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Abstract

Transfer and Development Length of Debonded 15.2 mm (0.6 in)
Prestressing Strand in AASHTO Type I Girder Specimens

John William Grove, M.S.E.
The University of Texas at Austin, 1998

Supervisor: Ned H. Burns

The use of 152 mm (0.6 in) diameter prestressing strand in pretension concrete
specimens has become necessary to fully precompress the tension region of specimens using high
performance/high strength concrete. Current code requirements for transfer and development
length are based on laboratory testing of specimens with prestressing strands of a smaller
diameter. Subsequently, the Federal Highway Administration has placed restrictions on the use of
15.2 mm strands until further laboratory testing can determine if the current code requirements are
adequate for their use.

This study investigated the transfer and development lengths of 15.2 mm prestressing
strand in AASHTO Type I beam specimens with a composite deck slab. Each specimen in this
study contained strands that had a bright surface condition. In addition, 60% to 75% of the total
number of strands in each specimen were debonded. Three concrete strengths were specified for
the specimens, so that the effect of concrete strength on the transfer and development lengths
could be investigated. The change of the transfer length over time was also investigated.

The results of the transfer and development length testing are presented in this thesis.
These results are compared with current AASHTO and ACI code requirements, as well as with
equations that have been developed by previous researchers. Conclusions and recommendations

on the use of the current code requirements are also discussed.
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CHAPTER ONE
Introduction

1.1 PROJECT BACKGROUND

Prestressed concrete is a widely used material for highway bridges in much of the United
States. Prestressed concrete members are a combination of concrete and steel, in which the steel is
used to precompress the tensile zone of the concrete. This is beneficial because it helps to
counteract the poor tensile capacity of the concrete. With the recent introduction of higher
strength concrete, higher prestressing forces may be applied to increase member capacity, which
may result in increased span lengths and/or beam spacings.

Prestressed concrete construction is divided into two categories: pretensioned and
post-tensioned. Pretensioned concrete has the prestressing strands tensioned prior to the concrete
being placed around them, while post-tensioned concrete has the strands tensioned after the
concrete has been cast. Unlike prestressed post-tensioned concrete, which uses mechanical
anchorage devices to transfer the full prestress force instantaneously at the beam ends, prestressed
pretensioned concrete members require sufficient bond of the prestressing steel to the concrete to
fully transfer the prestress force over a finite length.

At this time, the use of 12.7 mm (0.5 in) prestressing strands configured with a grid
spacing of 50.8 mm (2.0 in) is the most common practice in the fabrication of prestressed
pretensioned concrete members. However, this configuration cannot generate enough prestressing
force to fully precompress the tensile zone of high strength concrete girders'. A larger area of
steel must be used to produce the higher prestressing forces that are desired for use with high
strength concrete. This can be accomplished in one of two ways: increase the number of strands
that are used by decreasing the strand grid spacing or use strands with a larger cross-sectional area
with the same grid spacing. It is more economical to use strands with a larger area, which has led
to the introduction of 15.2 mm (0.6 in) prestressing strands in the construction of pretensioned
members. This strand size is already commonly used in post-tensioned members.

After unfavorable bond capacity was reflected in the results of laboratory tests® using
15.2 mm (0.6 in) diameter prestressing strands, the Federal Highway Administration (FHWA)
issued a moratorium® on October 26, 1988 disallowing the use of these strands. In addition, the

required development length for fully bonded strands of all lesser diameters was increased to 1.6
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times the current AASHTO requirement* and an additional 2.0 times this increased length for
debonded strands. Following numerous experimental studies, the FHWA issued a memorandum’
on May 8, 1996 that reinstated the use of 15.2 mm (0.6 in) prestressing strands, but continued to
require the increased development lengths proposed in the 1988 memorandum for all strand
diameters pending further research results.

Concern over the possibility of significant increases in the required design transfer and
development lengths was accompanied by another important concern; namely the strand spacing
that was being used. The AASHTO and ACI codes currently require four times the strand
diameter as a minimum center-to-center spacing. The spacing for 15.2 mm (0.6 in) strand using
the code requirements is 60.8 mm (2.4 in) center-to-center, but a 50.8 mm (2.0 in) grid spacing is
being used. This study involved the testing of pretensioned prestressed concrete members with
15.2 mm (0.6 in) diameter strands in a grid pattern of 50.8 mm (2.0 in) on center to address these

concerns.
1.2 OBJECTIVES OF THE RESEARCH PROGRAM

The Texas Department of Transportation (TxDOT) and the Federal Highway
Administration (FHWA) funded a research study entitled Development Length of 15-mm
(0.6-inch) Diameter Prestressing Strand at 50-mm (2-inch) Grid Spacing in Standard I-Shaped
Pretensioned Concrete Beams. The test program consists of 36 beams containing a combination
of four variables. These variables are beam concrete strength, number/percentage of debonded
strands, strand surface condition and horizontal web reinforcement.

The primary purpose of the research project is to investigate the bond performance of
15.2 mm (0.6 in) diameter prestressing strands at 50.2 mm (2.0 in) spacing in fully bonded and
partially debonded pretensioned specimens. In addition, the results of these tests will be used to
evaluate current transfer and development length equations. These tests will also increase the
database of experimental data for members with debonded strands. Furthermore, the benefit to
member performance from the inclusion of horizontal web reinforcement in pretensioned

anchorage zones will be investigated to a very limited degree in these tests.
1. OBJECTIVE OF THIS STUDY

This thesis covers the third segment of the larger study, described above, investigating

the transfer and development length of 15.2 mm (0.6 in) diameter prestressing strands. This



particular study will focus on the investigation of the transfer and development length of all
specimens in this project containing at least 60% debonded prestressing strands with a bright
surface condition. Presentation and discussion of fabrication processes, as well as test procedures
and results, will be included. In addition, strand pull-out testing will be investigated and the
resulis presented. Finally, the use of horizontal web reinforcement to control crack width in the

transfer zone and to reduce strand slip will be examined.



CHAPTER TWO

Definitions and Related Research

2.1 INTRODUCTION

To better explain the results presented in this thesis, it is necessary to introduce a few
important definitions and some prior research that is relevant to this study. This chapter will
introduce the nature of bond and discuss its importance. Transfer and development lengths will be
defined, and current AASHTO and ACI code requirements for each will be investigated. Finally, a

review of related research will be presented, and the results of the studies will be discussed.

2.2 BOND CHARACTERISTICS OF PRETENSIONED CONCRETE

Many variables make it difficult to quantify the bond stresses’ in pretensioned concrete.
Cracking of the concrete, strand slip and untwisting of strand in the transfer region after release of
the prestressing force are just a few of the more important variables. However, the most important
variable is the friction between the strand and concrete.

As the prestressing strand is released at transfer, the strand will expand. This exerts a
normal force on the concrete and introduces the friction component. This force is not easily

determined, because of the variability of surface conditions of the strand and concrete.
2.2.1 Elements of Bond

Although the bond stresses are difficult to quantify, a good estimation can be predicted
using a qualitative model'®. This model is based on the contributions of three distinctive elements
of bond. They are Hoyer’s effect, mechanical interlocking, and adhesion. Each of these elements

is described further in the following sections.



2.2.1.1 Hoyer’s Effect

The cross-sectional area of prestressing strand decreases when tensioned axially due to
the Poisson effect. Concrete is cast around the prestressing strand while the strand is under
tension and has a reduced cross-section. Hoyer’s Effect'’ is the wedge action that is developed
between the strand and the concrete when the strand is released and the cross-section tries to return
to its original size. This wedging action exerts a normal force between the strand and the concrete,
which activates a friction force. The friction force is responsible for anchoring the strand. Figure

2.1 shows the wedge action of Hoyer’s effect.
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Figure 2.1: Wedge Action of Hoyer’s Effect

The contribution of Hoyer’s effect is typically seen exclusively in the transfer zone. This
is because there is very little change in the strand stress outside the transfer zone after release of
the prestressing force. This results in a minimal increase in the strand diameter, and furthermore
minimal induced normal force.

During loading of the pretensioned specimen, the stress in the strand increases and the
diameter decreases. Increases in strand stress occur adjacent to crack locations, where the strand
must carry all of the tensile force that had been shared with the concrete. Therefore, cracks in the

transfer zone will significantly reduce the contribution of Hoyer’s effect to the bond.
2.2.1.2 Mechanical Interlocking

When concrete is cast around seven-wire strand, it forms a sleeve around the strand. If
the strand is restrained from twisting, the strand will bear against the ridges of concrete that form
in the interstices of the strand, similar to the bond of mild steel rebar. This mechanism is called

mechanical interlocking'®. Mechanical interlocking is a function of the normal force and



coefficient of friction between the concrete and steel, and the pitch angle of the outer wires of the
strand.

Mechanical interlocking is the largest contributor to flexural bond, especially in cracked
sections. It is important to remember that for mechanical interlocking to be effective, twisting of
the strand must be restrained. Therefore, mechanical interlocking is dependent on Hoyer’s effect

in the transfer zone to anchor the strand and prevent twist.
2.2.1.3 Adhesion

Adhesion' is a chemical bond that acts like glue to anchor the strand to the concrete.
This glue has a rigid-brittle failure mechanism. As soon as any slip in the strand is introduced,
adhesion is broken between the strand and concrete, and there is no further contribution to bond
from adhesion.

Adhesion contributes solely to flexural bond before cracking of the concrete. Adhesion
has no contribution to transfer bond or bond at cracked sections. This is a result of the strand slip
that occurs in the transfer zone when the prestressing force is released, and in the vicinity of cracks

in the concrete. It can be seen that the contribution of adhesion to bond is negligible.
2.2.2 Importance of Bond

Without bond of the prestressing strand to the concrete, pretensioned prestressed concrete
would not be possible. Bond is necessary to anchor the strands and transfer the prestressing force
to the concrete.

It has been observed™” that there are two important types of bond stresses in pretensioned
concrete: transfer bond stresses and flexural bond stresses. Transfer bond stresses are activated at
release of the prestressing force. Flexural bond stresses are activated when applied loads cause an

increase in steel stress due to bending.
2.2.2.1 Transfer Bond Stress

The transfer bond stresses anchor the prestressing strand to the concrete after release of
the prestressing force. Transfer bond stresses are responsible for increasing the stress in the
prestressing strand from zero at the free end to the effective prestressing force, fi., at the end of the
transfer zone. Hoyer’s effect is the main contributor to the development of transfer bond stresses.

Mechanical interlocking begins to contribute near the end of the transfer zone, where the twist of
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the strand becomes restrained due to Hoyer’s effect. The assumed contribution of Hoyer’s effect

and mechanical interlocking through the transfer zone can be seen in Figure 2.2.
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From the integration of the bond stress over a finite surface length, the stress change in
the prestressing steel can be determined. The steel stress is known to increase approximately
linearly through the transfer zone for prestressing strand, which means that the bond stress must be
nearly constant through the transfer zone. Figure 2.2 shows the steel stress along the length of the
transfer zone.

Previous work by Janney® determined the steel stress distribution for prestressing wire
through the transfer zone. From this, the bond stress profile in the transfer zone can also be
determined. Because of its smooth surface, the wire does not have the contribution from
mechanical interlocking. Hoyer’s effect is the sole contributor to the transfer bond stress for
smooth wire.

It is assumed that the contribution from Hoyer’s effect is the same for prestressing strand
as it is for wire. Since the transfer bond stress is known to be fairly constant and adhesion does

not contribute, the contribution due to mechanical interlocking can also be determined.
2.2.2.2 Flexural Bond Stress

Flexural bond stresses are responsible for developing the additional tensile stresses in the
prestressing strand that are induced by cracks in the concrete due to applied loads. Flexural bond
stresses are responsible for the increase of steel stress from the effective prestressing force, fi., to
the ultimate prestressing force, fi.

Before the concrete is cracked, the increase of steel stress in the strand due to applied
loads is very small. However, the strand must account for the loss of tensile stress that was present
in the concrete at the time when cracking occurs. The steel stress in the strand adjacent to the
crack increases rapidly and results in very high bond stresses.

Mechanical interlocking is the main contributor to flexural bond stresses. After cracking,
adhesion is eliminated due to strand slip at the crack. The reduction of the strand cross-section
due to additional tensile forces due to applied loads eliminates any contribution due to Hoyer’s
effect.

2.2.2.3 Interaction of Transfer and Flexural Bond

There is little interaction between transfer and flexural bond. Even during bond failure
flexural bond stresses barely overlap the transfer bond stresses. This is because of the fact that as

the flexural bond stresses overlap the transfer bond stresses, the additional stresses begin to reduce



the cross-section of the strand, which results in reduced anchorage strength. Therefore, any

interaction between the transfer and flexural bond would lead to bond failure.

2.3 TRANSFER AND DEVELOPMENT LENGTH

This section introduces the definitions of transfer and development length as well as other
related terms. Also, the importance of transfer and development length will be discussed, and the

current code requirements for each will be introduced.

2.3.1 Definitions
2.3.1.1 Transfer Length

The transfer bond length, or transfer length, is quite simply the bonded strand length
required to develop the full effective prestress, f.., in the strand, as shown in Figure 2.3. The
transfer length begins from the point of first bond, where there is no stress in the strand, and

extends to the point were the stress in the strand becomes constant. This constant stress is the

effective prestress.
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Figure 2.3: Distribution of Steel Stress



The point of first bond can occur at the beam end for fully bonded strands or the end of
the debonding sleeve for debonded strands. Therefore, in beams with a mix of fully bonded and

debonded strands there will be more than one transfer length.
2.3.1.2 Flexural Bond Length

The flexural bond length is the length that is required to develop the strand stress from
the effective prestress, f,., to the ultimate stress, fps. This length begins at the end of the transfer
length and extends to the point where the ultimate prestress is capable of being achieved, as seen
in Figure 2.3. The flexural bond length is defined similarly for fully bonded and debonded
strands.

2.3.1.3 Development Length

The development length, Ly, is the combination of the transfer length and the flexural
bond length. Development length is the total bond length required to allow the strand to achieve
the ultimate prestress. The required development length to achieve ultimate prestress in all strands

is always the development length from the transfer region that is farthest from the beam end.
2.3.1.4 Embedment Length

Embedment length, L., is the length of bonded strand from the point of first bond to the
critical section. The critical section is the point where the steel stresses are ma).cimum, typically
the point of maximum moment. It is important that the embedment length be greater than the

development length to avoid bond failure.

2.4 RELATED RESEARCH

2.41 Kaar and Magura, 1965

Kaar and Magura'® studied flexural behavior and shear capacity of pretensioned
specimens with debonded strands. The test specimens used in the study were half scale AASHTO
Type III beams with twelve 9.5 mm (0.375 in) prestressing strands. The flexural behavior study

consisted of three specimens: one control beam with fully bonded draped strands, one “partially”
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debonded specimen with four debonded strands, and one “fully” debonded specimen with six
debonded strands. The shear capacity study consisted of two specimens: one control beam with
fully bonded draped strands, one “partially” debonded specimen with four debonded strands.

Of the four debonded strands in the “partially” debonded specimens, two strands were
debonded a length of 711 mm (28 in) and two additional strands were debonded 1930 mm (76 in).
The “fully” debonded specimens contained six debonded strands; two strands were debonded a
length of 1194 mm (47 in), two strands were debonded 2108 mm (83 in), and the last two strands
were debonded 3327 mm (131 in). The tested embedment length of the specimens was equal to
2.5 times the calculated development length for the fully bonded specimens, 2.0 times the
calculated development length for the “partially” debonded specimens, and 1.0 times the
calculated development length for the “fully” debonded specimens.

During the flexural testing, each specimen was subjected to five million cycles of the
design live load and then loaded statically to failure. All three beams performed well throughout
the cyclic loading, with no strand end slip observed. Behavior of the specimens during the static
loading was similar until flexural cracks formed, which was when slip of the debonded strands
was observed. The fully bonded specimens failed in flexure by rupturing of the prestressing
strands, with no strand end slip observed. The “partially” debonded specimens also failed in
flexure by rupturing of the prestressing strands, but in this case very small strand end slips were
observed. The “fully” debonded specimens suffered a bond failure of the debonded prestressing
strands as evidenced by the large slips observed at failure.

The effect of strand debonding on the shear capacity was tested by increasing the spacing
of the vertical shear reinforcement to 50% greater than the AASHTO code requirement. The
specimens were subjected to static loading to failure. The fully bonded specimen failed in
horizontal shear at the intersection of the web and bottom flange. The “partially” debonded
specimen failed in flexure by rupturing of the prestressing strands.

It was observed that the “fully” debonded specimens with an embedment length of 1.0
times the required development length did not perform favorably. However, “partially” debonded
specimens with an embedment length of 2.0 times the required development length performed as
well or better than fully bonded specimens. The current AASHTO and ACI code provisions
requiring an embedment of 2.0 times the calculated fully bonded development length are based on

these results.
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2.4.2 Dane and Bruce, 1975

Dane and Bruce” performed flexural tests on nine pretensioned specimens. Six of the
specimens were half scale AASHTO Type III beams with twelve 9.5 mm (0.375 in) diameter
prestressing strands and the remaining three were full scale AASHTO Type II beams with twenty-
two 11.1 mm (0.4375 in) diameter prestressing strands. Of the six half scale Type III specimens,
two were control specimens with draped strands, and four specimens contained two strands that
were debonded for a length of 2959 mm (116.5 in). Two of the four debonded specimens
contained anchor plates, which were attached to the debonded strands to aid strand anchorage.
The three full scale Type II beams consisted of one control beam with draped strands and two
beams with four strands debonded for a length of 3658 mm (144 in) without anchor plates.

In the testing of the half scale Type III specimens, the embedment length was 2.2 times
the calculated development length for the fully bonded specimens and for the debonded specimens
it was equal to the calculated transfer length which was 0.34 times the calculated development
length. The embedment lengths used for the full scale Type II specimens were 3.3 times the
calculated development length for the fully bonded specimens and 1.0 times the calculated
development length for the debonded specimens.

All beams were loaded statically to failure. All beams failed by crushing of the concrete
in compression. Significant strand end slips ranging from 22.4 to 43.2 mm (0.88 to 1.70 in) were
observed in all of the debonded specimens. However, all specimens reached nominal capacity. It
was assumed that the small percentage (17%) of debonded strands allowed the specimens to

achieve nominal capacity despite the presence of large strand end slips.

2.43 Rabbat, Kaar, Russell, and Bruce, 1979

Rabbat et al'* performed development length testing on six full scale Type II AASHTO
specimens with twenty-two 11.1 mm (0.4375 in) diameter prestressing strands. The intent of the
study was to investigate the response of specimens designed for zero tensile stress at service load
compared with those designed for a maximum tensile stress of O.S\EC’— MPa (6\/f—é_ psi) at

service load. The testing procedure consisted of fatigue loading of five million cycles at full dead

plus live load, followed by static loading to failure.
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Of the three specimens designed for a maximum tensile stress of O.SJH MPa (6\/&_

psi) at service load, one specimen was fully bonded with draped strands, and two specimens had
four debonded strands. The debonded specimens had different debonded lengths. The first
specimen had two strands debonded for 3505 mm (138 in) and two for 5029 mm (198 in), and the
second specimen had two strands debonded for 1829 mm (72 in) and two for 3353 mm (132 in).
The embedment length corresponding to each of these specimens was 4.0 times the calculated
development length for the fully bonded specimen, 1.0 times the calculated development length
for the specimen debonded 5029 mm (198 in), and 2.0 times the calculated development length for
the specimen debonded 3353 mm (132 in).

The three specimens that were designed to have zero tensile stress at service load were
identical to the specimens discussed previously, except the 3353 mm (132 in) debonded specimen

was replaced with a second 5029 mm (198 in) specimen.

The three specimens designed for a maximum tensile stress of 0.5\/E" MPa (6@ psi)

at service load all failed due to strand fatigue after approximately 3.5 million cycles of load. Very
small strand end slips were observed with the debonded specimens, however the differences were
insignificant to the final failure mode. It is important to note that debonding of the prestressing
strands did not have an adverse affect on the performance of the specimens, as can be seen by the

similar response of the fully bonded specimens.

2.4.4  Russell and Burns, 1993

Russell and Burns'® investigated the transfer and development lengths for pretensioned
concrete specimens with a number of variables. These variables included: size and shape of the
specimen cross-section, prestressing strand diameter, number of strands, bonded and debonded
strands, and the presence of confining reinforcement.

This investigation identified the effect that each variable has on the transfer length.
Longer transfer lengths were measured for 15.2 mm (0.6 in) diameter strands than for 12.7 mm
(0.5 in) diameter strands. It was also observed that fully bonded strands tended to have a longer
transfer length than debonded strands. The smaller specimens with rectangular cross-sections had
longer transfer lengths than the larger AASHTO and Texas Type C specimens.

Russell and Burns reported that during development length testing of specimens with

debonded strands, bond failure did not occur in any specimen when cracking in the transfer zone
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was not present. However, flexural cracking in the transfer zone caused slip of the debonded
strands and led to bond failure. In addition, web shear cracking in the transfer zone resulted in

sudden collapse of the specimen.

2.5 CURRENT CODE REQUIREMENTS AND SUGGESTED EQUATIONS

In this Section, current code requirements for transfer and development length will be
introduced. In addition, suggested equations for transfer and development length that were

developed from previous research will be presented.
2.5.1  Current Code Requirements

Current code requirements for transfer and development length have been established by
the American Association of State Highway Transportation Officials (AASHTO) and the
American Concrete Institute (ACI). The codes that were referenced for these equations were the
ACI Building Code® (ACI 318-95M and 318-95), the AASHTO Standard Specification for
Highway Bridges® (1996), and the traditional English and S.I. editions of the AASHTO LRFD
Bridge Design Specifications® (1994). These code requirements are introduced in the following

sections.
2.5.1.1 Transfer Length

Table 2.1 lists the AASHTO and ACI code recommended equations for transfer length.
In each case, the prestress for strand shall increase linearly from zero, at the point of first bond, to

its maximum value over the calculated transfer length.

Table 2.1: AASHTO and ACI Code Transfer Length Equations

Code Section S.IL English
11.43 50dy, 50dy
Code
ACI 11.44 50d, 50d,
Commentary R12.9 (173*£)(dy/7) | (1/3*£,)dy
Standard 9.20.2.4 N/A 50dy,
AASHTO
LRFD 5823 60d, 60d,
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2.5.1.2 Development Length

Table 2.1 lists the AASHTO and ACI code recommended equations for development

length. In each case, the development length is measured from the point of first bond.

Table 2.2: AASHTO and ACI Code Development Length Equations

Code Section S.L English
full
12.9.1 bon d}e, d (fps-2/3£,)(dy/T) (fps-2/3f,)dy,
ACI Code geponded | (¢ DBENAST) | (230
12.93
debonded 2.0x fully 2.0x fully
w/ tension bonded bonded
fully
9.28.1 bonded N/A (fps-2/3f5e)dy,
debonded
Standard 05 3 W/ tension N/A (fps-2/3f)dy
o debonded 2.0x fully
w/ tension N/A bonded
AASHTO full
5.114.1 bon d}é d (fps-2/3£)(d/7) (£ps-2/3f,e)dy,
debonded
LRFD si1an |V /o tension (fps-2/3f)(dw/T) (fps-2/3f,)dy,
R debonded 2.0x fully 2.0x fully
w/ tension bonded bonded
Note:  The indicator “debonded w/o tension” refers to debonded strand in specimens

designed for no tension in the concrete during service loads.
The indicator “debonded w/ tension” refers to debonded strand in specimens

designed for tension in the concrete during service loads.

2.5.2  Suggested Transfer and Development Length Equations

Previous studies have suggested equations for predicting the transfer and development
length of pretensioned prestressed concrete specimens. A partial list of these equations is
presented in Table 2.3. The results of the transfer and development length testing of this study
will be compared to the predicted lengths from selected equations in Table 2.3 during the

discussion of the test results, to determine the adequacy of the equations.
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Table 2.3: Suggested Equations for Transfer and Development Length

Author Year Transfer Length Development Length
ACI 318% Ly =Ly +(fp —f)dy
AASHTO | 1963 3 0P 2
Standardj ~ SOdb = (fps —g‘fse )db
AASHTO _ 2
LRED® 1994 | = 60d, = (fpS _—?)—fse )y,
s .15
s & 1976 | =804, £, <t | 135 5] L <s0d
Scott’ ps 80db %/d__ e b
b
Zia"® & _
Mostafa 1977 | =1. 5 £ SLd, —4.6 =L+ 1.25 (fu- fie) dy
3 Aps
Cousins’, Ui feAy nd
Johnston & | 1990 | = + =L, +(fy ~fo0 | —
Zia® 2B d, Uit} f;
M. >LV, Fully Bonded
Russell’® & f
Burns® 1993 =%db Ly +L Sl 1- J1— M Debonded
Span 2 M,
Mitchell™’
’ .d
Cool, Khan | 1993 | =fs%e |3 (£~ F Ky
& Tham 3 fCI
Burdette™, £
Deatherage | 1994 | =24, =L, +1 50( —fe )db
& Chew 3
_1250f,d,, =L, +Mfps —foe My
Buckner'” ~E B,
FHwa© | 199 | A =(0.6+ 40, )or£0.72 +0.102--
~-id, p
3 (1.0<1<2.0)
Notes: Because not all equations have an S.I. equivalent, all equations are in English units.

Some notation was changed to provide consistency between equations.

Units of stress are ksi, except Cousins et al, which use units of psi

(1) Development length equations limit f,; as a function of L..

(2) B=300psi on average, U’, and U’ are coefficients based on strand surface condition.

(3) Development length criteria based on preventing cracks in the transfer zone.

(4) Development length equation based on minimum strand strain at failure
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3.1

Test specimens are identified by a four-character alphanumeric name. Each character
represents a different variable characteristic of the specimen. The variables that are identified are

the concrete compressive strength, the number of debonded strands, the strand surface condition

DESIGNATION

CHAPTER THREE

Test Specimens

and the development length test sequence number. The variables are identified in Table 3.1.

Table 3.1: Beam Identification Variables

Order Variable Character Description
L Normal Strength Concrete
(34 - 48 MPa [5000 - 7000 psi])
Concrete Aum S C
1 Compressive M Medium Strength Concrete _
Strength (66 - 79 MPa [9500 - 11500 psi])
H High Strength Concrete
(90 - 103 MPa [13000 - 15000 psi])
0 Fully Bonded (0 Debonded Strands)
Number of 4 50% of Total Strands Debonded
2 Debonded
Strands 6 60% of Total Strands Debonded
9 75% of Total Strands Debonded
3 Surface B Bright Strand Surface Condition
Condition R Rusted Strand Surface Condition
4 Development 1,2,3 Do Not Contain H-bar Web Reinforcement
Test Number 4 Contain H-bar Web Reinforcement

For example, M9B-4 would identify the fourth development test, which includes

horizontal web reinforcement (H-bar), for a beam with medium strength concrete and bright

strands in which nine strands are debonded (75% debonding).
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3.2 SPECIMEN DESIGN

AASHTO Type I prestressed I-girders were used in construction of the test specimens for
this study. A composite concrete slab was added to each girder to simulate actual bridge members
in Texas and throughout the United States. Figures 3.1 and 3.2 show the typical cross-sections
that were used for the specimens. All specimens were identical in cross-section except that the
low concrete strength beam specimens (L6B) contained four strands in the bottom row, whereas
the medium and high strength concrete beam specimens (M9B and H9B) contained six strands. It
was necessary to remove the additional two strands from the L6B specimens to meet the
maximum allowable compressive stress requirement in the bottom concrete fibers of the midspan
section of the beam at release.

A suitable slab width and thickness had to be determined in designing the composite test
specimens for this study. The final design of the cross-section was achieved through an iterative
process. The design had to comply with a requirement that was established by the project
sponsors: the prestressing strands in the bottom row had to reach an ultimate strain of 0.035 at
flexural failure of the composite test beam.

To determine the final cross-section dimensions, strain compatibility’®*' was used.
Assuming a concrete strength of 38 MPa (5500 psi) and a slab thickness of 165 mm (6.5 in),
equilibrium equations were developed for several strand configurations. It was also assumed that
the prestress jacking force in the Grade 1860 (Grade 270) strand was 1400 MPa (202.5 ksi) and
the slab reinforcement had a negligible contribution to the ultimate strength. While satisfying
equilibrium, the neutral axis depth, c, and slab width, b, were varied until a suitable slab width was
calculated. A slab width of approximately 1500 mm (60 in) was calculated, and the strand
arrangements shown in Figures 3.1 and 3.2 were determined.

With the cross-sectional properties set, the strand configurations and debond lengths
could be determined. The number of strands that were required was greatly affected by the strain
requirement of 0.035. The specimen had to be under-reinforced to keep the neutral axis high
enough in the composite section to meet this requirement. Top and bottom concrete fiber stresses
had to be checked at the critical section points for different strand layouts. The number of strands
required was governed by tension in the top concrete fibers at the debond points during release.
Compression in the bottom concrete fibers was also critical for the L-series (low concrete strength)

specimens.
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Figure 3.1: Typical Cross-Section for L6B Series
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For this study, it was ensured that enough strands were present to be able to debond the
required percentage in a symmetric pattern. After the correct total number of strands was
determined, a debonding length scheme was determined. Allowable stresses were determined at
the ends of each debond region and a sufficient number of strands were debonded to conform to
these stresses. The total number of prestressing strands and the number and percentage of

debonded strands required for each beam series is shown in Table 3.2.

Table 3.2: Distribution of Debonded Prestressing Strands

Beam Total Number of Strands per Debond Length Percent
Series | Strands Fully | 914mm | 1829mm | 2743mm | Debonded
Bonded | (36in) (72 in) (108 in) of Total
L6B 10 4 ) 5 > o
M9B 12 3 4 5 3 5%
H9B 12 3 4 5 3 75%

Mild reinforcement was used in both the beam and the slab. Beam steel was configured
according to typical TxDOT I-beam details (Appendix D).
approximately from a standard TxDOT design for a slab typically placed on larger girders (Texas

Slab steel was proportioned

Type C). The spacing of Grade 420 #13 (Grade 60 #4) bars is shown for each direction in Figures
3.1 and 3.2

Shear reinforcement was determined in accordance with ACI requirements®. Sufficient
reinforcement was used to prevent a shear failure for the loading that produced maximum shear.

All of the beams had the same stirrup spacing with Grade 420 #13 (Grade 60 #4) bars at 102 mm

(4 in) over the initial 1372 mm (54 in) of each beam end and a spacing of 152 mm (6 in) in
between. The shear reinforcement stirrups were exposed 144 mm (4.5 in) through the top of the
beam to ensure composite action between the beam and deck slab.

Additional vertical reinforcement was required in the anchorage zone per TxDOT design
standards. Grade 420 #16 (Grade 60 #5) bars were spaced at 102 mm (4 in) over the first 813 mm
(32 in) of the beam on each end. The reinforcement is required to confine the concrete in the
anchorage zone and help control longitudinal end-splitting cracks due to the transfer of the

prestressing force.
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3.3 MATERIAL PROPERTIES

3.3.1 Concrete

Two batch plants produced all of the concrete for the test specimens. All of the beams
were cast at the Texas Concrete Company in Victoria, Texas. Three different mix designs were
used to achieve the required normal, medium and high concrete strengths (Appendix B). The
concrete for the deck slabs was supplied by Capital Aggregates of Austin, Texas (Appendix B).
The specified concrete strengths for the beams and slab are listed in Table 3.3,

Table 3.3: Specified Concrete Strengths for Beams and Deck Slab

Specimen Required Release Strength, £ Required 28 Day Strength, °;
L6B 28 MPa (4000 psi) 34-48 MPa (5000-7000 psi)
Beams | M9B 48 MPa (7000 psi) 66-80 MPa (9500-11,500 psi)
H9B 66 MPa (9000 psi) 90-103 MPa (13,000-15,000 psi)
Deck Slab N/A 41 MPa (6000 psi)

Concrete strengths were monitored throughout the test program. Concrete compressive
strength® and modulus of elasticity™ were checked on several days. Typically, compression and
modulus tests were performed on all concrete specimens at an age of 3 and 28 days, as well as on
days of development length testing. Additional compression tests were performed at 7 and 14
days. In addition, beam concrete was tested at prestress transfer (1 day), high strength concrete
was tested at an age of 56 days, and slab concrete was tested at 2 days to ensure adequate strength
for removal of shores. The concrete strength and modulus of elasticity versus time curves are
presented in Appendix C. Average values for 28-day compressive strength, f°;, and modulus of
elasticity, E., for beam and deck slab concrete for each beam series is presented in Table 3.4 and
3.5.

Table 3.4: Average 28-Day Beam Compressive Strength and Modulus of Elasticity

Series Average f'; Average E,

L6B 49.2 MPa (7140 psi) 38.5 GPa (5550 ksi)
M9B 80.8 MPa (11710 psi) | 48.5 GPa (7000 ksi)
H9B 88.8 MPa (12880 psi) | 49.0 GPa (7150 ksi)




Table 3.5: Average 28-Day Deck Slab Compressive Strength and Modulus of Elasticity

Series Average I, Average E,

L6B 41.0 MPa (5950 psi) | 35.5 GPa (5150 ksi)
M9B 43.4 MPa (6300 psi) | 34.5 GPa (5050 ksi)
H9B 41.9 MPa (6080 psi) | 35.5 GPa (5150 ksi)

3.3.2 Steel

Each test specimen contained a combination of prestressing steel (strand) and mild steel
(rebar). The prestressing steel used in all beams was produced by Shinko Wire America, Inc., and
was shipped directly to Texas Concrete Company. The prestressing steel was 15.2 mm (0.6 in)
diameter, Grade 270, low-relaxation, seven-wire strand. It had a cross-sectional area, A, of 140
mm? (0.217 in®) and a modulus of elasticity, B, of 196 GPa (28,500 ksi). The mild steel was
placed in both the beam and the slab. In all cases it was Grade 60 rebar. Various bar sizes were
used in the beams for stirrups, confining steel, horizontal reinforcement and H-bars. Slab

reinforcement consisted exclusively of #4 rebar.
3.4 FABRICATION OF BEAMS

The beams were fabricated at Texas Concrete Company in Victoria, Texas. The
fabrication process usually was completed in a period of two days. On the first day, the
prestressing strands were placed and jacked to the required force and the mild steel rebar cage was
constructed. On the second day, internal instrumentation was inserted prior to the placement of
the forms and concrete.

Two identical (except for the presence of H-bars) beams were cast for each test series. It
was beneficial to cast both beams at the same time to save time and avoid variability in beam
material properties. The two beams were cast on the same prestressing bed. Prestressing strands
were run along the entire length of the prestressing bed. End forms were placed 16.46 m (54 ft)
apart for each beam. The prestressing strand was then jacked to 1400 MPa (202.5 ksi). After all
of the strands were stressed, the reinforcing cage was constructed. The cage consisted of the shear
reinforcement and confining steel tied to the already stressed strands. In addition, at one end of
one beam in each pair a horizontal H-bar was added. The H-bar was a Grade 420 # 13 (Grade 60
#4) rebar that was bent into a hairpin with a spacing of 57 mm (2.25 in). The bar was located 279
mm (11 in) from the bottom of the beam and extended 4064 mm (160 in) into the end of the beam.
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A shop drawing of the mild steel cage reinforcement is located in Appendix D. Figures 3.3 to 3.5
show the procedure described above.

After all of the gages were in place, the prestressing bed was cleaned and oiled. Care was
taken to avoid contaminating the strands with the form oil. At this time, the side forms were
brought into place and secured to ensure proper geometry and to contain the concrete. The

concrete was then placed, and each beam was covered with blankets during curing. This process

is shown in Figures 3.6 to 3.9.

Figure 3.3: Endforms in Place

Figure 3.4: Mild Steel Reinforcing Cage



Figure 3.6: Oiling of the Prestressing Bed

Figure 3.7: Placement of the Side Forms
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Figure 3.8: Placement of Concrete

Figure 3.9: Beams with Curing Blankets

At the same time that the beams were being ’cast, concrete test cylinders were prepared
and were covered along with the beam during curing. Also, a pull-out test block was prepared
using the same prestressing strand and concrete that was used in the beams. Dimensions and
properties of the test block are described in Section 6.2.

Concrete cylinders were tested the following day to ensure that the concrete had reached
the required release strength. After all of the instrumentation was placed for transfer length testing
and the initial readings were taken (see Chapter 4), the release strength was checked. If the
strength was adequate, the prestressing force was released from the strands. Release of prestress
was performed by flame cutting the strands, as shown in Figure 3.10. Flame cutting was

performed because it replicates the most severe release condition.



Figure 3.10: Release of Prestress by Flame-Cutting

Two methods of release were used: three-point and single-point. Three-point release
involved the same strand being cut at three places simultaneously. The three points where the cuts
took place were located at both ends of the prestressing bed and in the space where strands were
exposed between the two beams. Three-point release should distribute the release impulse evenly
to all ends of the beams. This type of release was used for the normal strength specimens.

Single-point release involved a single cut of each strand at a point between the two
beams. This results in two release end conditions, the live end and the dead end. The live end was
the beam end adjacent to where the flame cutting took place. The dead end had no strands cut
until all of the prestressing force had been transferred. Single-point release was performed to
investigate the difference between the sudden strand release at the live end of the beam with the
more gradual strand release at the dead end. This type of release was used with the medium and

high strength beams.

3.5 PLACEMENT OF CONCRETE DECK

The beams were shipped in pairs to the Phil M. Ferguson Structural Engineering
Laboratory of the University of Texas at Austin where composite concrete slabs were cast prior to
testing. The beam slabs were cast one at a time due to space limitations. Plywood forms were
erected and the two layers of slab reinforcement were placed. The reinforcement consisted of
Grade 420 #13 (Grade 60 #4) rebar at 250 mm (10 in) spacing in the longitudinal direction and at
300 mm (12 in) spacing in the transverse direction. The beams were designed assuming shored
slab construction. Therefore, self-supporting forms were used and the beam was shored prior to

placement of concrete. Figures 3.11 through 3.13 show this process.
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Figure 3.13: Placement of Shores
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After the forms were in place and the beam was shored, placement of the concrete could
commence. Concrete was supplied by Capital Aggregates of Austin, Texas. A slump test was
performed on the concrete after arrival to ensure workability. A slump of 75 mm (3 in) was used.

The concrete was placed using a bucket and overhead crane. The casting procedure
consisted of the concrete being placed, vibrated and screeded. After all of the concrete was
screeded, the slab was floated and trowel finished to ensure a relatively smooth surface. The slab
was covered with plastic during a curing period of approximately one week. This procedure can
be seen in Figures 3.14 through 3.16.

Figure 3.15: Floating of the Concrete Deck




Figure 3.16: Trowel Finishing of the Deck Surface

Concrete test cylinders were prepared at the same time as the slab was being cast. The
cylinders were covered to simulate the curing conditions of the beam. Cylinder compressive
strength and modulus of elasticity tests were performed after approximately two days to ensure
sufficient strength and stiffness to remove the forms and shores. The same procedure was used to

cast the second slab in each pair, reusing the same set of forms.
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CHAPTER FOUR

Transfer Length Testing

4.1 INTRODUCTION

Transfer lengths were measured using two sets of readings taken before and after transfer
of the prestressing force: surface concrete strains and the draw-in of the strands. This chapter will
discuss the instrumentation and procedure used to measure the transfer lengths. Short- and long-
term readings were taken, and the results were compared to determine what effect time had on

transfer lengths.

4.2 INSTRUMENTATION AND MEASUREMENTS

4.2.1 DEMEC Strain Gage Method

The primary system used for determination of transfer lengths was the Detachable
Mechanical (DEMEC) Strain Gage System. This system has been used quite successfully in
several previous research projects"'®**, both in the laboratory and in the field.

The DEMEC system measures the distance between two points before and after transfer
of the prestressing force. The points are metallic discs with a machined hole in the center that is
used to receive the DEMEC gage. The points were epoxied at a height of 63.5 mm (2.5 in) from
the bottom of the beam. The initial point was placed 25 mm (1.0 in) from the vertical face of the
beam and the subsequent points were placed with a spacing of 50 mm (2.0 in). Points were placed
along each face of each end of the beam throughout the transfer zone as shown in F igure 4.1. The
points were applied along a sufficient length to ensure that the entire transfer length could be
monitored. For this study, the points were applied over a length of 4570 mm (180 in), or 1830
mm (72 in) beyond the longest debond length.

The points-were applied With~a fast-seitifig, two-part epoxy. MNeasurements were made
with a ruler to determine the location of the four initial points at each beam end. The points were
placed four at a time on each of the four beam ends before returning to the initial end to place the
subsequent four points. This allowed sufficient time for the epoxy to set before the points were

used in setting the next group of points, which might cause the epoxy bonding to be disturbed.



The subsequent four points were placed relative to the initial four points using a 200 mm (7.87 in)
gage bar to ensure a consistent spacing. This process was continued until all points were placed

on-each face.

63.5 mm
N\ 7

Figure 4.1: Placement of DEMEC Points

After all of the DEMEC points had been applied and prior to the release of the
prestressing force, the initial readings were taken with the DEMEC gage. The gage measures the
distance between a pair of points relative to a standard gage length of approximately 200 mm
(7.87 in) with a precision of 0.00016 mm (6.30x10° in). The measured value was used to
determine the actual distance between the points when compared to the reading for the 200 mm
(7.87 in) standard.

Each set of readings were taken starting at the beam end and progressing toward the
middle of the beam. The relative distance between each pair of points was read twice and
recorded. The two readings were required to be within two gage units of each other. Otherwise,
the readings were repeated. This resulted in a tolerance of 0.00032 mm (1.26x10 in) between the

two readings. Figure 4.2 shows a DEMEC gage being employed.
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Figure 4.2: DEMEC Gage Being Employed

After all of the initial gage readings were taken, the prestress force was released and the
transfer readings were taken. The same procedure was used to measure the transfer readings as
was used for the initial readings.

The gage readings were performed in two-person teams. One member read the gage
while the other member recorded the measurements and checked the differential trend. The team
members switched duties after each beam end was completed. The same person performed the
initial and transfer readings on each beam end in an attempt to reduce the human error. Readings
were then used to calculate the concrete surface strains over each gage length; change in length

divided by the initial gage length gave the strain at each position as described in Section 4.3.
4.2.2  Draw-In Method

An additional method of calculating the transfer length is based on the draw-in of the
prestressing strand after release of the prestress force. The transfer length is a function of the
draw-in and the initial prestressing force.

Draw-in of the strand was determined by painting a mark on the strand and then
measuring the distance from the mark to the face of the beam end. Masking tape was wrapped

around the strand prior to painting to provide a sharp reference point on the strand. A non-water

soluble paint was used to ensure that the paint would not wash off before long-term measurements
could be made. Hose clamps were attached to the strands to prevent them from fraying when the
prestress force was transferred.

Measurements of the distance to the paint mark on the strand from the face of the

concrete at the beam end were performed before and after the transfer of the prestressing force
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