

Costs.

Improved and more uniform architectural surface finish with little to no remedial

surface work

Ease of filling restricted sections and hard to reach areas

Opportunities to create structural and architectural shapes and finished not

achievable with conventional concrete.

Improved consolidation around reinforcement and bond with reinforcement.

Improved Pumpability

Improved uniformity of in-place concrete by eliminating variable operator —

related effort of consolidation,

Labor Savings,

Shorter construction periods and resulting cost savings and



j) Quicker concrete turn — around times enabling the producer to service the project

more efficiently.

In order to completely utilize the advantages SCC offers, specifically to the
precast/prestressed industry, bond parameters need to be carefully evaluated. Considering
the extensive mix designs of SCC available, the current work focuses on bounding the

hardened properties by proper mix proportions.

1.4 Thesis Organization

This thesis has been organized into 7 chapters. Chapter 2 includes a brief review of
the existing literature on both SCC and bond issues. Definitions of important parameters
related to this project have also been included. Chapter 3 includes: (a) study of the mix
designs used in the project and their fresh and hardened properties and (b)test Specimen
details and fabrication. Chapter 4 gives details about the pull-out testing program.
Transfer length, measurement, methods and results are discussed in Chapter 5.
Development length testing, measurement and discussion of results are presented in
Chapter6. Chapter 7 gives a brief summary of the entire project and the conclusions

drawn from this research



CHAPTER 2 LITERATURE REVIEW

In order to gain the perspective on the use of Self Consolidating Concrete (SCC)
around the world and to understand the different issues related to bond performance of
prestressing strands, a literature review was carried out. This chapter provides a brief
overview of pertinent work related to this research. This chapter has been subdivided into
five sections: (1) SCC material technology (2) importance of bond in prestressed
concrete, (3) Concept of transfer and development length, (4) sfudies on transfer and
development length of prestressing strands and (5) concluding remarks. The sections are

explained briefly below:

2.1 SCC Material Technology

Self-consolidating concrete (SCC), or "vibration-free" concrete, was developed in
Japan in the 1980's in response to the gradual reduction in the numbers of skilled workers
required for quality construction work [27]. The unique self-consolidation behavior of
SCC has allowed it to be classified as a kind of high-performance concrete [1][27]. The
design of SCC involves tailoring the selection of materials and mix proportioning to
ensure high deformability and adequate resistance to segregation, to achieve high filling
capability and flow around obstructions without blocking [20]. Such requirements require
different opposing measures, such as reduction in coarse aggregate volume and reduction
of free water content to limit inter-particle friction among coarse aggregate, sand and
cement. Although there is no common definition for SCC, a common understanding is
that a self consolidating concrete is a one that:

a) has the fluidity that allows self-consolidation without external vibration,

b) remains homogeneous during and after placement, and



c) flows easily through reinforcement
Thus, the most important criteria that differentiates SCC from conventional concrete are
those that are related to the properties of fresh concrete. These requirements are [19] :
e Self-placing and self-consolidation
e Retention of deformability throughout transportation and placement
e High stability during transportation and placement
e Resistance to segregation, bleeding, and surface settlement (i.e., stability)
after casting
e Limited bleeding and settlement
e Uniform surface quality

e Homogeneous distribution of in-situ properties.

Achieving all of the above performance requirements is not easy and it requires a
compromise between the many parameters influencing the mixture proportioning [20] . In
order to understand SCC material technology, this study has been subdivided into the
following: (1) SCC mix behavior and parameters (2) SCC fresh property evaluation and
quality control (3) Hardened properties, and(4) structural performance Each of these

topics is discussed as follows:

2.1.1 SCC Mix Behavior and Parameters

In rheological terms, SCC is often described as a Bingham fluid (viscoelastic)
where the linear relation between the stress and the shear rate ratio is characterized by
two constants — viscosity and yield stress. The yield stress primarily governs the self-
consolidation behavior, while the viscosity affects the homogeneity (stability) and

flowability [20]. While the viscosity may be modified depending on the application



(flowability requirements), the yield stress must remain much lower than conventional
concrete mixes in order to achieve self-consolidation [38].It is clear that the fresh
properties of SCC are particularly important for its ability fo flow under its own weight
without segregation and to fill congested structural sections. Thus it is very important to
ensure the following three main parameters:

e Fluidity / Deformability
e Easy Flow / Low Blockage, and
e Homogeneity / Stability.

The above primary parameters need to be properly adjusted to satisfy all the
requirements of SCC. These three primary parameters can be adjusted (as shown in
Figure 2-1 [20]) and achieved by varying the mix proportions of SCC. Thus, the mix

design factors that affect these three basic parameters are as follows:
e Water to cement ratio (w/c)
e Amount of high-range-water-reducers (HRWR)
e Use of viscosity modifying admixtures (VMA)
e Coarse aggregate content (CAC)

e Sand to paste content (S/Pt)

Entrained air (EA).

Proper proportioning of these parameters is essential to achieve SCC and to obtain the

required primary parameters of deformability, passing ability and stability. The effects of



the various mix proportioning on the basic parameters of SCC are explained in detail

below:

The deformability of concrete is closely dependent on the quantity of cement paste,
which can be increased with the use of high-range water reducers (HRWR) that allow
lowering of the yield value with only moderate drops in viscosity. Thus, highly flowable
concrete can be obtained without significant reduction in cohesiveness. Deformability
can also be increased by increasing the water to cement (w/c) ratio, which controls the
deformability of the cement paste. However, high w/c ratios reduce the cohesiveness of
the paste and mortar and lead to fine and coarse aggregate segregation. This means that
care must be taken when lowering w/c ratios to ensure that, it does not lead to large
reductions in cohesiveness. Another factor affecting deformability is the friction
between the various solid particles (sand, gravel, cement, and mineral additives). The
inter-particle friction increases the internal resistance to flow thus reducing the
deformability and rate of flow of the concrete. This effect can be reduced with the use of
HRWR, which, by dispersing cement grains, enable water content reduction with limited
drops in viscosity. Reducing the coarse aggregate and sand volumes and increasing the
paste volume also enhances deformability. In addition, the use of continuously graded

cementitious materials and fillers can also help reduce inter-particle friction.

The second main parameter necessary for SCC properties is that this highly flowable
concrete has proper stability during transportation, placement, and after casting. As
shown in Figure 2-1 [20], enhanced stability requires reduction in coarse aggregate
content and reduction of the maximum aggregate size. Cohesion must also be improved

by enhancing bond between the mortar paste and the coarse aggregate. This can be



achieved by reducing the w/c ratio and the use of viscosity modifier admixtures
(VMA). Stability must also be ensured after concrete placement to avoid water migration
(bleeding) that can lead to weak interface between the aggregate and the cement paste,
accumulation of cement paste in the bottom half of horizontal reinforcement, and
segregation of suspended solid particles. Decrease in bleeding can be achieved by
reducing the w/c ratio, addition of HRWR, and the use of VMA and/or increased
volume of cementitious and filler materials (i.e., low w/c ratio) to bind some of the excess

water [20].

Fluidity/Deformability

/ Easy Flow/Low Blockage, "\

A. Increase paste deformability
* use of HRWR
* balanced w/c ratio

. Reduce inter-particle friction
* low coarse aggregate volume
* use cont. graded powder

Fluidity/Stability
Trade-off

Low Viscosity

High Fluidity

High Viscosity
Low Fluidity
VISCOSITY

DEFORMABILITY

A. Enhance cohesiveness
* low w/c ratio
* use of VMA

B. Compatible flow space and
aggregate size
* low coarse aggregate volume
* low max. size aggregate

Homogeneity/Stability
A. Reduce solids separation
* limit aggregate content
* reduce max. size aggregate
*increase cohesion & viscosity|
- low w/c ratio
- use of VMA

B. Minimize bleeding
* low wic ratio

* use of high-area powder
* increase VMA 4

Figure 2-1 SCC Parameters and Behavior [20]

The third essential property for a successful SCC mix is its ability to easily flow

through reinforcement or reduction of the risk of blockage when flowing through



narrow spaces. Such risk can be minimized by providing adequate viscosity, to ensure
good suspension of the solid particles during flow and reducing inter-particle friction.
However, increase in viscosity reduces deformability [20]. Thus, to allow SCC to easily
flow through reinforcement it should have appropriate cohesiveness by reducing the w/c
ratio and/or using VMA. In addition, as the free space between obstacles and
reinforcement reduces, the coarse aggregate volume and the maximum size aggregate

should be reduced.

As discussed earlier, successful SCC mixes can be achieved by varying the
achieving the three parameters discussed above and hence there is no commonly accepted
procedure to proportion SCC mixtures and over the years, several methods have been
developed in research centers around the world [11][12][20][39]. The mix designs
selected for this project and the concept of choosing the particular mix designs is given in

Chapter 3.

2.1.2 SCC Fresh Property Evaluation and Quality Control:

As stated above, various mix design methods for SCC have been proposed.
However, it is clear that the performance criteria to have a highly flowable and stable mix
remains the same. This indicates that quality control and acceptance criteria for SCC
should be based on a performance-based approach. Performance requirements for the
hardened concrete are well established for use of precast/prestressed bridge elements.
However, the performance requirements for the fresh SCC mix can only be evaluated at

the time of placement.
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Considerable work has been done around the world in developing and evaluating the self-

compactability of SCC, including deformability, stability, and filling capacity. The most

commonly used tests are [29](30][38]:

Concrete Rheometer. A device applies a range of shear rates and monitors the force

needed to maintain these shear rates in a plastic material; later converting the force
into stress. However, only a few concrete and mortar rheometers are available since
this type of equipment is very expensive and not easy to use in the job site. Thus,

these devices have been limited for use in large research centers.

Spread Test. The slump spread test also called as Slump flow test is used to asses the
horizontal free flow of SCC in absence of obstructions [30]. This procedure uses the
conventional Abram’s cone (Figure 2-2). The cone is filled in one layer without
rodding and the diameter, instead of the slump, of the concrete sample is measured
after the cone is lifted. The test evaluates self-compactibility as it mainly relates to
yield stress. An evaluation of viscosity can be made by monitoring the time it takes
for the concrete to reach a spread of 50 mm (2 in.). This test was performed in this

study and the results are discussed in Chapter 3.
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Figure 2-2 Slump Spread Test and VSI

J-Ring. This apparatus is used to force the SCC flow through reinforcement in
conjunction with an Abrams cone or the Orimet setup. The size and the spacing
between the bars can be adjusted to simulate any reinforcement configuration. J-Ring
value is obtained from the differences between the spread; with and without the ring
or the height difference between the concrete inside and outside the ring are

measured. The J-Ring value is calculated as follows (Figure 2-3) [30]:

a

=

Measure the values d; (Figure 2-3)in the center of the J-Ring and also 4

values of d, and d}, just inside and outside the ring (measurements in mm)

b)

=

Calculate h;=125-d; and all h values h,=125-d, (x=1 to 4)

C

N

Calculate 4 values hj-h,,; calculate median value A m-ham.

d

=

Calculate 4 values hg,-hp,; calculate median value hgpn-hpm.

€

N

Calculate 2(ham-hpm)-(him-ham). This is J-Ring value.
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Figure 2-3 J-Ring Value [30]

In general, greater J-ring spread flow results in greater passing ability. Satisfactory
passing ability without blockage is attained when the value 2(ham-hom)-(him-ham) is
less than 15mm (0.59 in.). Generally acceptable passing ability is achieved when this
value is around 10 mm (0.39 in.). This test was performed in this study and the results

are discussed in Chapter3.

Visual Stability Index. This method involves the visual evaluation of the SCC patty
resulting from observation of the SCC just prior to placement and after the
performance of the spread (slump flow) test. It is used to evaluate the relative stability

of batches of the same or similar SCC mixes. The test requires the development of



considerable judgment and may thus be subjective. This test was performed in this
study and the results are discussed in Chapter3.

L-Box and U-Box. These tests simulate the casting process by forcing an SCC sample
to flow through obstacles under a static pressure. They provide and indication on the
static and dynamic segregation resistance of SCC as well as its ability to flow through

reinforcement.

Rebar 3 - #4 With Gap Of 1 3/8" (35) Between

"5 7/8" (150)

Figure 2-4 Schematic of L- Box Test [30]

L-Box test (Figure 2-4) assesses the flow of SCC and also the extent to which it is
subjected to blocking by reinforcement [30]. The test apparatus comprises of a
rectangular cavity in with reinforcement. The level of reinforcement can be changed
to enforce severe or light restraints depending on the actual reinforcement blocking of

the structure. This opening is controlled by a gate. The SCC is placed in the vertical

15



cavity without any vibration and held there for a minute. The gate is then opened for
the SCC to flow into the horizontal cavity. After the flow is complete the heights of
SCC in the vertical chamber (H1) and the horizontal chamber (H2) are measured. The
ratio of H2/H1 is termed as the blocking ratio. If the SCC flows as freely as water, at
rest, it will be horizontal, so H2/H1=1 Thus closer the blocking ratio is to unity, the
better is the passing ability. The segregation of aggregates, if any can easily noted in
the vertical chamber. This test was performed in this study and the results are
discussed in Chapter 3.

This test was performed in this study and the results are discussed in Chapter 3.

V-Funnel and Orimet. These tests measure the time it takes for the SCC concrete to

flow through an orifice under its own weight, these tests give an indication of its

viscosity.

Sieve Stability. This test is used to evaluate the resistance of SCC to static

segregation. It consists of pouring a concrete sample over a 5-mm sieve and

measuring the amount of mortar passing through the sieve in a two-minute period.

The above methods are not exclusive and while different research groups around the

world have evaluated these concepts, dimensions and measurement specifications have

not been standardized and/or commonly accepted [30].

2.1.3 SCC Hardened Property and Structural Performance

Since the target engineering properties of hardened SCC should be the same as

those for conventional concrete, the same test and procedures that are used for

conventional concrete are used for SCC. Most of the research work to-date on SCC has

been focused on three fronts: (1) development of self-compacting mix designs
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[11][12][26][39], (2) comparison of mechanical properties of SCC against well
compacted regular concrete [1][28], and (3) evaluation of in- situ properties of SCC in
full-scale structural elements [21][40]. The above-mentioned efforts have shown (a) the
feasibility of mix designs with self-compacting behavior and the development of simple
and optimized combinations and (b) that, overall, the uniformity and value of the
mechanical properties of SCC do not vary significantly from that of normal well-
compacted concrete [5].

In spite of the above-mentioned research developments, much less is known on
the performance of structural elements cast using SCC. While similar performance might
be expected based on the similitude of mechanical properties between SCC and normal
concrete, the studies performed thus far have mainly focused on compressive strength,
elastic modulus, and to a lesser extent on creep and shrinkage [28]. While, as mentioned
above, these properties were found to be similar to those corresponding to traditionally
vibrated samples, SCC has been found to exhibit higher early age creep coefficients [28],
and not much has been reported on fracture strength.

Researchers from University of Sherbrooke, Canada [21][22] evaluated the
uniformity of in-situ mechanical properties of wall elements using eight different mixes
of SCC. Cores were obtained at various heights of the wall and normal hardened
properties like compressive strength and elastic modulus were evaluated. The results

from this study show very slight or no variation in the compressive strength and modulus

of elasticity values obtained from the top and bottom portions of the wall.
These researchers [21][22] also compared the mechanical performance of highly

confined columns cast using normally consolidated concrete (NCC) and self compacting
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concrete (SCC) with stirrup configurations representing different degrees of confinement.
The cores were cut at various heights of the column. Results from these cores were
compared with those of normally cast specimens. The test results showed that the SCC
columns developed similar stiffness but approximately 7% lower load carrying capacity.
Also the SCC showed 10% lower cylinder compressive strength relative to NCC.
Depending on the reinforcement configuration SCC columns exhibited 62% to 23% more
ductility than corresponding NCC columns. The distribution of in-place properties was
found to be more homogeneous in SCC than in NCC.

As previously mentioned, the nature of SCC proportioning is to deviate from
well-understood mix designs developed over many years of experience. This implies that
compromises must be made with respect to performance. Highly fluid mixes, or high-rate
discharge, can compromise the stability of the concrete mix, which can lead to bleeding
and segregation around reinforcement that can adversely affect the bond characteristics of
conventional and prestressed reinforcement such as transfer and development length.
Another potential adverse effect of SCC on structural performance is that related to the
ability to transfer shear stresses across cracks, or the so-called “aggregate interlock.”
Thus, it is foreseen that bond and aggregate interlock are two types of hardened
behavioral mechanisms that can affect the design and performance of precast/prestressed
bridge elements using SCC. The nature and importance only the only bond type of

behavioral mechanism is discussed next.

2.2 Importance of Bond in Prestressed Concrete

The importance of bond between prestressing steel and concrete has been studied

considerably during the development of prestressed concrete [23]. The concept behind
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prestressing and reinforced concrete clearly relies on the ability to transfer tensile forces
from the strands into the hardened concrete both during service as well as at ultimate.
This parameter (bond) thus forms part of the design considerations of precast/prestressed
members through semi-empirical formulations of development length to ensure proper
anchorage of the prestressing strand when relying only on the interaction between the
strand and the surrounding concrete. The behavioral mechanism and importance of bond
for both (transfer and ultimate) should be understood if a suitable measure of this

parameter (bond) is to be performed.

2.2.1 Bond Stresses and Mechanisms

The transfer of stresses from the strand to the concrete by bond can be classified
into three distinct mechanisms: (1) adhesion, (2) Poisson’s (Hoyer’s) effect and
(3) mechanical interlock. Each of these mechanisms is explained briefly explained in the
following:

1. Adhesion: This refers to the chemical bond resisting mechanism by which the
concrete bonds to the strands. Adhesion helps in the bond transfer only when
there is no relative slip of the strand with concrete. This mechanism is relatively
small and hence often neglected [16].

2. Hoyer’s Effect: When the strand is prestressed there is a lateral contraction in the
strand diameter due to the steel’s Poisson’s ratio. When the strand is released, this
lateral contraction is recovered and the strand swells. This swelling is prevented
by the surrounding hardened concrete preventing the strand to return to its
original diameter. This restraint is in the form of a radial normal force on the

strand inducing frictional force along the axis of the strand (Figure 2-5). At the
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end of the beam, where the surrounding concrete does not exist, the strand is free
to expand, and hence the strand at the end has a relatively larger diameter than the
portion embedded in concrete. This produces a wedge action. This anchorage
mechanism was first described by Hoyer in 1939 [36] and thus is commonly
referred to as Hoyer’s effect. The concrete resists this wedging effect transferring

part of the stress from the strand to concrete.

4///% o //
0

oz=0

Figure 2-5 Hoyer’s Effect [34]

3. Mechanical Interlock: Seven wire prestressing strands consist of six wires wound
in a helical shape around a single wire. When concrete is cast around the strands

the hardened concrete shape matches that of the stressed strands. Due to the match

casting between the concrete and strand, the resists the unwinding of the
strand providing slip resistance. Mechanical interlock is the main contributor to

bond when the stresses are increased beyond the initial transfer stresses [36].
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2.2.2 Transfer Bond Stresses (at release of prestress)

The approximate distribution of the bond stress 7 at transfer due to all the
mechanisms cited above is shown in Figure 2-6 [23], where 7 becomes zero, the stress in
the strand becomes equal to the stress due to prestressing (0. = 0., = constant). The
length associated with this is termed the bond length, u. It will depend on the quality of
the bond and on the transverse pressure determined by the member geometry and
transverse reinforcement. The prestressing force is introduced into the member until the
concrete stresses exhibit a linear distribution over the section. The length needed for

achieving this is referred to as the transfer length, L,.
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Figure 2-6. Bond Stress Distribution at Strand End [23]

At the face of the concrete unit, the steel and concrete stresses are zero. The shear,
or bond stress between the strand and the concrete increases rapidly until it reaches its

maximum value, beyond which it decreases approximately according to a parabolic
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curve. Due to the bond effect, compressive stresses radiate from the wire into the
concrete causing warping at the member end (Figure 2-7) [23]. As a consequence of this,
a zone of compressive stresses develops acting radially towards the strand. This further
enhances the Hoyer effect. However, this deformation also introduces tensile stresses that

require the provision of transverse reinforcement.
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Figure 2-7. Section Warping and Forces at End [23]
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Of all of the above-mentioned mechanisms, the Hoyer effect is the greatest
contributing mechanism to “bond” upon prestress release. Mechanical interlock is the
main contributor to “bond” when the stress in the strand is increased above the initial
transfer stresses, i.e., when the concrete cracks and the strand stress levels are increased
over their initial state. The adhesion mechanism is the smallest contributor to developing

bond stresses between strand and the concrete [23][36].

2.2.3 Flexural Bond Stresses at Ultimate Strength

In most cases, full prestressing is provided in the design of prestressed concrete
members, which implies that there will be no cracks under working load. It can be shown
that the demands placed upon bond action before the appearance of cracks is very limited
since the transmission of shear takes place just as in a section made from a homogeneous
material. For this reason, prestressed concrete beams can adequately carry working loads
even without the presence of bond [23]. If bond does exist, then only a very slight shear
stress occurs between the tendon and the concrete due to the connection between the
small area of steel (times the material modular ratio) and the rest of the total cross-
section. Thus, only when the working load is exceeded and cracks occur in the tensile

zone of the concrete does bond become necessary [23].

The importance of bond on ultimate strength is better understood by considering
the failure behavior with and without bond. Upon loading and appearance of the first
crack at the location of highest tensile stress, there will be a sudden increase of tensile
stress in the strand due to the abrupt disappearance of the concrete tensile force
contribution. If there is no bond, this increase will extend over the entire length of the

tendon. This will lead to considerable deformations and wide crack spacing. In addition,
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new flexural cracks will be widely spaced, which will tend to decrease the depth of the
compression zone and eventually lead to early failure of the compression flange. Thus, in
the absence of bond the ultimate capacity is reduced and the strength of the steel strand

cannot be fully utilized.

Early failure is thus avoided by establishing a shear-resisting mechanism, i.e.,
bond, between the steel and the concrete. The bond stresses between the tendon and the
surrounding concrete, 7;, have the effect of immediately reducing the increased stress that
develops in the steel at the crack location a short distance next to it (Figure 2-8) [23].
Depending on the bond quality, the increased steel stress o is thus limited to a short
length, which will lead to only slight local elongation of the strand and narrow crack

spacing.
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Figure 2-8. Stress Distributions at a Crack Front [23]
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The presence of bond will permit the tensile concrete stresses 0. to continue to
exist besides the crack location, which can increase further upon further loading. This
will lead to closely spaced cracks and a failure pattern with a large number of cracks that
slowly move upwards. The neutral axis depth is thus slowly reduced, allowing
development of large steel stresses. Consequently, bond allows for a safe failure mode

and better use of the steel reinforcement [23].

As pointed out above, a series of thin cracks are expected to be developed in route
to the ultimate flexural capacity of a prestressed concrete member. Thus, in addition of
addressing the mechanism of bond at a single crack, the distribution of bond stresses
along the member length is now of importance. First, it must be understood that bond
stresses in the cracked region cannot be determined by the approach followed in
reinforced concrete. At flexural cracks the bond stress beside it will locally increase up to

the bond strength as shown in Figure 2-8 and

Figure 2-9 [23]. Beyond this peak, the bond stress quickly decreases and in some
cases it even changes into a stress of opposite sign. If there are a number of cracks in
succession, the distribution of bond stresses follows a “saw-tooth” pattern [23]. Although
not described in this manner, this same phenomenon was identified by Hanson and Kaar
[17] (Upon whose work the current ACI recommendations [3] for strand development
length are based) as a “bond stress wave.” Calculation of these bond stresses, however, is

not possible without an accurate knowledge of the bond strength and bond strains.
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Figure 2-9. Bond Stresses at Flexural Cracks [23]

The development of new flexural cracks towards the end of the member will
continue with increasing load demands due to load redistribution. As seen in

Figure 2-9, the bond stress demands will follow along with localized high steel
stress demands at the crack [23]. Increased tensile stresses in the strand will cause a
reduction of cross sectional area due to Poisson’s effect. Thus, if cracking extends into
the transfer zone region, the reduced cross-section tendon area will compromise the
Hoyer effect, which is the main mechanism for bond in the transfer region. Relative slip
of the strand can then occur leading to a reduction in prestressing force and thus limiting
the attainment of the section full flexural capacity. In addition, the reduced compression
stress state at the beam end will decrease the section shear capacity. Bond failures and

shear failures at end supports are thus clearly related, an issue that has been identified for
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some time but yet continues to be topic of debate as to the precedence of each effect

[81[33][35].

2.3 The Concept of Transfer and Development Length

Bond is of importance to the design of prestressed members for both initial, or
service, as well as ultimate, or overload conditions. The bond strength between
prestressing strands and concrete depends on the concrete’s ability to transfer shear forces
along the material interface. The distance over which the effective prestress fi. is
developed in the strand has been traditionally called the transfer length, L, An additional
bond length is required so that the stress f,; may be developed in the strand at ultimate
flexural strength of the member. This additional length is termed the flexural bond length,
L. The sum of these two lengths is commonly referred to as the development length, L,,
of the strand (Figure 2-10).

Considerable work has been done regarding the dévelopment of a better
understanding of bond and its relationship with transfer and development length for
conventionally consolidated concrete. Consequently, several theories for transfer and
development length have been formulated. In spite of the multiple efforts, current
provisions by the ACI-318 Code (318-02) [3] and AASHTO [2] (see Figure 2-10) are
primarily based on the work of Hanson and Kaar [17]. However, in general, it has been
found that these guidelines underestimate the actual transfer and flexural bond lengths,
and their validity has been questioned for over 25 years [8][10][18][24][31][32]
[33][35][41]. In this time several approaches have been developed. In the following, a
brief account of these efforts is given and then the proposed approach is described in

detail.
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Figure 2-10 Variation of stresses — ACI-318 equation representation [3][2]

Although strand development seldom governs the design of prestressed concrete
members, with the exception of cantilevers and short span members, several bond-related
failures have been reported with members using conventionally consolidated concrete
and the current criteria [8]. In addition, the relationship between development length and
shear failures at beam supports has been clearly documented and has become a recent
concemn, particularly as it relates to the response of prestressed beams due to earthquake-
induced vertical loading. It is then clear that the issues related to bond between hardened

SCC and prestressing strand will be reflected in design practice through these parameters
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2.3.1 Definitions

Some of the basic definitions that describe the behavior of bond in the prestressing
strand are described below:
Transfer Length (L, ):

Transfer length is defined as the bonded length of the strand required to fully
transfer the effective prestress (f,.) from the strand to concrete. In other words, transfer
length is the length from the end of the beam to the point where the prestressing force is
fully effective [34].

Flexural Bond Length (Ly):

Flexural bond length is defined as the distance, in addition to the transfer length
over which the tendon must be bonded to the concrete to develop the full design strength
of the tendons (f}) to resist flexural stresses at nominal resistance of the member.
Development Length (L;):

Development length is defined as the total length of bond required to develop the
steel stress fs at the ultimate strength of the member. Development length is the sum of
the transfer and flexural bond lengths. In other words, Development length can be
defined as the shortest bonded length of tendon along which the tendon stress can
increase from zero to the stress required for achievement of the full nominal strength at
the section under consideration.

Embedment Length (L.):

Embedment length is defined as the length of bond from the critical section to the
beginning of bond. Critical section can be defined as the section closest to the end of the
member that develops full strength when subjected to external loading. It should be noted

that embedment length is related to development length. If the embedment length is
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greater than the development length then a general bond failure would occur, else the

strand slip will occur and the nominal stresses will not be developed in the strand.

2.3.2 ACI-318[3]/AASHTO- LRFD [2] Code Recommendations

The current provisions by the ACI Code (318-02) [3] and AASHTO Design
Guidelines (Figure 2-10) are primarily based on the work of Hanson and Kaar [17][18].

The current ACI 318 / AASHTO provisions are as follows:

1 2 . .
L, =m(fps-§fse)db [fps> fsein MPa; dy, Ly in m]
(2-1)
2 . o
L, =(fps—§fse)db [fps» fsein ksi & dp,Ly inin.]
Equation 2-1 can be re-written as:
L, -1 &db_(f s —fse)db], [ fps» fsein MPa; dj, Ly in m]
6.895| 3 P g
(2-
L, =|:_f§_edb ~(fps —fse)db:l, [fps» fseinksi & dp,Ly inin.]
2)

where, dj, is the diameter of the strand, f;. and f, are the effective and nominal stresses in
the tendon respectively.

The first term of the Equation 2-2 represents the transfer length and the second
term represents the flexural bond length. In Figure 2-10, the steel stress is shown to vary
linearly along the transfer length. Along the flexural bond length, the slope of this curve
decreases. AASHTO-LRFD specifications state that the flexural bond may be assumed to
vary parabolically [7][3]. The ACI code also states that the transfer length may be taken

as 60 strand diameters.
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2.4 Studies on Transfer and Development length of Prestressing strand.

The previous discussions have presented the mechanisms and the importance of
bond between prestressing strands and concrete for the design and performance of
prestressed concrete beams. Determining the bond strength, or slip resistance, is
however, not a straightforward task. The reason is that the “bond” phenomena that have
been described for both transfer and ultimate strength rely on different mechanisms to
transfer the shear stresses between concrete and strand. It was explained how the bond
shear stresses follow complex distributions at the member ends and at flexural cracks.
Thus, appropriate determination of bond strength must replicate actual conditions as close
as possible.

It has been found that bond mechanisms are affected by many parameters [41].
Among them are:

e The type of Steel

e The diameter of the strands

e The level of stress in the strand

e The surface condition of the strand

e The concrete strength

e The type of loading (static, repeated, impact)

e The type of prestress release (sudden, gradual)

¢ Confinement reinforcement

e Time—dependent effects (losses due to creep, shrinkage etc.,)

e Concrete cover and spacing of strands

o Amount of shear reinforcement in the critical zone.
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2.4.1 Studies on Bond Performance
In order to determine values of the slip resistance of a prestressing strand through
experimental methods, care must be taken to consider the mechanisms affecting bond

response [23]:

1. The bond stress (slip resi ), typically d as uniformly distributed, is
higher for shorter embedment lengths in a pull-out test specimen. This is shown in
Figure 2-11. This maximum stress value has a decisive part in the shear stress vs.
slip response.

2. The slip resistance increases with the quality, the compaction, and the degree of
hardening of the concrete, thus the relevance of evaluating this mechanical

behavior parameter for SCC.

l. Average 7 .. —af—

Max 7>,
T 1 T Average T

Average T

Figure 2-11 Effect of Embedded Length in Normal Pull-Out Tests [23]

3. The slip resistance is significantly dependent on whether a transverse compressive
stress acts on the strand. This effect can be reproduced through normal pull-out

tests (see Figure 2-11a).
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4. Additional transverse pressure is created by the Hoyer effect.

Because of all of these influencing factors, it is difficult to determine bond lengths
by means of simple pull-out tests. Tests on strand bond confirmation by means of the
“Moustafa test” (Figure 2-12) have been recommended by the PCI Interim Guidelines for

SCC [30].
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Figure 2-12. Details of Moustafa Test

It should be noted that the bond performance is related to the bond mechanisms
and complex phenomena. The results of these simple pullout tests depend on the bond
resistance created by friction and mechanical interlock. The Hoyer’s mechanism which is

the main contributor for transfer length [7] is not represented in these tests. The
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correspondence between the results obtained from this test and structural design
parameters such as transfer length and development length have been questioned for
conventional concrete [7][27][33][32] and seem to be of continued debate now for SCC.
In order to qualify the strand for adequate bond performance, the test has to be performed
in a specific manner on a specific mix design of concrete. The following are the

guidelines and test procedure as prescribed by Logan [25]:

1) The hydraulic jack shall be a pull-jack with a center hole assembly at the end
of the ram (similar to those normally used for single-strand stressing). It shall
be tested and calibrated to permit loading upto 50 kips (222 kN), and shall
have a travel of at least 12 in. (305 mm)

2) A specific bridging device should be used [25].

3) On the day of casting the test blocks (with heat curing), the cylinbdrs shall be
tested and the concrete strength recorded. Based on results of past testing, the
concrete strength can range from 24.1 to 40.7 MPa (3500 to 5900 psi ) without
affecting the pull-out strengths.

4) The bridge is slipped over each strand to be tested and placed against the

concrete surface. The strand chucks are slipped over the strand to the top of the

bridge and light pressure is applied to the jack to seat the jaws of the chuck into
the strand.

5) The jacking load shall be applied in a single increasing application of load at

the rate of approximately 20 kips per minute (89kip per minute) until the

maximum load is reached and the load gauge indicator can no longer sustain

maximum load. Do not stop the test at the sign of movement of the strand sample
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or for any other reason. The strand samples can pullout as much as 203 mm to
254 mm (8 to 10 in.) before maximum load is reached with a poor strand, and
25.5t0 51 mm (1 to 2 in.) with good bonding strand.
6) The pull-out capacity of the strand sample shall be recorded as the maximum
load attained by the strand sample before the load drops off on the gage and
cannot be further increased.
7) The following data shall be recorded for each strand sample:
(a) Maximum capacity
(b) Approximate load at first load movement
(c) Approximate distance the strand pulls out at maximum load
(d) General description of failure
8) Record data and compute average failure load and standard deviation for eah
strand group tested. Compare results with minimum requirements for acceptance
for pretensioning applications.
As discussed earlier, tests on strand bond confirmation by means of the “Moustafa
test” (Figure 2-12) have been recommended by the PCI Interim Guidelines for SCC [30].
However, the correspondence between the results obtained from this test and structural
design parameters such as transfer length and development length have been questioned
for conventional concrete [7][27][33][32] and seem to be of continued debate now for
SCC. While the response evaluated through the Moustafa test is clearly related to bond
performance, its correlation to the complex phenomena occurring in the transfer zone
region and during development of strand capacity under flexural actions, as previously

discussed, is questionable.
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The pull-out tests and the Moustafa test are excellent methods to provide a
baseline to qualify the strand bonding characteristics, which may be affected by rust or
manufacturing residues. Thus, bond length evaluation needs to be conducted in a manner

consistent with the stress state in both transfer and flexural regions.

2.4.2 Studies on Transfer and Development Length

Significant research has been done in the past to investigate the bond mechanisms
of prestressing strand in concrete as it relates to transfer and development length. Existing
code provisions for the development length of fully bonded strands are based on the
results of two studies conducted in the Research and Development Laboratories of
Portland Cement Association (PCA) [7]. The results of these studies were reported in
papers by Hanson and Kaar [17] and Kaar, LaFraugh and Mass [18]. An overview of the

research including the work conducted at PCA is described in brief in the following:

a) Paul H. Kaar, Robert W. LaFraugh and Mark A. Mass [18]

This study was presented at the Ninth Annual Convention of the Prestressed
Concrete Institute in 1959. This study investigated the influence of concrete strength on
the stress transfer length of seven—wire strand at the time of prestress transfer. Strands of
6.35mm (Y4), 9.53 mm (3/8), 12.7 mm ('2), and 15.24 mm (0.6 in.) diameter strands were
used to prestress rectangular prisms having various concrete strengths. For all strands
except the 15.24 mm (0.6 in.) diameter strands, smooth, unrusted strands were used. The
length of the prisms was 2.44 m (8 ft) for all specimens except 6/10 diameter which had a
length of 3.05 m (10 ft). The cross section of the prisms varied with the size of the strand.

The researchers concluded that the concrete strength has little influence on the

transfer length for strands up to 12.7 mm. (2 in.) diameter. The 15.24 mm (0.6 in.)
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strands had a smaller transfer length for concrete with higher compressive strength and
vice-versa. The influence of strand diameter was also studied in this research. The
researchers found that transfer length varied linearly with respect to strand diameter.
They also found that the average increase in transfer length over a period of one year
following prestress transfer was 6% for all strand sizes and that the increase in transfer
length was independent of the concrete strength at transfer.

The method of measurement of transfer length used in this project was by means
of the DEMEC (DEtachable MEChanical) gauge method which has also been used in

many other research programs to measure transfer length of prestressing strands.

b) Norman W. Hanson., and Paul H. Kaar. [17]

This study was performed at the Portland Cement Association (PCA) laboratories
in 1959 and is considered to be the backbone for the current approaches to development
length testing and code provisions. The test program involved 47 beam tests, with
varying diameter of the strands were tested in a series of flexural tests. The main variable
in the study was the strand diameter. Secondary variables included the percentage of steel
reinforcement, the concrete strength, the strand surface condition and the use of
embedded end anchorages on pretensioned strands. The authors propose a hypothetical
shape of the bond wave from the flexural test results before slip.

The researchers found that strand size and embedment length have a considerable
influence on the value of average bond stress at which general bond slip occurs. From the
test results, the researchers determined curves that could be used for design such that
general bond slip could be avoided. They also found out that the increase in percentage of

reinforcement or a reduction in concrete strength reduces the possibility of general bond
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slip, since the steel stress at flexural failure, and the corresponding bond stresses are
reduced. The results of this research are the basis for the current ACI-318

recommendations (Equation 2-1 and 2-2) for development length of prestressing strands.

c¢) Paul Zia and Talat Mostafa [41]

This study was performed at the University of North Carolina, Raleigh, United
States. The authors proposed a new equation for transfer length of prestressing strands
that accounts for the effects of strand size, initial prestress and concrete strength at
transfer. This equation is applicable to concrete strengths ranging from 13.8 MPa
(2000 psi) to 55.2 MPa (8000 psi.). The researchers also studied the various parameters
affecting the transfer and development length and reviewed the experimental results of
the previous researchers.

The researchers found that the use of reinforcement to resist the bursting stress
near the end of prestressing steel slightly reduced the transfer length, although the effect
was not significant. Based on the review of the then available research information, the
researchers proposed the following new equations for the transfer ( L, ) (Equation 2-3)
and development length ( L; ) (Equation 2-4), which is applicable for concrete strengths

varying from 13.8 MPa (2000 psi) to 55.16 MPa (8000 psi):

L =1.5%d,, ~46, fii foi(ksi) & dp (in.) (2-3)

Cl

L= 1.5%(1,, ~8.6+1.25(f ps — foe)dps  fsir fuis fps (Ksi) & dy (in)  (2-4)

cl
where, f;; is the initial prestress force, f.; is the concrete strength at transfer, dj is the
nominal diameter of the strand, f;, is the ultimate stress in the strand and f,, is the

effective stress in the strand after transfer.
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d) Byung Hwan Oh., and Eui Sung Kim. [9]

This study was performed at the Seoul University, Korea. The main objective of
the research was to study the effects of various important parameters on the transfer
length on pretensioned, prestressed concrete girders. The principal test variables were
strand diameter, concret<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>