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PREFACE

This is the fifth and final report from an extensive experimental testing program
concerning the bond of pretensioned strands. This final report discusses transfer length,
development length and flexural bond behavior from a comprehensive point of view.

In the first report, results from the transfer length tests were discussed. The second
report discussed the effects of transverse post-tensioning on flexural bond. The third report
examines the development length that should be required for pretensioned strands and the
fourth report examines design provisions for the use of debonded strands. This report
provides the comprehensive analysis of all the data from the entire project and general
design recommendations are given.

The research was conducted as part of Research Program 3-5-89-1210, entitled
"Influence of Debonding of Strands on Behavior of Composite Prestressed Bridge Girders." This
project was modified in March 1989 to include transfer length and development length
testing for 0.6-inch strands. The work performed under that first modification is reported
primarily in the first three reports. A second modification was adopted for the fiscal year
91-92 to perform repeated load tests on full-sized composite girders. These tests are
reported in Chapter 7.

The research was conducted at the Phil M. Ferguson Structural Engineering
Laboratory (FSEL) as a part of the overall research program for the Center for Transporta-
tion Research of The University of Texas at Austin. The work was sponsored jointly by the
Texas Department of Transportation (TxDOT) and the Federal Highway Administration
(FHWA). Liaison is maintained with TxDOT through the Technical Coordinator, Mr.
David P. Hohmann and with FHWA through Ms. Susan N. Lane, Structural Research
Engineer. '

The program was directed by Dr. Ned H. Burns, the Associate Dean of Engineering
for Academic Affairs and Zarrow Centennial Professor of Engineering at The University of
Texas at Austin. Dr. Michael E. Kreger, Associate Professor of Civil Engineering has
assisted the project by reviewing the efforts. Graduate Research Assistants who have made
significant contributions to this research are Mr. Asit Baxi, Mr. Leslie ZumBrunnen, Mr.
Riyad Aboutaha, Mr. Bruce Lutz, Mr. Ozgur Egilmez, Mr. Ozgur Unay, Mr. Raheel Malik
and Dr. Bruce W. Russell. Appreciation is also extended to Mr. Andy Linseisen, Mr.
George Mayfield, and Mr. "Rusty" Barnhill.
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SUMMARY

Recently, a new and larger seven-wire strand was offered by industry for use in
pretensioned concrete. The new strand size, 0.6 inches in diameter, has 40% greater area
and has 40% greater capacity than the current industry standard, 0.5 inch strand. Larger
strand sizes can lead to improved efficiency of pretensioned structures; however, larger
strands require greater bond forces to restrain the strands.

In October of 1988, the Federal Highway Administration (FHWA) issued a
moratorium suspending the use of 0.6-inch diameter strand in pretensioned applications and
the required development lengths for smaller strand sizes were increased. Recent research
had indicated that current design provisions were inadequate.®” The limitations were
adopted on an interim basis until additional research could substantiate or restructure
current industry standards. One objective of this investigation is to determine the transfer
and development length of 0.5-inch and 0.6-inch diameter prestressing strands.

The debonding, or blanketing of strands in an alternative to draping strands in order
to control the maximum tensioned and compressions stresses at the ends of concerete beams.
Debonding strands can simplify construction by allowing straight strand patterns. Draping
strands is more difficult and more dangerous. Debonded strands likewise enjoy some

economical advantages to draped strands.

A testing program was conducted that included measuring of transfer lengths,
measuring of development lengths, and testing the behavior and performance of beams with
debonded strands. A simple analytical model was developed that predicts behavior of
pretensioned bond. Bond failure is predicted based upon the distress caused by cracks when
they propagate through the anchorage zone of prestressing strands. Tests showed that the
model accurately predicts strand anchorage, or conversely, bond failure.

Based on experimental data, it was determined that bond failure would be prevented
if no cracking occurred in the anchorage zone of a pretensioned strand. Design recommen-
dations are made for transfer length, development length, and the use of debonded strands.






IMPLEMENTATION

From this experimental program, design guidelines for transfer, development and
debonding of pretensioned prestressing strands are developed. The experimentation

demonstrated behavioral principles that are translated into design guidelines.

Two main conclusions are to be drawn from this research. First, 0.6-inch diameter
strand is safe when used in pretensioned applications. Secondly, debonded strands can be
employed safely when following the recommendations of this report.

vii



("'l




Chapter 1
1.1
12
1.3
14
1.5

Chapter 2
2.1
2.2
2.3
2.4
2.5
2.6

Chapter 3

3.1
32
33
3.4
3.5
3.6
3.7
3.8

TABLE OF CONTENTS

Introduction .............ciiiiiiiii i e 1
Objectives of the Research ........ ... ..., 1
Background ....... e e e e 1
Definitions . .......c.0 ittt e 3
Current Code Provisions . .........c.c.uoiieeeneeennnnnnnnn. 4
The Testing Program . .........oiiiiinniiiiinniinen.n. 4
Elementsof Bond ......... .. ... . i 7
Elements of Bond: The Basis for Behavior ................... 7
Elementsof Bond ............ .. 8
Bond Mechanics in the Transfer Zone ....................... 12
Bond Mechanics, Resistance to External ILoad .................. 13
Anatomy of Bond Failure ............ ... ... ... 17
Chapter SUMMATY . ... oottt ittt i i e et e e aee 18

Measurement of Transfer Length on Pretensioned

Concrete SPECIMENS .. v v vt i it et ittt ettt e an e aee e 21
Introduction .. ........c..iiiiiii i e e 21
Transfer Length: Its Importanceand Use .................... 23
Transfer Length Tests ... ... .t e e 24
Method of Data Analysis . ...........00uiiiininnnnnnnnnnnn 30
Measured Transfer Lengths .......... ... .0 i, 34
Measurement of Transfer Length on Texas Type C Girders ....... 37
Effect of Variables .......... ... .. . . i 41
Summary of Transfer Length Measurements ................... 47



Chapter 4
4.1
42
4.3
44

Chapter 5

5.1
52
53
54
5.5
5.6
5.7
5.8
59

Chapter 6
6.1
6.2
6.3
6.4
6.5
6.6

Chapter 7
7.1
7.2
7.3

Development of Pretensioned Strand . ....................... 49

Introduction . ....... ... it i e e 49
Development of Length Tests ........ e 51
Development Length Test Results . ......................... 56
A .11 1y 79

Pretensioned Beams Containing Debonded Strands:

Prediction and Behavior ......... ... ... i 83
Introduction .................... et 83
Current AASHTO and ACI Requirements ......... e 84
Review of Related Research ............................... 84
Theoretical Development ............. ... iiiiiinnnnnn. 90
Testing Program . ........ ..ttt e, 98
Test Results ... .o et 14
Discussion of Results . ......... ittt iinnnn. 118
Comparison of Code Provisions ............ccciiiiineennennn 123
SUMIMATY ..ttt i e e et i e et e 124
Repeated Load Tests ... ... oo, 125
Introduction ... ...ttt e e e 125
Design and Fabrication ........... ... ... ... . iiiiiiienn 125
Test Setup and Instrumentation ...............cc0vviinnnn.. 27
Repeated Load Tests: Procedures and Results ................. 130
Discussion of Test Results ......... ... ... i .. 142
SUMMATY  « ittt ittt ittt ittt e e ettt et 152
Tests on Full-Sized Composite Girders . .................c.... 153
Introduction ........ ... e e 153
Testing Program and Specimen Design . ..............coov.... 153
Fabrication of the Test Specimens ............ e e 160
X




7.4
7.5
7.6
7.7

Chapter 8
8.1
8.2
8.3
8.4
8.5

Chapter 9

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

References

Test Setup and Test Procedures ._ ............................ 164
Presentationof Test Results . ........ ... ... .. ... .o, 171
Discussion of Results . ...... S iesecieseasaaaearaeaaaaans 181
Summary ......... PR e 185

Summary of Structural Behavior and Design Recommendations .... 189

SHMMATY ... e 189
Transfer Length . ....... . . 190
Development Length . ....... ... ... . . .. 1%
Beams With Debonded Strands . ................. ... .. .... 198
Design Recommendations for Development of Pretensioned
Strands in Simply Supported Girders ............. ... ... 207
ConcluSIONS ottt ittt e e e e 209
Strain Profiles and Transfer Length Measurements .............. 213
Material Properties . ........ ... i e e 247
Load Versus Deflection and End Slips for Static Flexural Tests .. ... 259
Moment Curvature for Flexural Sections ...................... 215
Glossary of Terms .. ... .o oottt ittt e e e e 2P
....................................................... 21



I



L
F
|-
P
.
Lo
(
L
L
-

METRIC (SI*) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO Sl UNITS APPROXIMATE CONVERSIONS FROM Sl UNITS
Symbol  When You Know  Multiply by To Find Symbol : Symbol  When You Know Multiply by To Find Symbol
LENGTH @ -1 E—— LENGTH
in inches 254 centimeters cm — = - mm millimeters 0.039 inches in
ft foet 0.3048 meters m —_ == - m meters 3.28 feet ft
yd yards 0.914 meters m — = m meters 1.09 yards yd
mi miles 1.61 kilometers km — = = km kilomaters 0.621 miles mi
- =4 B=E— 7 AREA
AREA —_ = ¢ . "2
— = mm?2 millimeters squared 0.0016 square inches m2
- BEe= m?2 meters squared 10.764 square feet ft 2
an —] = = m2 meters squared 1.20 square yards yd
in?  square inches 645.2 millimeters squared ~ mm? — ——— km2 kilometers squared 0.39 square miles mi2
ﬂzz square feet 0.0929 meters squared m2 — = ha hectares (10,000 m2) 253 acres ac
yd square yards 0.836 meters squared m2 — =)
mi?2  square miles 259 kilometers squared  km? 0 = MASS (welght)
ac acres 0.395 hectares ha ] =
qH ==
- Be=—— Ig grams 0.0353 ounces / IOZ
MASS (weight =5 = g kilograms 2.205 pounds b
(weight) — B= = Mg megagrams (1,000 kg)  1.103 short fong T
@ —_— ==
oz ounces 28.35 grams g — = = VOLUME
b pounds 0.454 kilograms kg - =
T short tons (2,000 Ib) 0.907 megagrams Mg = =
o — = mL milliliters 0.034 fluid ounces floz
| = @ L liters 0.264 gallons gal
) —— E=— ms3 metlers cubed 35.315 cubic feet ﬂaa
VOLUME -~ — == m3 meters cubed 1.308 cubic yards yd
— B= TEMPERATURE (exact)
floz  fluid ounces 29.57 milliliters mL. — =E——=
gal  gaflons 9.785 liters L 1 =_ 7 Celsius i
i3 cubic feat 0.0328 meters cubed m? — B= °c elsius 9/5 (then Fahrenheit of
yd®  cubic yards 0.0765 meters cubed m? -H BE= temperature add 32) lemperalure
’ — = ©
— | e—
NOTE: Volumes greater than 1,000 L shall be shown in m3, - = =
— ‘—_ o
TEMPERATURE (exact) = =
5 s N ——— .
i — E s
°F Fahrenheit 5/9 (after Celsius oc bl =
temperature subtracting 32) temperature These factors conform to the requirement of FHWA Order 5§190.1A.

* Sl is the symbol for the International System of Measurements







CHAPTER 1
INTRODUCTION

In pretensioned concrete, bond between prestressing steel and concrete is an essential
) component to ensure the integrity of a pretensioned member. Bond is derived from
mechanical interaction between concrete and steel. Bond controls many aspects of design.
Specifically, the anchorage and development of the prestressing force are dependent
exclusively on bond. This research investigates the bond between pretensioned steel and
concrete by studying the behavior of prestressed concrete specimens under load and also at
transfer of the prestressing force. Based on the observed behavior, design guidelines are
developed for the transfer and development of pretensioned steel along with design
guidelines for the use of debonded strands in pretensioned concrete beams.

1.1 Objectives of the Research

This research project has two specific objectives. The first objective is to determine
the transfer length and the development length of both 0.5 inch and 0.6 inch prestressing
strands. The second objective is to develop design guidelines for the use of debonded
o strands in pretensioned concrete. These specific objectives are included in the more

generalized objective to develop a rational understanding of the bond mechanisms between
) concrete and prestressing steel. From these understandings, behavioral models can be
. employed to develop design guidelines.

1.2  Background

Research reported in this document was performed under Project 3-5-89-1210,
entitled Influence of Debonding of Strands on Behavior of Composite Prestressed Concrete
Bridge Girders, and funded through the Texas Department of Transportation (TxDOT) and
the Federal Highway Administration (FHWA). At its inception, the scope of the project
was limited to the development of design guidelines for the use of debonded strands. In its

. second year, the project was augmented to include transfer length and development length
research for both 0.5 inch diameter and 0.6 inch diameter prestressing strands. This
modification contained a significant amount of testing and research that was separate from
the research on the debonding of strands. As such, many tests were performed on

, specimens that contained only fully bonded strands.

However, as the project evolved, it became apparent that the two topics were
) inextricably linked. The behavioral characteristics of pretensioned bond were common to
both fully bonded strands and debonded strands. Transfer length and development length
test results became the building blocks for developing the testing program for beams with
1 debonded strands. The common denominator to both sets of problems was the mechanisms
J that affect pretensioned bond. Understanding the behavior and the mechanics of

pretensioned bond was essential to understanding the test results on both fully bonded and
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debonded specimens and their impact on the overall structural behavior. In this document,
test results are critically examined to determine the behavioral mechanisms that can be
generally applied to the bond problem. The mechanisms of bond are developed and then
applied to developing design guidelines.

1.2.1 Transfer and Development of Pretensioned Strand, And the 0.6 Inch
Diameter Strand. On October 26, 1988, the FHWA issued a moratorium disallowing the use
of 0.6 inch diameter prestressing strand in pretensioned applications. Additionally, the
required development length for all other sizes of prestressing strand was increased to 1.6
times the current AASHTO and ACI requirements (AASHTO equation 9-32 and ACI
Section 12.9). Recent studies had indicated that measured transfer lengths and development
lengths exceeded current code requirements*~>*, The restrictions were adopted as an
interim measure until additional research results were available to either substantiate or
restructure current code provisions.

The 0.6 inch diameter seven-wire strand has the advantage of 40% greater area and
therefore a 40% greater capacity than an 0.5 inch diameter strand. This leads to improved
efficiency of flexural members. Also, the use of 0.6 inch strand with high strength concrete
has the added advantage of increasing span limits for standard cross sections. While the 0.6
inch strand has 40% greater area, it has only a 209% larger surface area. Comnsidering that
the bond forces act on an area only 20% larger in size while restraining a pretensioned force
that is 40% larger, there is a natural concern that sufficient bond could be developed to
transfer and develop the larger 0.6 inch diameter strand in pretensioned applications.

1.2.2 The Need and Use for Debonded Strands. The debonding (blanketing) of
strand is an alternative to draping strands in order to control the maximum tensile and
compressive stresses in the end regions of pretensioned beams. Debonding strands can
simplify girder construction; draping strands is more difficult and more dangerous. Likewise,
debonding strands may enjoy economical advantages over draping strands.

Rules governing the design of pretensioned girders with debonded strands have been
based more on engineering judgements than experimental data or analytical reasoning. This
research develops an analytical model, then compares the analysis with the experimental
data. Current code provisions require that the development length for debonded strands
be 2.0 times the development length for strands that are fully bonded (ACI Section 12.9.3
and AASHTO Section 9.27.3). While the current provisions are based primarily on three
separate research studies''?, the specific results from these tests were generalized to

include all design cases and do not adequately reflect the behavior of pretensioned
structures.
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1.3 Definitions

In this section, the definitions of transfer length and development length are given.
Also, debonded strands are defined and described. Other n:nportant definitions can be
found in the glossary in Appendix E.

1.3.1 Transfer Length. In pretensioned beams, transfer length is the distance
required to transfer the fully effective prestressing force from the strand to the concrete.
Stated another way, transfer length is the length of bond from the free end of the strand to
the point where the prestressing force is fully effective. The transfer zone is defined as the
region of concrete spanned by the transfer length. An idealization of steel stresses is shown
in Figure 1.1. Stresses in the pretensioned steel vary from zero at the free end of the strand
increasing throughout the transfer zone until the prestress force is fully effective. Increases
in strand tension come about by bond stresses that restrain, or hold back, the strand. At the
point of full transfer, the stress in the steel remains constant over the length. This is
represented by the flat interior portion of the curve.

Concretie and steel forces must

be in equilibrium at every point along Transter Langth | Fully Effectve Prestress
the length. Tension in the steel is @ I
v _ @
alway§ balanced '_Dy _eqmvalent and & \ Ry
opposite compression in the concrete. ~q—, dsmonstrate fully
Ve . [} effective presiress
Therefore, the variation of steel strains & S— force.
. . . e . increasing strains :
is mirrored by the variation in — demonstrate transfer of
. . . . prestress from steel to
concrete strains. The idealization of concrete.
Figure 1.1 is proven out by actual _ ‘
strain measurements from Test 0o Lt Distanos from free

end of strand

Specimen FCT350-3, shown in Figure

1.2. Note the increase in strains at

each end of the specimen where the Figure 1.1  Idealized Steel Stress vs. Length for
prestress force is transferred to the Pretensioned Concrete Member
concrete. A transfer zone is found at

each end of every pretensioned element, evidenced by the increasing strains in the concrete.
The strain plateau in the interior of the specimen distingnishes the region where the
prestress force is fully effective.

1.3.2 Development Length. Development length is the bond length required to
anchor the strand as it resists external loads on the member. As tension increases in the
strand, additional bond stresses are created which resist movement of the strand. Comnsider
a typical simply supported beam loaded in flexure. Tension in the strand increases to resist
flexural moments imposed by external loads. As strand tension increases, bond strength
must also increase. Strand equilibrium is maintained as additional bond stresses resist
increases in strand tension. If bond stresses anchor the strand so that flexural failure results
under increasing load, then strand tension has been adequately developed and that bond
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if the strand slips through the ° LTSk Ae

concrete from the influence of £ a0l i i SR JUSSOIE SUOTE AU S (O
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length of the strand is less than Cancrete Strain vs. Specimen Length

the development length. N SN S S A |
0 24 43 72 3 120 144

1.3.3 Debonded Strands. Specimen Length ()
Debonded strands are strands Figure 1.2  Strain Profile and Measured Transfer
that have been coated or Length, FC350-2

wrapped so that the strand will

not bond to the concrete. Debonding can be accomplished by several methods. For
example, coating the strand with grease or placing plastic tubing over the strands are
effective methods for debonding strands. In regions of the beam where debonded strands

is required to be fully active, the debonding is discontinued, and the strand is allowed to

bond with the concrete. Im this manner, debonding can be used to vary the prestress force
and its eccentricity along the length of a pretensioned concrete element.

1.4 Current Code Provisions

AASHTO and ACI code requirements for transfer, development and debonding are
nearly identical to one another. Current code provisions are included in other chapters
within the text. The code treatment of transfer length is discussed in Section 3.3.
Development length provisions are discussed in Section 4.3. Lastly, code requirements for
debonded strands are discussed in Section 5.2.

15  The Testing Program

1.5.1 Transfer Length Testing. Transfer length measurements were taken on sixty-
five specimens. Fifty of those tests were performed on rectangular prisms with either one,
three, or five strands. Variables included the size of the strands, debonded strands, and
confining reinforcement. Transfer lengths were also measured on AASHTO-type beams and
the full sized Texas Type C girders. Transfer lengths from these specimens help to broaden
the scope of the testing program beyond that of smaller transfer length prisms that have
been historically tested. The transfer length testing program, procedures, results and
discussion are found in Chapter 3.

1.5.2 Development Length Testing. A series of development length tests were
performed on scale model AASHTO-type specimens that were designed to resemble a

.
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- composite pretensioned bridge girder. All of the strands in this series were fully bonded,

in other words, bond began at the ends of the pretensioned beam and no debonding was

] employed. Development length was measured for both 0.5 inch strands and 0.6 inch strands.
J These tests and their results are presented and discussed in Chapter 4.

1.5.3 Tests on Beams with Debonded Strands, Static Tests. This series of beams
contained some strands that were debonded. The beams are sometimes referred to as
debonded beams. In the design of these beams, an analytical rationale was developed to
predict the behavior of debonded beams, and whether or not a beam was in danger of

J failing in bond. The analytical rationale is based on the prediction of cracking in concrete.
Flexural tests were performed on these beams to test their behavior, and particularly to
examine their behavior in comparison to the predicted behavior. This testing program, an
explanation of the prediction model, and the test results are presented and discussed in
Chapter 5.

1.5.4 Tests on Beams with Debonded Strands, Repeated Load Tests. Beams tested
9 in this series were companion beams to statically tested beams discussed in Section 1.5.3.
‘ The purpose of these tests was to investigate the possibility and the consequences of bond
distress during repeated loading. Eight tests were performed on five beams. One of the
beams contained fully bonded 0.6 inch strands. These tests are presented and discussed in
Chapter 6.

’ 1.5.5 Tests on Texas Type C Composite Girders. Three full-sized girders were
*  manufactured at a nearby prestressing plant and brought to Ferguson Structural Engineering
Laboratory (FSEL) where the composite slab was cast and the girders were tested. These
| tests were designed to demonstrate the behavioral patterns that were noted from earlier
- tests and also to demonstrate the design of pretensioned composite girders with debonded
strands. One of the girders contained draped strands as a control specimen. The other two
) contained debonded strands. All other design parameters were essentially the same. The
i description of the design, fabrication, and testing of these specimens is found in Chapter 7
along with the presentation and discussion of the test results.
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CHAPTER 2
! ELEMENTS OF BOND

o 2.1  Elements of Bond: The Basis for Behavior

The bond between pretensioned strand and concrete has been treated empirically.

Many formulae!>*#1523%52 hayve been presented throughout the literature to fit experimental
- results, but no comprehensive mathematical models based solely on the physical properties
of the materials have been offered. Certainly, the bond problem is very difficult to model

with any mathematical representation. Janney(1954)! showed that the tangential stresses in

‘the concrete surrounding the strand exceeds the tensile capacity of the material, causing the

\ concrete to crack locally and creating a material discontinuity. Another variable, friction,
has been recognized as a major contributor to the transfer and development of prestressing
force, but there have been very few efforts to quantify the frictional bond stresses between
prestressing steel and concrete. On the contrary, many studies concluded that large
variability exists in the frictional component. Additionally, seven wire strand contributes to
bond stress by the mechanical interlocking from the helical patterns of the individual wires.
R This effect has been noted in the earliest research on seven wire strand, but again, very little
¥ effort has been made to quantify the contribution of mechanical interlocking or to even
describe qualitatively how much influence that mechanical interlocking may have on bond.

, Bond stresses are not easy to represent mathematically. Concrete cracks in the
transfer zone. Strands slip relative to the concrete upon detensioning. The strands untwist
| to relieve their tension, but cannot regain their original shape. At the same time, the
B strands expand against the concrete causing large normal forces which in turn create
frictional restraint. Friction defies prediction because of variability in surface conditions of
the strand or concrete. In the transfer zone, friction from Hoyer’s effect gradually restrains
2 untwisting of the strand through the transfer zone. As twist restraint increases, bond stresses
from mechanical interlocking also increase. All of these factors contribute to what would
be a very complex mathematical expression for bond stresses.

Fortunately, it may not be too important to describe the bond stresses in exact
mathematical language. In fact, a qualitative understanding of the mechanisms generating
bond appears to sufficiently describe the anchorage and development of pretensioned strand.
These bond mechanisms, or elements of bond, are presented here to provide a basis for
understanding the bond behavior of pretensioned seven-wire strand. Using the elements of
bond, the anchorage or anchorage failure of pretensioned strand can be predicted.
! Accordingly, the scope of this research does not include a mathematical model for bond
stresses along the length of the pretensioned strand. Instead, the qualitative model for bond
is presented as a means to predict bond behavior.

| In this chapter, the fundamental mechanics of bond are investigated qualitatively.
From the tests performed in this research and from a review of past and concurrent

) 7
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research, specific elements of bond can be established. The qgualitative bond models,
correlate very well with actual test results, demonstrating the ability to predict bond failure.
These Elements of Bond provide us with the essential mechanisms that contribute to bond
of pretensioned strands. From these mechanical models, we can begin to understand and
predict the behavior of pretensioned strands, the transfer of their prestress forces and the
development of their strength under load.

22 Elements of Bond

There are three distinct and different elements of bond. They are:

1) Adhesion,
2) Hoyer’s Effect, and
3) Mechanical Interlocking.

These three mechanisms combine to develop what is called "bond". "Bond" is derived from
the action of any one or more of these mechanisms. Hoyer’s effect is independent from the
other two in that it is derived from the change in steel strain in the transfer zone. On the
other hand, mechanical interlocking depends upon Hoyer’s effect and/or adhesion to
restrain the strand and prevent twist. Note that friction is not listed here as a separate
mechanical process. However, friction is a component and contributor to both Hoyer’s
effect and mechanical interlocking. Without friction, the amount of bond from Hoyer’s
effect would be zero, and mechanical interlocking’s effect would be reduced.

2.2.1 Adhesion. Adhesion is the glue
between the concrete and the steel. By Bond
definition, the glue line is very thin and the Citical Bond Stres
resulting bond stress versus slip behavior is rigid- ~ [[. o T

. . . . Bond Stress vs. Slip
brittle. A representation of the behavior is

shown in Figure 2.1. Adhesion effectively Zero Bond Strength
prevents displacement of the strand relative to 0 \ st it S
the concrete until some critical stress is reached. Strand Slip

At that critical stress, the glue fails and resistance

provided by the glue reduces to zero. Failure of Figure 2.1  Adhesion: Rigid - Brittle
the glue is always brittle. In the case of a Behavior

pretensioned strand, the bond lost from the

failure of adhesion is often replaced by the other

mechanisms. However, it is important to recognize that adhesion does not contribute to
bond once slip has occurred.

Because of this rigid-brittle behavior, adhesion contributes little or nothing to either
prestress transfer bond or the bond developed to resist additional strand tension from
applied loads. At transfer, the prestressing strands slip relative to the concrete. In fact, the
transfer zone is characterized by strand slip. The transfer length is defined as the length
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from the free end of the strand to the point where the change in strand strain resulting from
the prestress transfer equals the change in concrete strain. This occurs at the point where
there is no slip between the concrete and the strand.

At development bond failure, external loads increase the tension on the strand until
it is pulled through the concrete. In development failures, the strands’ bond strength is
insufficient to resist the increase in strand tension. Slip of the strand at bond failure is an
obvious result. In many of the flexural development length tests, the strands slipped on the
order of 0.001 to 0.005 inches, yet the beams were able to achieve full flexural capacity. In
these cases, the behavior resembles a hybrid between flexural failure and general bond
failure. Small strand slips can occur without producing complete bond failure, and the
beams fail in flexure. Therefore, adhesion does not make a primary contribution to bond
of the pretensioned strand, in this case flexural or development bond.

2.2.2 Hoyer’s Effect. Hoyer's Effect is named after E. Hoyer who performed early
research on prestressed concrete. At that time, small diameter smooth piano wire was used
as prestressing steel. There were no deformations on the steel to ensure transfer of the
prestressing force to the concrete. In 1939, Hoyer investigated the mechanism that anchored
the pretensioned force to the concrete. He identified the mechanism that bears his name.

When steel is pretensioned, the
diameter of the strand or wire reduces by End Slip
Poisson’s ratio as it is elongated. Then :
concrete is cast surrounding the prestressing
steel. Upon release of the prestressing -
force, the steel strands or wires lose their
initial prestress and expand laterally, trying
to regain their original form. When this
lateral expansion is resisted by concrete
surrounding the strand, a normal force is
imposed at the boundary between concrete Fo= 23 fr, + 2_‘ Ui
and steel. In turn, this normal force - L
activates a frictional force between the
concrete and steel. This friction opposes
relative movement of the steel with respect Figure 22 Wedge Action from Hoyer’s
to the concrete, thereby restraining the Effect
prestressing strand and holding it in
tension. Hoyer’s effect is illustrated in
Figure 2.2. Hoyer’s Effect is also known by a very descriptive name, wedge action.

Fse

Effective Prestress = Hoyer's Effect + Mechanical Interiocking

Hoyer’s effect is active almost exclusively in the transfer zone. When a pretensioned
beam is loaded in flexure, strand tension increases with applied moment. Likewise, the
diameter of the strand shrinks, and Hoyer’s effect is reduced significantly. This idea led
early researchers'” to suggest that strand anchorage will fail if a strand’s tensile stress
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increased in the transfer zome. In 1959, Hanson and Kaar performed a series of
development tests on rectangular beams. They theorized that as a beam is loaded, a wave
of high bond stresses progress from the point of maximum moment towards the anchorage
zone. If that wave of high bond stress should reach the transfer zone, further increases in
strand tension would reduce the diameter of the strand, effectively destroying Hoyer’s effect.
Furthermore, anchorage failure would occur as the strand is freed to pull through the
concrete.

This phenomenon was witnessed in the tests performed in this research. In reality,
increases in strand tension occur at the crack locations. When a crack forms, the tension
force that was shared by the concrete must now be carried by the strand alone. Local
increases in strand tension in turn require increases in bond stress as the tension
redistributes from the strand into the concrete on either side of a crack.

2.2.3 Mechanical Interlocking. When concrete is cast around a seven-wire strand,
the concrete forms an envelope or sleeve surrounding the strand. The hardened concrete
mimics the shape of the seven-wire strand. The concrete completely surrounds the strand,
filling even the narrow crevices between individual wires, called the interstices of the strand.
If the strand attempts to pull through the concrete without twisting, movement is resisted
by the concrete ridges acting on the outside wires of the strand. This resistance is called
mechanical interlocking.

. In seven wire strand, six f i U mechanioal Intsriocking
outside wires are wound around a T / T
. i . 1 2
single center wire in a helical
pattern. The pitch of the outside  *== e

but the differences are small. For
0.5 inch strands wused in this

wires varies between manufacturers, \ \ i
f AL I o

1

research, the pitch of an individual o

wire was about 7.5 inches which Tz - T1 + Pps J£ Emadl-
corresponds to an angle of about 9°. . 2

The helical windings provide the U f(f;, siN'6, 1)
"humps" necessary to develop Pps= Strand Perimeter

. . . . p = Friction Coefficient
mechanical interlocking 1in

pretensioned strand. When external Figure 2.3  Mechanical Interlocking

loads apply additional tension to the

strand, movement of the strand relative to the concrete is resisted by the interlocking of the
outside wires reacting against matching deformations in the concrete. This effect is
illustrated in Figure 2.3. The helical strand pattern is analogous to deformations in mild
reinforcing steel. If twisting is restrained, bond between strand and concrete behaves
somewhat like pullout of mild reinforcement. Mechanical interlocking bond stresses, 1,
is a function of the normal force, f, the angle of pitch § and the coefficient of friction u.

!
i
£
]
|
!
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J Mechanical interlocking is the largest contributor to flexural bond, especially in

cracked regions. As a flexural crack forms, strand slip must occur for some small finite

| distance on either side of the crack to preserve compatibility of the strand. When slip

J occurs, mechanical interlocking is activated by the reaction of the outside wires interlocking

7 with the concrete envelope. Bond stresses from mechanical interlocking can be very large

B in the immediate vicinity of cracking. An idealization of high bond stresses immediately

adjacent to the cracks is illustrated in Figure 2.4. Flexural bond stresses result from changes

in stress in the steel. At the crack locations, increases in steel stresses demonstrate high
absolute bond stresses. Note that bond stresses, u,, are given by:

ubxd—c:( (steel stress).

Experimental evidence for this illustration is demonstrated by the well distributed crack
patterns of the beams tested.

Mechanical interlocking is - Steel Stresses in a Cracked Beam
dependent on one very important
condition, namely, strands must be

] restrained from twisting. If twist of the
strand is not restrained, then the strand
M can simply untwist through the concrete,
. rendering mechanical interlocking 3
completely ineffective. Strand twisting & ‘ r
N led early researchers to discount the 3 \L r
| effects of mechanical interlocking. This @ | /v Resrainea Stabsos at Gracks
7 general philosophy is reflected in current
) ACIT and AASHTO codes.
L Figure 2.4  Pretensioned Steel Stresses in a
. At the University of Illinois, Cracked Beam
Stocker and Sozen tested the bond
- mechanisms of prestressing strands. A series of pull-out tests were performed where the

strands were restrained from twisting in some of the specimens but allowed to twist in
others. The researchers expected that larger forces would be required to pull out the
restrained strands. However, in comparing the pull-out strengths, very little difference was
noted between the specimens where twist was restrained and the specimens where strands
were free to twist. Current code provisions discount bond stresses derived from mechanical
interlocking based, in part, on these results.

However, their test setup was responsible for this apparent paradox. In Stocker’s test
set-up, long lengths of free strand made the angle of twist per unit length much smaller than
’ in an actual pretensioned beams adjacent to a crack. ("Free Strand" refers to strand that
is not immediately confined by adjacent concrete.) The strand was restrained several inches
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from the point where strand entered the concrete. Consequently, the torsional moment
required to restrain twisting was much smaller in these tests than would be found in a real
beam. This type of test set-up makes mechanical interlocking ineffective as is demonstrated
by the test results.

In an actual pretensioned concrete member, the length of free strand is exactly equal
to the width of the cracks, a very small distance. When a crack forms, the strand extends
across the crack. Twisting is restrained by a combination of adhesion and interlocking
acting on the strand immediately adjacent to the crack. Resulting bond stresses in real
structures can be much higher than bond stresses determined from pull out tests.

23 Bond Mechanics in the Transfer Zone Bond Stress vs. Lengthi o

Mechanical
Interlocking

Bond for the transfer of pretensioned force
develops from a combination of Hoyer’s effect and
mechanical interlocking. The relative contribution of
each is uncertain, but most of the transfer bond
probably comes from Hoyer’s effect because twist
restraint has not yet developed for mechanical
interlocking to be fully effective. Most of the earlier
researchers attribute transfer bond to Hoyer’s
effect’>»"15, A representation of the relative
contributions from these two elements of bond is
shown in Figure 2.5. Note that mechanical
interlocking is shown to contribute to bond towards
the latter portion of the transfer zone. Increases in
bond from mechanical interlocking develop as twist
restraint is generated from Hoyer’s effect, as shown
in Figure 2.5.

Hoyer's
Effect

Bond Stress

1
i
i
|

Steel Stress vs. Length

f

Steel Stress

Figure 2.5 Idealization of Bond
Mechanics in Transfer

Mathematically, integration of the bond Zones

stresses over length must equal the steel stress. As

a corollary, total bond stress is the derivative of steel stress. The individual contributions
of Hoyer’s effect versus mechanical interlocking are not known. However, transfer length
testing shows that steel stresses increase approximately linearly through the transfer zone.
Linear variation of steel stresses requires that bond stresses remain approximately constant
through the transfer zone. A typical strain profile for a transfer length specimen is shown
in Figure 2.6. (Transfer length testing is discussed in greater detail in the next chapter.)

Earlier experimental research supports the idealized bond stress distributions
illustrated in Figure 2.5. Janney' performed transfer length experiments on smooth wire in
1954. In these tests mechanical interlocking could not contribute to bond because the wires
were smooth, effectively isolating Hoyer’s effect as the only bond mechanism. The stress
profile from some of Janney’s tests are shown in Figure 2.7. Interestingly, the shape of the
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stress profile is parabolic through
the transfer zone. If mechanical
interlocking in Figure 2.5 were
eliminated from the transfer
bond, the resulting stress profile
through the transfer zone would
be parabolic.  Similar stress
profiles were measured in a
more recent test series. Nanni®
tested the transfer length of
Fiberglass Reinforced Plastic
(FRP) strand. Even though
these strands are not completely
smooth (some aramid fibers are
wrapped around the strand like
column ties), twist restraint did
not affect bond stresses. In
these tests, the strain profile was

Concrete Strain (10 infin)

13

Lt =29 in

PRI A

Lt=27in

Lne X

Max. Strain |

Linear Change in
Strain in Transfer

Zones

épncr'eta Strain vs. Specimen Length

Figure 2.6

48

72 % 120 144 188 182
Specimen Length (in)

Typical Strain Profile From Transfer
Length Specimen, FC350-2

distinctively parabolic, not linear. These and Janney’s tests suggest that Hoyer’s effect alone
yields a parabolic transfer, but that this effect in combination with mechanical interlocking
creates a uniform bond stress through the transfer zone.

Bond Mechanics, Resistance
to External Load -

When a pretensioned beam
is loaded in flexure, tension in the
strands must increase to resist the
applied moments. As loads
increase and concrete cracks,
prestressing strands are required to
carry even greater tension.
Additional strand tension must be
resisted by bond stresses. Bond
stresses that resist external loads
have generally been called "flexural
bond stresses". This is somewhat of
a misnomer because bond stresses
are required to resist additional
strand tension whether tension
comes from flexural loads or shear
loads. In the past, effects of shear
have been largely ignored.

Wire Tension (ksi)
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100

02}
o

[22]
o

&

[}

N
O .

LEGEND

{| =——  0.100" clean wire
0.100" lubricated | |
0.276" clean wire
0.276" lubricated

Figure 2.7

5

10 15 20 25 30 35
Length from Free End (in)

Stress Distributions From Clean and
Lubricated Wire; Janney 1954
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Figure 2.4 illustrates changes in steel stress along the length of a cracked beam. The

illustration shows large increases in steel stress at the crack locations. Increases in steel

stress must be developed by high bond stresses. Experimentation confirms the presence of
very strong bonding forces.

Consider the common case of simply supported beam structures such as highway
bridges. Pretensioned steel is placed in the bottom of the cross section to resist flexural
moments from gravity loads. As moments increase, tension in the steel increases slightly,
functioning as part of the composite section. When the concrete cracks, tension in the steel
increases suddenly and abruptly. Large increases in strand tension must be matched by
large increases in bond stresses adjacent to the crack as shown in Figure 2.4. These ideas
were reported and confirmed by Hanson and Kaar’.

When a crack forms in the concrete, the strands must slip for some finite distance
on either side of the crack. The length of the slip is dependent on the value of the bond
stresses adjacent to the crack and total strand slip must equal the width of the crack. The
relative displacement, u,, summed over the length of slip equals the crack width:

(Zu, d) o saes = crack width.

Mechanical Interlocking is developed upon cracking; the opening of the crack attempts to
pull the strand through the concrete. Strand tension is resisted by the interlocking of the
individual wires with the ridges in the concrete and is analogous to pull out of mild
reinforcement.

When a crack forms in a pretensioned beam, tension in the steel increases
dramatically at the crack location. That increase in strand tension must be restrained by
interlocking bond stresses as illustrated in Figure 2.8. (Note that this example is taken from
a region of constant moment, and that representations of stresses are qualitative.)

As bond stresses resist steel tension, they also induce tension into the concrete. As
concrete tension increases between primary cracks, the tensile strength of concrete may be
exceeded and a secondary crack may form. By investigating the relationships between
concrete tension and crack spacing, an approximate value of the bond stresses that act to
restrain the strand can be obtained.

The lower half of Figure 2.8 shows an assumed distribution of bond stresses. Bond
stresses are highest immediately adjacent to the cracks and decrease with distance away
from the cracks. Likewise, at the crack locations, concrete stress must be zero. When the
secondary crack forms, the concrete tension must have reached the modulus of rupture,
approximately f. = 7.5/f.. Equilibrium between bond stress and concrete tension must be
satisfied:
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BondSiress x BondArea = ConcreteTension ‘ i

- By assuming a distribution for bond stresses
over length and by assuming an effective
tensile area of concrete, the equilibrium
) equation can be solved to yield a value for
the maximum bond stress derived from
crack spacing. This procedure is outlined
- in Figure 2.9. Bond stresses are assumed to
vary as a sine wave between crack
locations. This distribution satisfies the
boundary conditions and provides a
continuous function between cracks. The
| area of concrete tension is taken as the e
R area of the cross section immediately |
influenced by strands. More accurately the —
tension area would be taken as the height
of the secondary cracks.

Concrete Stress

o

stresses bsfore
'secondary crack

'
'

Bond Stress

i Equilibrium between bond stresses
and concrete temsion must be satisfied.
Bond stresses can be integrated over the
- bonded length times the perimeter of all
the strands, then set equal to concrete
tension:

Figure 2.8  Idealization of Concrete
Stresses and Bond Stresses at
Cracks

s
NPy umcoszls xdx = fA,

where N = Number of strands,
- P,,= Strand perimeter,
S = Crack spacing,
f. = Modulus of rupture (581 psi for 6000 psi concrete),
A, = Area concrete that resists tension, and
1,,,.= Maximum bond stress.

This equation is solved in Figure 2.9 for specimen DB850-F1A. The values of N, P, S, £,
and A, are given in the figure. Solution of the equation yields a maximum bond stress, u,,
equal to 617 psi, or 1.29 kips per linear inch of strand.
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23.5

Ac, Area of
Concrete in the
Tension Zone |

Bl Assumed Bond
CROSS SECTION B Stress Distribution:
_ . D _ T
Ac=70.3in. Up= U g, COS5X

Bond Stress * Bond Area = Concrete Tension
s

T
NP, ;J'"”COS 53 X dx < f Ac

P,= Strand Perimeter = 2.094in
fr = Modulus of Rupture = 581 psi
From Test DBB50-F1A:

Crack Spacing Average = 8.2in.
Upax= 617 psi = 1.29 k/in N

Figure 2.9  Calculation of Maximum Bond Stress From Average Crack Spacing

This procedure demonstrates that relatively large bond stresses may be developed
from mechanical interlocking. In this case, bond stresses immediately adjacent to the crack
were computed to be on the order of 1.29 kips per linear inch. One can see from this
example that large increases in strand tension are resisted by similarly large increases in

bond stresses, primarily due to mechanical interlocking in regions immediately adjacent to
cracks in the concrete.

By contrast, current AASHTO and ACI code expressions assume that flexural bond
stresses are approximately 300 pounds per linear inch, less than one fourth the value
calculated from the procedure in Figure 2.9. This large difference is caused by assumptions
made in the ACI code that assume bond stresses remain relatively constant over the flexural

bond length. Instead, bond stresses vary considerably over length, caused by cracking in the
concrete.
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It should be noted that the preceding derivation was formulated based upon regions
of constant moment. In those regions, tension in the strands remains theoretically constant
at all crack locations. However, tension in the strand must decrease as distance from the
crack increases, otherwise, no tension could be transferred back into the concrete. If strand
tension were to remain constant throughout the constant moment region, then only one
crack would form in this region, and the strands would behave as unbonded tendons. The
presence of distributed cracking proves the presence of bond stresses in regions of flexural
cracking.

In regions where moment varies over length, this theory is also useful to explain
variations in strand stresses as well as bond stress distributions over length. Just as in
regions of constant moment, strand stress must increase as the concrete cracks. (If strand
stress does not increase as concrete cracks, strand slip would extend to the end of the beam
- and bond failure would be indicated.) As tension in the strand increases, it must be resisted
o by bond stresses on either side of the crack. In regions where moment varies, the bond

stresses will not distribute antisymmetrically (as they do in regions of constant moment).

! Instead, the bond stresses in these regions must be qualitatively described as the summation

N of bond stresses as given by the constant moment derivation plus a bond stress component

to account for changing moment. The bond stress distributions in these regions must closely

] resemble the bond stress distributions found in regions of constant moment, including bond
] stresses that act in opposing directions on either side of a crack.

! 2.5  Anatomy of Bond Failure

To understand the Elements of Bond, it is helpful to understand the mechanisms that
can cause anchorage failure. Stated very simply, anchorage failure will occur when external
J loads require strand tension to increase within the transfer zone. Increases in strand tension
cause the strand diameter to reduce slightly resulting in a loss of bond from Hoyer’s effect.
When bond from Hoyer’s effect is destroyed, the strand also loses its twist restraint. As the

- strands are allowed to twist, bond stresses from mechanical interlocking begin to lose their
) effectiveness. The end result is complete bond failure and collapse of the pretensioned
member.

- A model for prediction of bond failure was given by Janney(1954)' and confirmed

with tests on seven wire strand by Hanson and Kaar(1959)°., Hanson and Kaar performed

tests that showed anchorage failure is caused by increasing strand tension within the transfer

" zone. They developed the theory that a wave of high bond stresses proceeds outward from

E the region of loading towards the anchorage zone. If this wave of high bond stress reaches
the transfer zone, anchorage failure results.

J Increases in strand tension are brought on by cracking of the concrete. Some
increases in strand temsion occur before cracking, however these increases are small
compared to the increases that occur after cracking. (Bond stresses that are required by
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action of an uncracked section may be resisted by adhesion between concrete and steel.)
Until concrete cracks, strand tension remains relatively unchanged.

Hanson and Kaar never linked the importance of cracking with anchorage failure.
To carry their theory one step further, one might say that if a crack propagates through the
transfer zone of a strand, or immediately next to the transfer zone, then anchorage failure
is imminent. This is the prediction model that is proven out by the extensive test program
described in the remainder of this document. It is restated:

If cracks propagate through the anchorage zone of a strand, or immediately
next to the transfer zone, then failure of the strand anchorage is imminent.

This prediction model has successfully corroborated test results on pretensioned beams. It
has proven accurate for beams with debonded strands as well as for beams where all of the
strands are fully bonded to the ends of the member. This prediction model may prove to
be very valuable in providing safe and economical pretensioned structures and improving
the confidence of structural engineers designing and building in pretensioned products.

In the testing program, some exceptions to this rule have been noted, where the
strands have slipped very small distances just prior to flexural failure, without anchorage
failure. These special cases come about from an effort to test specimens bordering between
anchorage failure and flexural failure.

2.6  Chapter Summary

In this chapter, the three elements of bond are described and discussed. These
elements of bond include:

1) Adhesion,
2) Hoyer’s Effect, and
3) Mechanical Interlocking.

The elements combine to anchor pretensioned strand in concrete. Transfer of the
prestressing force to concrete is largely accomplished through the action of Hoyer’s effect,
with some contributions from mechanical interlocking. On the other hand, mechanical
interlocking is largely responsible for developing strand temnsion required by externally
applied loads. As demonstrated by example, mechanical interlocking can develop relatively
large bond stresses.

For mechanical interlocking to be effective, the strand must not be allowed to twist
through the concrete. If twist is unrestrained, mechanical interlocking will be ineffective.
‘Twist restraint is provided by the strand anchorage zone, commonly called the transfer zone,
where Hoyer’s effect is the primary mechanism.

-~
L

!

[

" [
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Adhesion makes little or no contribution to bond in any of the limit states. Strand
slips occur at both the transfer of prestressing force and immediately preceding anchorage
failure of the strands, without apparent reduction in anchorage capacity.

Lastly, anchorage failures can be linked directly to the incidence of cracking in the
transfer zone of a pretensioned strand. As a crack propagates across the anchorage zone,
strand tension must increase. Increases in strand tension cause the strand’s diameter to
reduce, decreasing the effectiveness of Hoyer’s effect. The reduction in bond strength from
Hoyer’s effect allows the strand to be pulled through the concrete. Twist restraint is lost
resulting in reduction of bond stresses from mechanical interlocking. These mechanisms
eventually lead to bond failure.






CHAPTER3 -
MEASUREMENT OF TRANSFER LENGTH ON
PRETENSIONED CONCRETE SPECIMENS

3.1 Introduction

This chapter discusses transfer length, its definition, current code provisions, its
importance and its use in current design practice. A large testing program was carried out
measuring transfer length on a variety of specimens. The testing program is reviewed and
summarized in this chapter. Other pertinent research is reviewed with special attention to
its relationship to this research. Finally, the overall impact of this test program on design
requirements and recommended transfer lengths is discussed.

3.1.1 Definition. Transfer length is the distance required to transfer the fully
effective prestressing force from the strand to the concrete. The definition for transfer
length is discussed in greater detail in Section 1.3.1 and illustrated in Figure 1.1. For beams
that contain debonded strands (or blanketed strands), multiple transfer zones are present.
In the case of debonded strands, bond begins where the debonding terminates. In all cases
the effective prestress force is zero at the initial point of bond.

3.1.2 Current Code Provisions. Neither the ACI nor AASHTO codes provide a
requirement for transfer length. However, both codes suggest a transfer length of 50 strand
diameters®* (ACI Section 11.4.4 and AASHTO Section 9.20.2.4). This recommendation
is located in the shear provisions of the codes. The ACI Commentary to the Building Code,
Section 12.9 on the development of prestressing reinforcement, provides a formula for
transfer length based on the effective prestressing force and strand diameter. This formula
is derived from the expression for development length. The suggested transfer length is
given by:

f,
Lr='§e;xdb

Figure 3.1 shows the ACI Commentary assumption for transfer and development of
stress in the strand. Steel stress is plotted versus the "distance from the free end of strand".
The transfer length is represented in the first and steeper portion of the curve.

Variations in steel stress are represented in two sections. In the second section,
outside the transfer zone, the steel stress is shown to be increasing beyond f,.. This increase
in stress results from applied load. The term, "flexural bond length,” shown in Figure 3.1
is defined as the additional bond length required to develop the maximum stress in the
strand. Summing the transfer length with the flexural bond length gives the AASHTO 9-32
and ACI 12.9.1 requirements for development length:

21



22

Ly = _;Tfsadb + (fps_fs Jdy = (fps_%fs Jd, [a'f‘"gﬁe’ | Flexural Bond Length = (fps-fse)dlla
2 —
% Lt = Sie L db
Current codes for both the transfer § |

length and development length are based
on an assumed value for bond stresses.
This value for bond stress is empirical and
based on transfer length testing performed
by Janney’, Kaar, LaFraugh and Mass?
Hanson and Kaar’, and Kaar and Magura'’.
The assumed average bond stress in the _
ACI code is calculated by solving Figure 3.1  Steel Stress vs. Distance. ACI
equilibrium on the strand: Commentary 12.9

fps

Distance from free
ond of strand

Ld, Development Length = (fp,—g foe)* dp

Lruprs = fseAps

and substituting the ACI Commentary expression for transfer length:

[_=_f£§d=f”f5
87 ulP,

where A, = 7/36 wd,> and P,, = 4/3 7d,. Solving for the average bond stress,
uy, = 429psi = 1000 lbsfinch for 0.5 inch strand.

Flexural bond is treated in the same manner, but its assumed average value is lower
by a factor of three. Average flexural bond stresses were derived empirically from flexural
bond tests’. Using a similar method to that described above, the empirical value for the
average flexural bond stress, ug

U, = 146 psi

The average flexural bond stress is lower because flexural cracking occurs within the
development length and disturbs bonding between steel and concrete, thereby reducing bond
strength.

The ACI commentary acknowledges other factors that may affect transfer length such
as low slump concrete and the strands’ surface condition. Low slump concrete may cause
longer transfer lengths if the concrete is not properly consolidated. Low slump concrete is
typically used in the manufacture of precast hollow core slabs. Additionally, the importance
of surface condition is recognized. Strands that are slightly rusted have been shown to have
Conversely, strands that are lubricated demonstrate

shorter transfer lemgths’”>%,
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significantly longer transfer lengths. In fact, surface condition of the strand has been shown
to be the single biggest variable in estimating the transfer length of pretensioned strand.
As such, it should be the biggest concern for designs when transfer length is critical to
structural performance.

Concrete strength is not reported as a factor in transfer length under current design
codes. Tests performed by Kaar, LaFraugh and Mass® indicated that concrete strength did
not affect the transfer length. However, more recent research suggests that concrete
strengths do affect transfer lengths. These tests™ indicate that stronger concrete results in
shorter transfer lengths.

3.2 Transfer Length: Its Importance and Use

Transfer length is a structural requirement only as the transfer of prestressing force
must be sufficient to maintain the integrity of the structure. Significant variations in transfer
length will not normally control the design or performance of pretensioned structures.
Therefore, when discussing the measurement of transfer length, the importance of transfer
length should not be overestimated. Consequently, an exact value for transfer length may
not be necessary to design and build safe concrete structures.

On the other hand, transfer length can significantly impact structural behavior in
some design cases. The impact that the transfer length has on cracking loads is the most
~ important factor in structural performance. At the point where bond begins, the effective

prestress is zero. At the end of the transfer zone, the prestress is fully effective. In

between, the effective prestress force is less than fully effective, which affects the elastic
w properties of the member. Most importantly, a pretensioned structure has less resistance

to cracking within the transfer zone of the pretensioned strands. Therefore, it is important

to understand the design cases where transfer length may be a controlling factor, and to
' adjust design procedures accordingly.

As stated earlier, AASHTO and ACI suggest a transfer length of 50 strand diameters.

They also recommend the assumption that the effective prestress force varies linearly from

) zero at the free end of the strand to the maximum prestress force over the transfer length.

These suggestions are provided so that the designer can calculate the concrete’s contribution

to shear strength, V, which is, in current design, either the web cracking shear (V) or
inclined cracking shear (V).

One problem with this approach is that shear cracking can cause anchorage failure
of the strand. Flexural tests demonstrate that when anchorage failure occurs, not only is the
concrete contribution to shear strength lost, but the tension required from prestressing
strand is also lost. A simple truss model for shear demonstrates that loss of the bottom
tension chord will result in shear failure of the structure. Consequently, code provisions for
shear may not preclude bond/shear failures in some pretensioned members. This behavior
is discussed in greater detail in Chapter 4.
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Tests performed in this research indicate that transfer length is very important in the
prediction of development failure. In the ultimate limit state for highway girders, both the
flexural capacity and the shear capacity are affected by the transfer length. These tests show
that if a crack propagates across the transfer zone of a strand, then that strand can be
expected to fail in bond. Because either flexural cracking or shear cracking can occur in the
transfer zone of a strand, preventing or predicting both types of cracks is important to
development of the strength of the member. Therefore, the transfer length is important to
enable calculation of the cracking loads; and it is important to know the transfer lengths so
that we can know which cracks will affect the development of the strand.

33  Transfer Length Tests

3.3.1 Variables. Transfer lengths were measured on a wide variety of research
variables and on different sizes and types of cross sections. The variables included:

1) Number of strands (1, 3, 4, 5, 8, and 24),

2) Size of strand (0.5 inch and 0.6 inch),

3) Debonding (fully bonded or debonded strands),
4) Confining reinforcement (with or without),

5) Size and shape of the cross section.

The number of specimens and the variables included represent one of the largest bodies of
transfer length data taken from a single research project.

3.3.2 Scope. Altogether, transfer lengths were measured on 65 specimens. Of these,
26 had a single strand, 18 had three strands, 6 were five strand specimens, 12 were scale
model AASHTO-type beams with four, five, or eight strands, and finally; transfer lengths
were also measured on three full sized Texas Type C girders with 24 strands each.

Figures 3.2, 3.3, 3.4, 3.5 and 3.6 show the various specimens in the testing program.
Details of Texas Type "C" girders are shown in Figure 7.1. These figures also identify the
characteristics of each specimen. Each specimen is identified by a numbering system
containing a code to help identify the characteristics of that specimen. The specimen
numbering system is explained by the example is given in Table 3.1. (SS specimens were
the earliest single strand specimens. They are not included in Table 3.1, but are identical

in design to the FC specimens.)

3.3.3 Instrumentation. Measurement of the transfer length was performed by
measuring strains in the concrete and the steel along the length of the specimen. As
described above, the prestress force is fully effective when there is no change in strain with
respect to the length. By measuring the concrete strains and plotting the strains with respect
to length, transfer length can be determined from the resulting strain profile. These data

were collected:



1) Strains on the outside
surface of the concrete,
2) Electrical strain gages on

the strand,
3) End slips, and
4) Visual inspection.

Measurement of the
strains on the outside surface of
the concrete proved to be the
most reliable data. Concrete
strains were measured with
detachable mechanical strain
gages (DEMEC gages). The
DEMEC gages are used in
conjunction with DEMEC points.
The DEMEC points, or targets,
are stainless steel discs with a
machined hole in the center.
The DEMEC gage is received by
the holes in the center of the
targets, and the change in length
is measured between targets.
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Table 3.1
Key to the Specimen Numbering System

EXAMPLE: FCT3604

Fully Bonded (D = Some strands are debonded)
Rectangular Cross Section

(A = 22 inch deep AASHTO-type beam

B = 235 inch deep AASHTO-type beam

R = 16 inch deep Rectangular beam

Z = Texas Type C girder)
Transverse Reinforcement is included (if transverse reinforcement
is not included, T does not appear)
Number of Prestressing Strands
0.6 inch Diameter Strands (5 = 0.5 inch Diameter Strands)
2 inch Strand Spacing (2 = 2.25 inch Strand Spacing)

The number of the specimen in a particular series

Details of Single Strand

A
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Figure 3.3
Three Strand Specimens

Details of Fully Bonded,



26
A A
-
[ ] —
[
L 70 288 in. 70
Elevation
DG350 - 5and 6 192in
BGas0r " :
£ Elevation
) FC 550 -1
FCT550-2
FCS550-3
FéTss0 2
50 288 in | 50 FC560-3
Elevation
DC 360 -8
DCT 360 - 10
- [
EiAe| -
=t by e i
Section A DT seres specimens
Figure 3.4  Details of Debonded, Three Figure 3.5 Details of Five Strand
Strand Specimens Transfer Length Specimens

The DEMEC gage and targets are shown in Figure 3.7. The gages used in this research
were manufactured by Hayes Manufacturing Company in England. The "DEMEC gages"
proved to be reasonably accurate, within 20 to 30 microstrains (+20 to +30 x 10 in/in).
For the rectangular specimens, DEMEC targets were located at mid-height, which also
corresponded to the centroid of the prestressing steel. In the AASHTO-type specimens

g j. 8 . 8 & § | (FAS550, FA460 and DBS850%)

B ' 1 | 5 | and on the Texas Type "C"
specimens, DEMEC gages were
located approximately 1.5 inches
up from the bottom flanges.
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Gage length of the
DEMEC gage was 200 mm,
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il Y eight inch gage length. For
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two inch gage was used. Howev-
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to be nearly the same for all
lengths of DEMEC gages, there-
fore the relative error is less for
longer gages compared to short-
er gages.

Electrical Resistance
Strain Gages (ERSG’s) were
mounted on the prestressing
strands before concrete was cast.
Ideally, the change in strain over
the strand’s length would mea-
sure transfer length. However,
the ERSG’s proved to be unreli-
able for several reasons. First of
all, each wire of the seven wire
‘ strand experiences a slightly
: : different strain condition*. As
the strand is detensioned and
relative displacements between
strand and concrete take place,
relative displacements between
wires is also probable. Secondly,
| a large percentage of the gages in the transfer zone are destroyed at transfer. Either the
changes in strain exceeded the capacity of the ERSG or the relative displacement between
the steel and concrete destroyed the gage. Thirdly, the ERSG’s presence on the strand
. interfered with bond, at least locally. The adverse effect of too many ERSG’s mounted on
a strand would prejudice the test result. Lastly, the gages are difficult to protect during
casting. They are susceptible to damage from vibrators or damage by moisture while casting
- the concrete. All of these factors compound to render ERSG’s ineffective in measuring
transfer length of pretensioned strand.

Figure 3.7 Photograph of DEMEC Gage; Measure-
‘ ment of Concrete Strains

End slips were also measured. In the early tests on "SS" specimens, a dial gage was
“ clamped to the strand at the end of the specimen to measure the amount of strand that
slipped into the concrete upon release of the pretensioning force. However, release of the
strands proved to be too violent and several dial gages were damaged. Also, the results
) showed large amounts of scatter. These results were discounted as unreliable. End slips
were then measured by placing a tape marker on the strand, and measuring the distance the
tape slipped toward the concrete upon release of the strand. Measurements with this
o method are accurate to about 0.03 inches (1/32 inches). End slips and their relation to
) transfer lengths are discussed in Section 4.6.4.

‘ 3.3.4 Test Procedure. Test procedures were chosen to mimic actual pretensioned
J concrete plant construction as much as possible. Accordingly, procedures for the fabrication
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of the specimens followed standards for plant construction. The procedures for fabrication
and testing can be summarized by a few simple steps:

1) Stress the prestressing steel

2) Place the mild reinforcement

3) Set the forms

4) Cast the concrete

5) Cure the concrete (usually two days)

6) Remove the formwork

7 Take initial measurements

8) Detension the strands (usually by flame cutting)
9) Take final measurements

The difference between initial and final measurements yielded the concrete strains which
are plotted along the length of each specimen. From these strain plots the transfer length
is established.

Strands were tensioned using a hydraulic actuator and an electric pump. Hydraulic
pressure was continuously monitored as a measure of strand tension. Strands were initially
tensioned to approximately 1600 pounds of tension so that the geometry of the strand would
be established relative to the specimens. Electrical resistance gages were then attached to
the strands. Strands were then tensioned incrementally until the initial prestress was
reached. Each of the strands was tensioned to 75% £, or 202.5 KSI. Strand elongation was
also measured for all strands as a check against the hydraulic pressure. Some small
variations in initial strand tension, on the order of +5 KSI, were noted. However,
differences in strand tension do not significantly impact the test results. The total error of
5 KSI represents only 2'/,% error in the total tensile force. The scatter in the data exceeds
the possible resulting differences from variance in pretension.

After strands were tensioned, mild reinforcing was set in place. Debonding material,
if required, was applied to the strands. Concrete was cast into plywood forms. During
casting, care was taken to insure proper consolidation of the concrete by vibrating.

Concrete curing was performed by covering the specimens with plastic sheeting. The
plastic remained on the concrete until form removal, just before initial DEMEC readings
were taken and prestressing was detensioned. The curing period for most specimens was
48 hours. No curing was performed after form removal.

In the pretensioned industry, strands are usually detensioned within 18 to 24 hours
of casting the concrete. These quick turnarounds are driven by an extremely competitive
marketplace. Therefore, the most important concrete parameter is the strength at release.
Conversely, concrete strengths at 28 days are not usually critical. In this project, release was
specified after two days. Other factors such as student work schedules precluded a one day
release of prestressing. In almost every case, release was performed on the second day,

[ S
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approximately 48 hours after casting. In only two cases, release was performed on the third
day because of very low concrete strength. Concrete strengths at release are given in
Table 3.12. Concrete mix proportions are given in Table 4.1.

Before release, initial measurements were taken. The initial measurements included
electrical resistance strain gages (ERSG’s), initial DEMEC readings on the external faces
of the concrete, and measurement of the initial end slip reading. After release, these
measurements were repeated. Strains in the concrete and steel are given by the difference
between initial and final readings from the DEMEC data. End slip is also given by the
difference between the initial and final readings.

Measurement of concrete strains with the DEMEC gages proved to be an effective
and reliable way to measure transfer length. These measurements were taken on the
outside surface of the concrete along both sides of the specimen. By taking strain readings
from both sides of the specimen, effects from eccentric prestressing were alleviated. Also,
by averaging strains from the two sides, a more accurate overall result can be expected.
Over many trials, the DEMEC gages proved to be very accurate compared to any other data
that was available. The accuracy of the DEMEC gage reading proved to be about 25 x
10 in/in. This level of accuracy is borne out over many different tests with many different
researchers. Even so, the error represents 5% to 10% of the measured strains.

Two different cutting methods were used to detension the strands. In the first
method, the strands were flame cut at full tension in order to recreate a worst case for
release of the prestressed force. Several past researchers had noted that transfer lengths
on the "cut" end were much longer than transfer lengths on the “dead" end*'**. However,
when the first single strand specimens were flame cut at full tension, moderate damage was
inflicted on some of the specimens. Additionally, the data showed considerable scatter,
raising doubts about the procedure. This procedure was used on the original 18 single
strand specimens. These specimens have been relabeled as "SS" in order to distinguish them
from other specimens.

With the testing of the multiple strand specimens, a slight variation was adopted in
the detensioning procedure. Instead of flame cutting at full tension, the strands were
detensioned gradually to about 70% of their full pretension, and then flame cut. This
method resulted in transfer lengths that matched more closely the transfer lengths that were
measured on larger specimens where strands were cut at 100% tension.

Justification for the moderated method is that the energy released from cutting a
strand represents a larger shock to a small cross section than to a large cross section. A
large cross section, usually with multiple strands, has a larger mass to absorb and distribute
the energy at release, plus it contains additional reinforcement from the other strands.
Furthermore, strands must be flame cut one at a time, so as each additional strand is cut
the cross section enjoys greater precompression. The specimens that were detensioned using
this method are the FC3, DC3 and FCS series.
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The larger cross sections, including 640
the AASHTO-type beams and the Texas
Type C girders, were flame cut at 100% & 450
tension. The specimens that were flame <
cut at 100% tension include the FAS50, T
FA460, FR350, FR360, and DZ/FZ2450 § **
series specimens. The data indicate that g
transfer lengths measured on the small g 160 A A S
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specimens cut at full tension.
Specimen Length (in)

34 Method of Data Analysis Figure 3.8  Strain Profile of "Bare" Strains,

3.4.1 Measurement Technique and FCT350-3

Data Smoothing. The strain profile taken

from FCT350-3 is illustrated in Figure 3.8. Measured concrete strains are plotted versus the
length of the specimen. The typical strain increase from the ends of the specimen
demonstrates the transfer of prestress from the steel to the concrete.

Strain measurements were taken with the DEMEC gages. Concrete strain at transfer
was determined from the numerical difference between the initial reading and the final
reading. In order to minimize errors, a specific procedure for obtaining measurements was
adopted. All DEMEC readings were taken by teams of two persons. Each person would
take measurements independently of the other. Once the measurements were taken,
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readings were compared. If the readings from the two individuals differed by greater than
0.000032 in/in, measurements were retaken until the difference was resolved. Strain
measurements from the two individuals were then averaged together with the average
measurements from the other side of the specimen. In effect, the "bare" strain
measurements are actually the average of four sets of readings, collected by two individuals
from both sides of the specimens.

In order to further reduce anomalies in the data, the "bare" strain profiles were
smoothed by averaging the data over three gage lengths. Figure 3.9 illustrates the same
= strain profile of Figure 3.8, but with smoothed values. The smoothing technique is
illustrated numerically in Figure 3.10. The smoothing technique can be summarized by the
following equation:

‘ + ] +
R (sTRA, = ST (Sm; N HSTRAIN .

3.4.2 Determination of the Transfer Length: The 95% Average Maximum Strain
Method. Transfer lengths for each specimen were determined from evaluation of the strain
) profiles. The method used is called the "95% Average Maximum Strain" method and was

conceived from this research project. Its execution is very simple:

1) Plot the "smoothed" strain profile.

2) Determine the "Average Maximum Strain” for the specimen by computing the
numerical average of all the strains contained within the strain plateau of the fully
effective prestress force.

3) Take 95% of the "Average Maximum Strain" and construct a line corresponding to
this value.

4) Transfer length is determined by the intersection of the 95% line with the "smoothed"
strain profile.

This procedure is illustrated in Figure 3.11 for test specimen FC350-2. The average
maximum strain is the average of all the strains contained on or near the plateau of the fully
effective prestress force. It may include all of the points above the 95% line, but generally,
only the points clearly upon the strain plateau are included in the average. This method
results in a value that is relatively free from arbitrary interpretation, which is the major
advantage from using this method. Current variations in analysis methods leaves data open
to arbitrary interpretation. Another advantage of this method is that the value of the
"Average Maximum Strain" will not change significantly if one or two data points are either
included or excluded from the average in error. :
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Figure 3.11 95% Average Maximum Strain Method to Determine Measured Transfer
Length

On the other hand, this method has drawn criticism because it does not use the fully ‘
effective concrete strain to determine the transfer length. Instead, the transfer length is
determined by the intersection of the concrete strain curve with a flat line drawn at 95% of i
the average maximum strain. Precedent does exist for using 95% of the maximum stress or
strain. Hanson and Kaar used 95% of the maximum strain in their transfer length study’.

The 95% Average Maximum Strain method represents an accurate value for
determining the transfer length. If, on one hand, the reported transfer lengths are too short
because only 95% of the maximum strain is used to define transfer length, then it must also B
be stated that smoothing effects inherent in this method cause the measured transfer length
to be artificially lengthened. Smoothing effects are discussed in the next section.

3.4.3 Effects of Averaging. Smoothing of the data actually comes from two different -
sources; the smoothing technique described in Section 3.4.2, and a second source; smoothing
introduced by the DEMEC gage. Figure 3.12 demonstrates both effects. In truth, the ‘
DEMEC gage measures an average strain over the length of the gage. As the drawing ~
shows, this has a rounding effect on the strains at the transfer length. In the figure, an |
idealized strain profile is assumed. The assumed strain profile is bilinear with a sharp break
at the transfer length. On the other hand, the "bare" strains measured with the DEMEC
gage indicate a slight rounding of the strain profile at the transfer length. As the strains are
further smoothed by the averaging technique, the strain profile becomes even more rounded.

For the idealized strain profile, the prestress force is fully effective 24 inches from t
the free end of the strand. On the other hand, if one considers only the "bare" data, the




33

idealized Hypothetical Specimen
— with Bilinear Strain Profile
£ 1.00 € se /— deal Strains
& | I .
: n
'ﬁ Bare® Strain Data l I \ | 95% Average
= b Max. Strain
9]
[
Qld : m) Strsin Strain ! Sirain 4
Strains | | ] 0 [ 0
———————— i 4 0167 | 0.67 0.167
i i ) 033 | 0333 | 0333
13 G 0.56 050
1 1§ 0.657 0.857 0.687
[ 20 6833 | 0833 0808 |
11 24 1.00 0917 6517
: : % .60 760 | 8572
V) 1.00 .00 700
I I ] 1.00 1.00 K
| 1 40 1.00 1.60 1.00
0 12 24 26. Length (in)

4
"ldealized" Transfer Length / \ "Measured” Transfer Length

Figure 3.12 Effects of Smoothing on Measured Transfer Length

transfer length would be 28 inches. Furthermore, if transfer length is determined from
100% strain of the "smoothed" strain profile, the transfer length would be 32 inches, another
33% longer than the "idealized" transfer length. This demonstrates that the smoothed
curves, using the procedure of Section 3.4.2, give a conservative result. In fact, this is always
true because the strain profiles always have decreasing slope in the close vicinity of the
transfer length.

Now comnsider the values of transfer length obtained by the 95% Average Maximum
Strain Method. The smoothed curve intersects the 95% Average Maximum Strain line at
a length equal to 26.4 inches (Figure 3.12). The result is conservative compared to the
24 inch idealized transfer length. One would need to use a 90% Average Maximum Strain
to obtain a value approximately equal to the idealized transfer length. Therefore, for this
idealized strain profile, the 95% Average Maximum Strain Method is conservative by about
10%. :

One must also consider the effects that averaging has on the actual transfer length
specimens. Variation in real strain through the transfer zone is probably not bilinear as in
the preceding example. An example is shown in Figure 3.13 of a strain profile from transfer
length tests performed by the Florida Department of Transportation (FDOT). Strain
measurements were taken from ERSG’s mounted to the outside face of the concrete and
exhibit more of a parabolic shape as the strain profile nears the maximum strain plateau.
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Given a parabolic strain profile, averaging

or smoothing the data does not affect the-

resulting transfer length measurement as
dramatically as if the strain profile were
bilinear, however, smoothing the data will
still result in a conservative value.

In a parabolic strain profile, the
strains approach the plateau asymptotically.
In theory, an exact value for the transfer
length of a parabolic strain profile does not
exist. The intersection of the strain profile
with a plateau is almost impossible to
define. Furthermore, attempting to define
that intersection would introduce the
possibility of large errors into the

Florida D.O.T. Transfer Length Data
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Figure 3.13 Strain Profile from FDOT

Type II Girder

procedure. On the other hand, the 95% Average Maximum Strain Method forms a definite
intersection with the strain profile, resulting in transfer lengths that are both reliable and

accurate.
3.5  Measured Transfer Lengths

Measured transfer lengths are
reported in Tables 3.2 through 3.10. All
reported measured transfer lengths were
obtained with the 95% Average Maximum
Strain method. Transfer lengths were
measured immediately after release.
Tables 3.2 and 3.4 report the measured
transfer length for 0.5 inch strands, fully
bonded from the end of the specimen.
Table 3.2 reports the measured transfer
lengths for specimens designated "SS." This
designation refers to the original 18 single
strand specimens where strands were flame
cut at 100% tension.

Table 3.4 reports data for all other
0.5 inch strands that were fully bonded.

TABLE 3.2
MEASURED TRANSFER LENGTHS
"SS" SINGLE STRAND SPECIMENS
0.5 INCH STRANDS
SPECIMEN CUT END DEAD END
§§8150-1 - -
§8150-2 - -
S$S150-3 28 25
S5150-4 28 24
S8150-5 46 30
SS150-6 52 35
AVERAGE 38.5 28.5
The transfer length of specimens $8150-1 and SS150-2 exceeded balf the length
of the specimen. SS150-1 bad poor concrete strength,

These include all specimens that were detensioned to 70% of pretensioning stress before
the strands were flame cut. Table 3.4 also includes data from the FAS550 and DB850
AASHTO-type beams whose strands were flame cut at 100% tension. For specimens
labeled "DC", these data refer to measured transfer lengths on the fully bonded strands,
even though the specimen may have contained one or more debonded strands.
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Measured transfer lengths for 0.6
7 inch strands are reported in Tables 3.3, 3.5, TABLE 3.3
. and 3.7. Again, the "SS" designation in MEASURED TRANSFER LENGTHS
- Table 3.3 refers to single strand specimens "8S" SINGLE STRAND SPECIMENS
: 0.6 INCH DIAMETER STRANDS
W that were cut at full tension. Transfer
‘ lengths for fully bonded 0.6 inch strands are PECIVEN T D DEAD END
b reported in Table 3.5. Transfer lengths
reported in Table 3.5 include specimens $S160-1 49 .
| where the strands were detensioned to 70% SS1602 i 44
o of their pretensioning before they were 1503 ) -
flame cut. Table 3.5 also includes the -
N transfer lengths for specimens in the FA460 SS160-4 56 45
AASHTO-type beam series that were flame SS160-5 52 3
) cut at 100% tension. SS1606 0 "
od
Tables 3.6 and 3.7 report the SS160-7 57 3
7 transfer lengths measured for strands that SS160-8 28 32
O were debonded, or blanketed.  These A VERAGE 2.0 28.5
strands were debonded a distance of 8 ' -
R inches in the DC150 and DC160 series, 70 L These specimens were damaged at presiress release. Transfer
‘ inches or 50 inches in the DC350 or DC360 bt s
series, and 78 inches in the DB850 series.
Figure 3.14 illustrates the strain profile for specimen FCT350-3, which is typical for
a fully bonded specimen with 0.5 inch strands. Figure 3.15 is the strain profile for specimen
1
.
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: Figure 3.14 FCT350-3, Transfer Length
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FC362-13, which is typical for a fully bonded specimen with 0.6 inch strands. For specimens
with fully bonded strands, the transfer length at each end of the specimen is evidenced by
the ascending and descending portions of the strain profile. Strain profiles for all of the

specimens are included in Appendix A.

Figure 3.16 is a strain profile taken from a specimen that contained three strands,
one of which was debonded for a distance of 70 inches. Several significant observations can
be made from this figure. An intermediate plateau occurs between the transfer zone of the

Concrete Strain (10 infin)
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Figure 3.16 Strain Profile for Specimen DC350-5, With Debonded Strand
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two fully bonded strands and the transfer zone of the single debonded strand. This clearly
demonstrates that blanketing effectively eliminated bond between the prestressing strand
and the concrete. Lastly, note the differences in slope for the strain profile between the
transfer zone of the two fully bonded strands and the transfer zone for the single debonded
strand. The slope of the strain profile at the beam’s end transfer zone is approxm‘xately
twice that of the intermediate transfer zone.

3.6  Measurement of Transfer Length

TABLE 3.4 on Texas Type C Girders
MEASURED TRANSFER LENGTHS
0.5 INCH DIAMETER, FULLY BONDED STRANDS Transfer lengths were measured on
three full sized highway girders. These girders
SPECIMEN NORTH END | SOUTH END were tested primarily in flexure under repeated
FC150-11 20 35 loads as the final part of this research project
studying the influence on debonded strands.
FC150-12 31 31

However, measurement of transfer lengths on
FC350-1 35 % actual field constructed specimens is important
FC350-2 29 27 to understanding results from smaller
FCT350.3 20 20 specimens, so transfer length data was
collected.  Results from these tests are
FCI3504 - 3 somewhat surprising in that they do not appear
"DC350-5 28 28 to continue the previous trend that larger cross
DC3506 20 3 sections enjoy sh_orter tran§f§r lengths. Instead,
- they may confirm suspicions that transfer
Fossot 38 ol length is largely dependent on surface
FCTs50-2* 37 37 condition and/or other variables that contribut
FC550.3¢ - 47 to large degrees of variability. The resulting

A transfer lengths reflect that variation.

FAS50-1 17 17

FAS50-2° 2 21 Transfer length strain profiles for the
FAS50-3° 20 17 three beams are shown in Figures 3.17, 3.18,
FAS5504" 21 a1 and 3.19. Girders DZ2450-1 and DZ2450-2
- contain some debonded strand (8 out of 24), so
DB850-5 3 43 the strain profile will not exhibit a true plateau.
DB850-6* 41 33 Instead of using the 95% Average Maximum
AVERAGE 296 30.4 Stral_n method,‘ the t{ansfer. lengths were
obtained by visually inspecting the strain
Standard Deviation = 7.2 inches profile. All the strands in FZ2450-3 are fully
N Low concrete stzengths, £, = 3853, Omitted bonded, however, a strain gradient must exist
from average. because strands are draped (6 out of 24).
b AASHTO-type beams Qualitatively, the effects of draping alter the

strain profile corresponding to the effects of a
changing eccentricity. In these beams, the
effects are negligible. The transfer lengths are shown in the figures.
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TABLE 3.5

MEASURED TRANSFER LENGTHS
0.6 INCH DIAMETER, FULLY BONDED STRANDS

FCl60-11*

SPECIMEN

NORTH END 1 SOUTH END

FC160-12°

51

41

FC360-1

39

44

FC360-2

37

51

FCT360-3

43

58

FCT360-4

51

42

FC362-11

46

46

FCT362-12

44

43

FC362-13

45

41

D(C360-5

41

33

DC360-6

35

43

DCT360-7

DC360-9

D(C360-10

FC560-1°

45

51

FCT560-2°

47

55

FC560-3°

48

48

FA460-1°

24

4“4

FA460-2°

33

34

FA460-3°

32

33

FA460-F4°

25

30

FA460-5°

33

37

FA460-6°

33

30

AVERAGE

39.6

42.3

Standard Deviation = 8.0 inches

Low concrete strength, f', = 3853 psi.
Concrete stress exdeeded the allowable stress

at transfer: f, = 3090 > 0.6 f',, = 2650.

AASHTO-type beams

39

It is possible that differences in test
methods are responsible for the apparent
discrepancies. Transfer lengths were measured
using the same procedure as before. DEMEC
gage readings were taken before detensioning
and again after detensioning. The strands were
flame cut at 100% tension, however, the beams
were not visibly affected by strand cutting.
One difference in procedure 1is that
measurements were taken only on one side of
the beams. It is possible that measurements
could be affected by slight eccentricities in
prestressing. Also, measurements were taken
outside at the pretensioning plant. Differences
in ambient temperatures could have affected
the results. Nevertheless, it is difficult to fault
the test procedure as significantly different
than before.

Instead, these measurements should
serve as evidence that wide variation exists in
transfer length from one specimen to another.
This possibility of variation should be reflected
in the design and fabrication of pretensioned
structures. For elements whose transfer length
may be critical, special treatment of the strand
may be needed to provide reliability of
anchorage.

The Florida Department of
Transportation tested transfer lengths of
AASHTO Type II girders in a pretensioning
plant®™”. These specimens did not show longer
than normal transfer lengths. Either
contamination of the strands’ surface or
difficulties in measurement could cause these
longer field measurements. In light of the
procedure to oil forms, it seems most likely
that the strand surfaces became contaminated
with form oil.
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TABLE 3.6

MEASURED TRANSFER LENGTHS, INCHES
0.5 INCH DIAMETER, DEBONDED STRANDS

SPECIMEN NORTH END SOUTH END
DC150-13 24 inches 25 inches
DC150-14 28 inches 20 inches
DC350-5 22 inches 22 inches
DC350-6 30 inches 29 inches
DB850-5* 39 inches 35 inches
DB850-6* 31 inches 35 inches

AVERAGE 29.0 inches 27.7 inches

Average = 28.3 inches
Standard Deviation = 6.0 inches
a. AASHTO-type beams

TABLE 3.7

MEASURED TRANSFER LENGTHS, INCHES
0.6 INCH DIAMETER, DEBONDED STRANDS

SPECIMEN NGRTH END SOUTH END
DCi160-13 - -
DC160-14* - -
DC360-5 32 inches 20 inches
DC360-6 25 inches 28 inches
DCT360-7 27 inches 29 inches
DC360-9 31 inches 26 inches
DCT360-10 45 inches 55 inches

AVERAGE 32.0 inches 31.6 inches

Average = 31.8 inches

Standard Deviation = 10.4 inches

a. Low concrete strength, f'. = 3853 psi.
Onmitted from average.

TABLE 3.8

COMPARISON OF TRANSFER LENGTHS AND STRAND GECMETRY: 0.5 INCH VS. 0.6 INCH

STRAND PROPERTIES

0.5 INCH STRAND

0.6 INCH STRAND

AREA 0.153 inch? 0.217 inch?
PERIMETER 2.09 inches 2.51 inches
AVERAGE TRANSFER LENGTHS
TEST SERIES 0.5 INCH STRAND 0.6 INCH STRAND
(Ne. Eads Tested) (No. Ends Tested)
FCl 315 (4) 46.0° (2)
FC3 29.8 (12) 43.4 (18)
FC5 382" (6) 49.0° (6)
FAS50 & DB8S0 /FA460 25.6 (12) 323 (12)
AVERAGE 30.0 inches 40.9 inches
STD. DVN. 7.2 inches 8.0 inches

Low concrete strength, £, = 3853 psi.

Concrete stress exceeded the allowable stress: f, = 3090 > 0.6 f',; = 2690.

=
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3.7 Effect of Variables

Transfer length is affected by many factors. Variables such as strand weathering and
strand size have demonstrated their impact on prestress transfer over many research
projects>>®1112 From these data, the influence of several different variables can be
observed. The discussion will include:

1) Strand diameter

2) Strand spacing

3) The transfer length of debonded strands
4) Size of the cross section

5) The effect of confining reinforcement

3.7.1 Strand Diameter. Table 3.8 compares transfer lengths for the two different
sizes of strands. Clearly, the measured transfer lengths for 0.6 inch strand are longer than
those for 0.5 inch strand. Average values for these series are 30.0 inches for 0.5 inch strand
and 40.9 inches for 0.6 inch strand. Standard deviations for the data are 7.2 inches and
8.0 inches, respectively. Results from "SS" specimens are not included in this comparison
because the nature of the single strand specimens combined with the effects of the sudden
release would skew the results.

The average transfer length for the 0.6 inch strand is approximately 30% greater than
the average transfer length of 0.5 inch strands. These data reinforce transfer length as a
function of strand diameter. The code expressions for transfer length, both 50 d, and ¢/
d,, suggest that the transfer length varies linearly with the strand diameter. The ratio of the
strand diameters would predict only a 20% increase from 0.5 inch to 0.6 inch strands. This
assumes linear behavior and uniform bond stress for all sizes of strands. Currently, there
is some discussion between researchers that transfer length does not vary linearly with strand
diameter. However, from this data, such comparisons are difficult to justify.

3.7.2 Strand Spacing. Current practice dictates that center to center spacing of
strands should be at least 4 times the strand diameter. Although this rule of thumb is based
on very little experimental data, it has served the industry well, especially because the
industry standard was 0.5 inch strands at two inch spacings. With the possibility of using 0.6
inch strands, this rule of thumb has been questioned. In fact, the structural efficiency of the
0.6 inch strand would be lost if 2.4 inch spacings were required. Consequently, tests were
performed to determine what effects strand spacing would have, if any, on transfer lengths.

The data for transfer lengths of 0.6 inch strand with 2.0 inch and 2.25 inch spacings
are compared in Table 3.9. The average transfer length for all 0.6 inch strands was 43.4
inches. This value is slightly less than the average transfer length for 0.6 inch strands with
2.25 inch spacings, which was 44.2 inches. These data indicate that strands with 2.25 inch
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spacings have nearly identical transfer lengths
than strands with 2 inch spacings. The need
for wider spacings to accommodate 0.6 inch
strands is not demonstrated.

The table correctly compares 3-strand

TABLE 3.9

EFFECT OF STRAND SPACING ON
MEASURED TRANSFER LENGTH:

2 INCH SPACING V8. 2.25 INCH SPACING
FOR 0.6 INCH DIAMETER STRAND

, ; ; _ SPECIMEN NORTH END | SOUTH END
specimens with 0.6 inch stranq_ on 2.2§ inch = T TRTYTE _——
spacing with all 3-strand specimens with 0.6 SETER) T3 mehes 75 Tmohes
inch strand on 2 inch spacing. FC362-13 45 inches 41 inches

In a related issue, 0.6 inch strand is
more likely to cause splitting upon
pretensioning release because its larger size
will cause larger bursting stresses. Current
standard box girder shapes in the State of
Texas have 5 inch thick bottom flanges and 6

AVERAGE, SPECIMENS WITH 2.25 INCH SPACINGS

= 44.2 inches

Standard Deviation = 1.9 inches

AVERAGE, ALL SPECIMENS WITH 0.6 INCH STRAND

= 43.4 inches

Standard Deviation = 5.9 inches

inch wide webs. Tests were performed to study the reliability of transferring fully bonded
0.6 inch strands on 2 inch spacings in a 5 inch wide concrete member. Six specimens were
fabricated 5 inches wide and 13 inches deep with 5 strands each, FC(T)550-1, 2 and 3 and
FC(T)560-1, 2, and 3. These specimens were inspected for splitting cracks and measured
for transfer length. No signs of splitting were detected. Furthermore, transfer lengths for
these specimens were within normal ranges. These tests confirm that 2.0 inch spacing is
sufficient for 0.6 inch strands for all cross sectioms.

3.7.3 Transfer Length for
Debonded  Strands. Table 3.10
compares the measured transfer lengths
for debonded strands with transfer
lengths from fully bonded strands.

TABLE 3.10

COMPARISON OF MEASURED TRANSFER LENGTHS:
DEBCNDED STRANDS VS. FULLY BONDED STRANDS

Averages of Measured Transfer Lengths

Measured transfer lengths of debonded

: ¢.5 INCH 0.6 INCH
strands are consistently shorter than STRAND STRAND
those of fully bonded strands. (Std-Dvm.) (S¢d.Dvm.)
Debonded 0.5 inch strands _were FULLY BONDED 30.0 inches | 40.9 inches
transferred in an average of 28.3 inches STRANDS 0. 3.0
while their fully borllded COUNtEIParts || pEsONDED STRANDS | 28.3 inches || 31.8 inches
were transferred in 30.0 inches. | ) (10.4

Differences were even greater for 0.6

inch strands. Measured transfer lengths of debonded strands were 31.8 inches compared to
40.9 inches for fully bonded strands.

The transfer zone of a debonded strand is positioned in regions of the specimen that
enjoy precompression from strands that are fully bonded. While the difference in transfer
lengths is significant, the differences do not appear large enough to warrant special
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provisions for the transfer length of debonded strands. Again, scatter in the test data causes
greater variation in the results than the observed differences in transfer length.

3.7.4 Size Effects of Cross Section on Transfer Length. The larger AASHTO-type
cross sections were designed to be used for development length tests. These specimens were
also tested for transfer length and their results are reported in Tables 3.4 and 3.5. In the
literature, most transfer length research has been performed on rectangular prisms with a
single strand.**%*! Very few transfer length measurements have been taken on multi-
strand specimens such as the three and five strand specimens tested here. Naturally, data
from larger beams should match more closely the transfer lengths of actual pretensioned
girders in the field.

2

Figures 3.20 and 3.21 compare the
transfer lengths versus the specimen series.
Generally, the larger the specimen, the
shorter the transfer lengths. Considering
specimens with 0.5 inch strands, the transfer
lengths for the AASHTO-type beams are
very low, almost 40% lower than the FC3
series. The FCS5 series results could be
slightly skewed because of low concrete
strength, Table 3.12 and a concrete stress at
transfer that exceeds 0.6f'.. This result is
made more remarkable by the cutting
techniques. The FC1, FC3, DC3, and the
FC5 series were flame cut after slight Figure 3.20 Transfer ILengths, 0.5 Inch
detensioning whereas the AASHTO-type Strands. Summary by Specimen
beams were flame cut at 100% pretension. Series, Fully Bonded
The "SS" series is the initial single strand
test series where the strands were cut at full tension, which resulted in more scatter than
with other test series.

L

Measured Transfer Length(in)

c03aBRB8BBEEE

It is possible to develop a rationale relating larger cross sections to shorter transfer
lengths. First of all, the greater mass of concrete is probably less susceptible to damage
from sudden release of energy by sequentially flame cutting individual pretensioned strands.
Secondly, the greater number of strands could be acting as reinforcement to the cross
section, helping to distribute the energy and stress from the release of a single strand.
Lastly, with each successive cut, the cross section becomes increasingly precompressed. The
strands that are cut last transfer their pretensioned force into a cross section with
increasingly greater precompression.

The same trend is demonstrated with 0.6 inch strands in Figure 3.21. These data
clearly show that test specimens with larger cross sections and multiple strands possess
significantly shorter transfer lengths. Tests on the different series were all performed with
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consistent procedures and with the same strand,
under the same laboratory conditions. These
results are significant because much of the
transfer length research has been done on single
strand specimens with relatively small cross
sections.

3.7.5 Confining Reinforcement.
Confining reinforcement is analogous to hoop
ties in a column. In a column, the hoop ties
prevent the longitudinal reinforcement from
buckling outward. The ties confine the concrete
within the core by resisting lateral deformations.
In the transfer zone, transfer of pretensioned
strands causes Dbursting stresses in the
surrounding concrete. Presumably, confining
reinforcement surrounding the concrete and

Measured Transfer Lengths(in)

" ncs
Specimen Series

Figure 3.21 Transfer Lengths, 0.6 Inch

Strand.
Specimen Series

FC5 FAMAASHTO)

Legend
B e
m]]]ﬂ Maximum

Summary by

pretensioned strand would shorten the transfer length. However, these data do not support
this idea. Data presented in Table 3.11 show similar transfer lengths with or without
transverse reinforcement. Clearly, transverse reinforcement does not participate significantly

in prestress transfer, as shown in these tests.

These tests demonstrate that confining
reinforcement will not contribute significantly
until concrete is subjected to large lateral
strains. Even though confining reinforcement
must increase the elastic stiffness in the
circumferential direction, this effect is
apparently small compared to the elastic
stiffness of concrete.

On the other hand, in cases where
splitting occurs at transfer, confining
reinforcements are the omnly elements that
maintain integrity of the concrete if splitting
cracks should occur. Therefore, transverse
reinforcement should not be eliminated from
standard detailing.

3.7.6 Concrete Sirength. At the
beginning of this project, concrete strength was
not selected as a variable. Tests performed by
Kaar, LaFraugh, and Mass® measured transfer
lengths of different sizes of strand while

TABLE 3.11

EFFECT OF CONFINING REINFORCEMENT
ON THE MEASURED TRANSFER LENGTH

Averages of Measured Transfer Lengths
Fully Bonded Strands

0.5 INCH 0.6 INCH
STRAND STRAND
FCT350-3 30.0
FCT3504 30.0
FCT360-3 505
FCT3604 46.5
FCT362-12 43.5
AVERAGE TRANSFER 30.0 46.8
LENGTHS FOR
STRANDS CONFINED
BY REINFORCEMENT
AVERAGE TRANSER 30.0 40.9
LENGTHS FOR ALL
SPECIMENS

,,,,,



.

45

varying concrete strengths. They concluded that concrete strength did not affect the transfer
length of pretensioned strands. Therefore, concrete strength has been discounted as a factor
in transfer length. The code expressions do not contain concrete strength as a variable
affecting transfer length.

In 1988, 44Castrodale, TABLE 3.12
Kreger and Burns® performed
limited testing of transfer length : CONCRETEVSSTRENGTHS
as a function of concrete TRANSFER LENGTHS
Ttrenith. In th;lr testfs, trﬁpsl;fer TRANSFER LENGTH
ngths wer t T T : '
eng ere shorter for highe SPECIMEN [~ T o UTH END £, f,
strength concretes.
Concurrently, some research FeL5o-11 27 34 4481 §710
projects are testing transfer FC150-12 2 2 81 6710
length as a function of concrete FC350-1 33 28 4315 6630
strength. Preliminary data seem FC350-2 28 28 4315 6630
to indicate that high strength FCT350-3 31 30 4315 6630
concrete will shorten the traI}sfer FCT3504 > 2 315 6630
length. However, these projects p— e p” o0l 2%
have not concluded and the s ” " o o
results have not been published.
FC550-1 40 37 3853 5402
In this research, some FCI550-2 36 40 3853 5402
specimens had concrete with FCS50-3 33 4 3853 5402
lower than sp_ec1f1ed strengths. FC160-11 ) ) 3853 5402
Consistently, in those cases, FC160-12 48 46 3853 5402
S T T
inea ure:dt IIransfe': lengths were —— " - o0 v
onger an In  compamon FC360-2 37 48 4201 6250
specimens. Concrete strengths — 5 —
are reported in Table 3.12 along ' 4 % 4201 _
with the measured transfer FCI360-4 St 42 472 7298
lengths. Low concrete strengths DC360-5 42 36 4792 7298
affected specimens FC550-1, 2, DC360-6 35 41 4792 7298
and 3, and FC160-11 and 12. In DCI360-7 41 35 4792 7298
these specimens, longer than DC360-9 pom 25 2759 7525
average transfer lengths were DCT360.10 p” pou s p—
measured. However, these data
. FC362-11 46 44 4759 7525
are not conclusive.
FCT362-12 44 42 4759 7525
3.7.7  Strand Surface FC362-13 42 40 4759 7525
Condition. The impact of strand FC560-1 46 37 4481 6603
surface condition on transfer FCT560-2 48 47 4481 6603
length has been established by FC560-3 3 2 181 6603

many researchers!=>®1%15:18



46

Strand that is rusted or weathered in some way generally has a shorter transfer length than
bare, bright strand. A coating of light rust improves the frictional restraint between concrete
and strand. Conversely, transfer lengths can become very long if the strand is lubricated or
otherwise contaminated with oil. In this research, bare, bright clean strand was tested. No
oils were used near the strand at any stage of fabrication. Care should always be taken in
the fabrication of pretensioned members to prevent oil from getting on the strand.

In the fabrication of highway bridge girders, normal plant procedures call for the
lubrication of formwork to extend the life of the forms. This practice risks damaging the
bond between concrete and strand by contaminating the strands’ surface with oil. In
fabrication of specimens DZ2450-1, DZ2450-2 and FZ2450-3, oil was used to lubricate the
forms using a procedure that endangers an effective bond.

The bottom form, or soffit, was oiled

after the strands were in place and [ cocse
tensioned. Only 1.75 inches separate the T a
sofit and the bottom row of strands. During /‘
the oiling of the sofit, an oily rag wrapped
around a paddle (See Figure 3.22) is passed . o Prestrassing
along the bottom form. The probability that ®eeco0c00ccoe
® O DO DOOOD® Y

oil contacted the strands is very high,
increasing the likelihood that transfer lengths
for full sized pretensioned girders are longer

Prestressing Strand is
1.756 inches

than first expected. On the other hand, the Procadura:

. ‘. 1. Oil is dripped onto the form.
strands in plant co_ndltlons tend to developed 2. Qly rag is wrapped sround the paddle.  sdie,
some hght rl.lstlﬂg from exposure to the Note: Danger exists that ofl will conrtaminate the strands’

1 > ot , reducing bond ifites.
weather. This may counter the effects of oil. surtaces, reducing bond capabiites

At best, strand surface condition is
extremely variable. Some strands mdy be
significantly weathered by the time they are
used in fabrication of a pretensioned
member. Some plants may protect their
strand from the elements; others may not. Also, the industry has recently noted an
unusually high incidence of pullout failures for strand in a variety of applications. Some
fault has been placed on the lubricants used in the manufacture of high strength strand.
The lubricants are generally described as soaps, more accurately termed stearates.
Variability in these lubricants may also influence pretensioned bond.

Figure 3.22 Form Oil Applied to Bottom
Soffit Form in Pretensioning
Plant

To summarize, strand surface condition is probably the most important variable
affecting transfer length of strand, yet it is the least predictable. No quality assurance
procedures exist to qualify strand surface conditions. Large degrees of scatter in the data
exist not only from researcher to researcher, but within an individual research project, as
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exhibited here. Strand surface condition could be the cause of a significant portion of these
differences. ‘

It should be noted that strand used in this study was furnished with mill condition
surface. It was protected from corrosion during the period of its use in constructing test
specimens. For specimens fabricated at FSEL, the effects of strand surface condition were
minimized as a variable by maintaining consistent use of the strand material and handling
it carefully to avoid surface contamination. However, the strands used in the fabrication of
the Texas Type C girders were beyond the control of the research project. Although these
strands did possess some surface slight surface rust, it is likely that their surfaces were
contaminated with oil.

3.8  Summary of Transfer Length Measurements

Sixty-five transfer length tests were performed at FSEL. The average transfer length
of those specimens was 30.0 inches for 0.5 inch strands and 40.9 inches for 0.6 inch strands.
The standard deviation was 7.2 inches and 8.0 inches respectively. Transfer lengths were
measured on three full-sized girder specimens at a prestressing plant. Results from these
specimens indicated large amounts of scatter with significantly longer transfer lengths when
compared to the specimens tested in the laboratory. Differences are accounted from
outdoor conditions and slight variations in test procedure. However, the largest differences
appear to occur because of strand surface contamination with form oils.






CHAPTER 4
DEVELOPMENT OF PRETENSIONED STRAND

4,1 Introduction

When external loads act upon a pretensioned beam, tension in the strands increases
beyond the effective prestress force due to moments resulting from externally applied loads.
As tension in the strands increases, the resistance offered by the various bond mechanisms
that anchor the strand must also increase. Traditionally, bond strength to resist additional
tension has been termed the "development" of the strand. Tension in the strand is resisted,
or "developed" by bond acting between the strand and concrete. The required bond strength
is developed by lengthening the anchorage zone of the strand beyond the prestress transfer
zone to include the "flexural bond length". "Flexural bond" is the additional bond stress
activated by increases in strand tension from application of external loads. In the ACI
Commentary, development length equals the sum of the transfer length plus the flexural
bond length. Therefore, "development length" is defined as the total anchorage length
required to resist tension from both the prestress transfer and external loads.

The development length of prestressing strand is discussed in this chapter, including
its definition, current code provisions, its importance and its use in current design practice.
Factors affecting development length are discussed including strand size and the shape of
the cross section. Tests were performed on specimens with (.5 inch strands and specimens
with 0.6 inch strands. The cross section was varied to include I-shaped beams resembling
an AASHTO-type composite cross section and beams with rectangular cross sections.

Tests were performed to measure development lengths of prestressing strands.
Variables included strand size and the beam cross section. Development lengths were
measured in both beams with I-shaped cross-sections and beams with rectangular cross
section. Variations in cross section are found to affect the web shear cracking loads and,
by consequence, development of the prestressing strand. The occurrence of strand slip is
correlated to web shear cracking, and measured web cracking loads are compared to
calculated values. Results from the tests indicate that, under certain conditions, current
AASHTO and ACI codes are inadequate. Conversely, in other tests, current code provisions
require longer development lengths than necessary.

4.1.1 Definitions. In this section, three terms are defined and discussed;
development length, embedment length, and critical section. Development length is the
bond length required to anchor the strand as it resists external loads on the member. The
definition is discussed in Section 1.2.2 and is not repeated here.

Embedment length is a property of the loading case and/or geometry of the beam

or structure. It is distinguished from development length which is a function of material
properties. Simply stated, embedment length is the bonded length of the strand from the
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beginning of bond to the critical section. The embedment length was varied for each test.
Embedment length begins with bond, usually at the ends of a beam, and extends to the
critical section. Strands bonded from the ends of a member are called "fully bonded." In
cases of debonded strands, the embedment length begins where the debonding ends.

In most design applications, and in the literature, the critical section is interpreted
as the point of maximum moment. This is the definition that is used in this chapter.
However, as will be shown, the critical section for bond and development may be disparate
from flexural behavior. In fact, one may consider each section of the beam to be critical
for bond and perform a check at each section for required development length. However,
for purposes of discussion in this chapter, the critical section is defined as the point of
maximum moment and the embedment length is the distance from the end of the beams to
the load point.

4.1.2 AASHTO and ACI Code Provisions. AASHTO and ACI codes are nearly
identical with regard to development length. ACI development length provisions are
repeated here for discussion:

12.9.1 Three- or seven-wire pretensioning strand shall be bonded beyond the
critical section for a development length, in inches, not less than

2
(s - 210 0,

where d, is strand diameter in inches, and f, and f,, are expressed in kips per
square inch.

12.9.2 Investigation may be limited to cross sections nearest each end of the
member that are required to develop full design strength under specified ultimate
loads.

These provisions, when interpreted broadly, can account for a variety of load
conditions. Implicit in these provisions are requirements to develop strand to the critical
section for shear. In keeping with a broad interpretation for development length, Section
12.9.2 encourages the engineer to investigate the end regions of the beam. However, in
practice, strand development is checked only for flexural capacity because of the treatment
of strand stresses.

In the code provisions listed above, development length varies as a function of strand
tension at the nominal flexural capacity, f,, (f*,,). Both codes contain formulae relating f*,,
and £, to the strand stress at nominal flexural capacity. It is only natural that development
then be treated primarily as a requirement of flexural loads. Even though f, and f,, may
be treated in more general terms by using a more discriminating analysis, the code misleads
the user in prescribing development length as a requirement for flexural resistance.

,,,,,,,
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Even so, examining development, or bond failure, as an antithesis to flexural failure
helps to understand the general idea of strand anchorage and development. If embedment
length is greater than the required development length (Le > Ld), then the beam fails in
flexure. Conversely, if embedment length is less than the required development length
(Le < Ld), then the beam fails in bond.

However, other behavioral mechanisms impose additional requirements on strand
development. Tests reported in this and other research consistently demonstrate web shear
cracking to precipitate anchorage failures® #4055 Typically, when shear cracks form near
the ends of a specimen, pretensioned strands must carry additional tension. Using a truss
analogy, when web cracks form, the concrete loses its tensile capacity and the prestressing
steel must carry the tension required of the bottom chord. In many of the tests, when web
shear cracks formed at the ends of a beam, the embedment length of the strands was
insufficient to develop tension required to sustain the shear capacity, and the strands failed
in bond. Laboratory tests***® on pretensioned beams demonstrate the tendency of beams
to collapse in shear upon the formation of web shear cracks.

Anchorage failures from shear cracking suggest the existence of a critical section
which does not coincide with the region of maximum moment. In truth, neither AASHTO
nor ACI can ever define the critical section. Instead the crifical section must be defined by
any and all possible failure mechanisms. Engineers must be aware of sections that might
be susceptible to anchorage failures, which include more possibilities than just the anchorage
required for flexural bond and development.

4.2  Development Length Tests

Nineteen tests were performed on beams that were I-shaped to resemble AASHTO-
type composite sections. Additionally, nine tests were performed on rectangular beams. Of
the AASHTO-type specimens, nine tests were performed on specimens with 0.5 inch strands
and ten tests were performed on specimens with 0.6 inch strands. Five tests were performed
on beams with 0.5 inch strands while four tests were conducted on rectangular beams with
0.6 inch strands. Details of the cross sections and specimen numbers are given in
Figures 4.1 and‘ 4.2. In all, a total of 28 tests were performed on 13 beams. Most of the
specimens were tested twice, once at each end. The specimen numbering system, given in
Table 3.1, is coded to distinguish the characteristics of each specimen.

Some additional details of the testing program were reported in a Master’s Thesis
by Bruce Lutz, Measurement of Development Length of 0.5 inch and 0.6 inch Diameter
Prestressing Strand in Fully Bonded Concrete Beams.®

4.2.1 Specimen Fabrication. All of the specimens were built in the Ferguson
Structural Engineering Laboratory (FSEL) at The University of Texas at Austin. Specimens
were fabricated following a consistent sequence of procedures:
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1) Stress strand to 75% f,, (202.5
ksi)

2) Placement of mild reinforcement

3) Placement of formwork

4) Casting of concrete

S) Curing of concrete in place (two
days)

6) Release of pretensioning

The specimens were tested in sequence,
but not before concrete had gained
design strength for testing.

The strands were stressed
individually using a hydraulic double
headed actuator. The actuator is made
specially for pretensioned applications
and contains a nose piece that seats the
teeth of the chuck into the strand
before releasing the prestress force.
Elongations were also measured to
ensure that correct tension was applied
to the strand.

Mild reinforcement consisted of
longitudinal top steel and vertical shear
stirrups. No mild steel was placed
longitudinally in the bottom of the cross
section. The cross section details of
Figures 4.1 and 4.2 show the mild
reinforcement. Shear reinforcement
was designed in accordance with
AASHTO and ACI provisions. The
photograph in Figure 4.3 shows the
fabrication area, and includes a
reinforcement cage, the prestressing bed
and the formwork for casting concrete.

Tension in the strands was
released by flame cutting. The strands
were cut at 100% of pretension without
any gradual lessening of tension before
cutting. Strands were cut in a sequence
that alternated between opposite ends of the prestressing bed.

AASHTO-Type Girders AASHTO- Type Girders
0.5 inch Strands 0.6 inch Strands
FA 550 - 1 thru 4 FA460-1,2,3,F4,5and6

Cross Section Properties:
A=177.30f
| =g9194irt
¥ =12.891in

Figure 4.1 AASHTO-Type Girder Cross
Sections

324 in |

16

21 s s |3 Strands 0.5" or 0.6" diameter
|

Cross Section for
Rectangular Beams

FR350-1and 2
FR360-1and2

Figure 4.2  Rectangular Beam Details
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4.2.2 Material Properties.
The strand’s ultimate strength
was specified at 270 ksi. The
seven-wire, low relaxation
prestressing strand used in these
tests is the current industry
standard for prestressed
applications.  The  ultimate
strength of the strands was tested
at Ferguson Lab. The strands’
ultimate strength was 281 ksi for
the 0.5 inch strand and 276 for
the 0.6 inch strand. FR350
beams contained strands with an
ultimate strength of 283 ksi.
Stress versus Strain data were
provided by the strand
manufacturer and are shown in Figure 4.3  Fabrication of AASHTO-Type Beams
Appendix A, Figures Al, A2
and A3.

The concrete strengths were originally designed to be 4500 psi at release and 6000
psi for 28 day strength. Concrete proportions are given in Table 4.1. The original mix
design specified nominal 3/8 inch maximum sized coarse aggregate. However, problems
casting the first beams in the series, beams FAS550-1 and FA550-2, forced a change in
aggregate size. In these first two beams, initial set occurred before the concrete could be
properly consolidated and some honeycombing resulted. For subsequent casts, the mix
design was changed, substituting 5/8 inch course aggregate for the 3/8 inch aggregate.
Higher concrete strengths resulted. Concrete strengths are given in Table 4.2.

4.2.3 Testing Apparatus. The testing apparatus is shown in the photograph in
Figure 4.4. The apparatus included a loading frame, a hydraulic actuator, a spreader beam
to create a constant moment region, and support beams which allowed the support locations
to be varied from test to test. Development length testing requires that embedment length
be varied from test to test. Results from previous tests are used to determine the
embedment length for future tests. By varying the support locations, embedment lengths
could also be varied accordingly.

Figure 4.5 illustrates a typical loading condition. Embedment length and span were
varied from test to test. These dimensions are shown with the load deflection curves for
each beam. For each test, the applied moment between the load points was kept constant.
This was done by varying the location of the load point atop the spreader beam. The
distance between the load points of the spreader beam onto the, test specimen were kept
constant at 24 inches.
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TABLE 4.1

CONCRETE MIX PROPORTIONS
AASHTO-TYPE BEAMS

TABLE 4.2

CONCRETE STRENGTHS AT FLEXURAL TESTING

AND RECTANGULAR BEAMS
BEAMS WITH 0.5" STRANDS BEAMS WITH 0.6" STRANDS
BEAM CONCRETE BEAM CONCRETE
MATERIALS WEIGHT PER STRENGTH STRENGTH
CUBIC YARD (PSD) (PST)
Type I Cement 611 LBS. FAS50-1 5110 FA460-1 6360
FA550-2 5110 FA460-2 6850
Water 290 LBS.
FA550-3 5430 FA460-3 6850
Coarse Aggregate! 1680 LBS. FA550-4 5850 FA460-5 7400
(5/8 inch Gravel)
FA460-6 7440
Fine 1355 LBS. FR350-1 6790 FR360-1 7020
Aggregate(Sand)
FR350-2 6750 FR360-2 7020
Water Reducer® 37 fluid oz.
(M.B. 761-N)

3/8" aggregate was specified for
FA550-1 and 2. Concrete for all
other beams contained 5/8"

aggregate.

Quantity and type of water reducer
varied somewhat from cast to cast.
However, all water reducers were
low range water reducers.

Figure 4.4 Testing Apparatus

-
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4.2.4 Instrumentation.

Instrumentation measured load 330 n -
applied, beam deflection and le=72in 7625 5a7s
strand end slip. Other data 1 Note . vy for saen
measured electronically included octart marment rogon

. . batween load points,
hydraulic pressure and electrical P

resistance strain gages (ERSG’s)
applied to strands. Figure 4.6

i]‘luStrates the inStmmentation %:::::E::;::E:::::::::::::::::::::::::::::
and locations where ‘ Ay
measurements were taken. ‘

|
7 7 7 Z
Load was measured using Q! 212in J

an electronic load cell at the
hydraulic actuator. Deflection
and end slips were measured by
linear potentiometers. All of the
electromic  instruments were
calibrated prior to testing. End slip measurements are accurate to +0.001 inches, thus even
very small end slips were detected for each individual strand.

Figure 4.5  Typical Dimensions of Test Setup for
Development Length Tests

Figure 4.5 illustrates a typical loading condition. Embedment length and span were
varied from test to test. These dimensions are shown with the load deflection curves for
each beam. For each test, the applied moment between the load points was kept constant.
This was done by varying the location of the load point atop the spreader beam. The
distance between the load points of the spreader beam onto the test specimen were kept
constant at 24 inches.

Figure 4.5 illustrates a typical loading condition. Embedment length and span were
varied from test to test. These dimensions are shown with the load deflection curves for
each beam. For each test, the applied moment between the load points was kept constant.
This was done by varying the location of the load point atop the spreader beam. The
distance between the load points of the spreader beam onto the test specimen were kept
constant at 24 inches. Concrete strains were measured on top of the beam in the constant
moment region of each test. Measurements were taken at each load increment with the
DEMEC gage system discussed in Chapter 3. Two pairs of DEMEC gage points were
located on the top of the compression flange on opposite sides.

4.2.5 Test Procedure. Beams were loaded statically until failure. ILoad was
increased at regular increments of approximately 2.0 to 5.0 kips until first cracking.
Measurements were recorded at each load increment. Cracking loads and crack locations
were noted and recorded. After cracking, load was increased in smaller increments. Any
special behavior was noted and crack patterns were marked on the specimen. Web shear
cracking loads were noted and recorded as were any significant strand end slips. Failure
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was defined as the beam’s
inability to resist increased load.

Ls, Embedment Lan,
Flexural failures resulted in Mot
compression failure of the top Lineas Poteciiometors
flange of the beam. Anchorage Test Frame the boam and end siip
failures resulted in general slip O - p
of the strand relative to the \ Load Coll

Fot-nﬁom« 1

concrete and a sudden loss of
bearn capacity. -:::1"::——:‘::::::::::::::::::::::::::::::
Load Cel Load Col
Development length } &m/f :
cannot be tested directly, 7 7 >

meaning that one cannot

determine the required Figure 4.6 Instrumentation for Development Length
development length by Tests

performing a single test. In this

research, development length is obtained by a progression of tests where the result from
each individual test becomes a single data point for the whole development length test
series. In a succession of tests, embedment length is varied from test to test. Failure mode
‘is considered before the embedment length for the next test is chosen. If, in the sequence
of tests, bond failure occurs at the tested embedment length, then the next test can contain
longer embedment in hopes of obtaining a flexural failure. In this manner, the two possible
failure modes can be spanned by different embedment lengths. Longer embedment lengths
are more likely to produce flexural failure and shorter embedment lengths are more prone
to bond failure. As the test series progresses, the division between failure modes becomes
more and more distinct. In this series, many tests were performed at or near the
"borderline” between flexural failure and bond failure.

Each beam specimen was tested at least twice, once at each end. The first test on
a specimen is designated Test "A" while the second test is designated Test "B". This
procedure was possible because individual anchorage zones exist at each end of each
pretensioned beam. Normally, the second anchorage zone was undisturbed from the first
test, so the second test yielded a valid test. The only noticeable effect of testing beams
twice was that flexural cracking from the first test sometimes influenced the initial stiffness
of the beam in the second test. Two beams, Specimen FAS550-1 and Specimen FR350-1
were tested three times. Tests FA550-1A, FA550-1B, and FA550-1C are all tests performed
on the same beam. The load deflection curve of Test FAS50-1C did not indicate a definite
cracking point because the beam was already cracked from tests FA550-1A and FA550-1B.

43  Development Length Test Results
4.3.1 Test Results, AASHTO-Type Beams. In this section, results are reported from

beam tests on the AASHTO-type series FA550 and FA460. Again, all of these specimens
contain fully bonded strands with the strand arrangement shown in Figure 4.1. The FAS550

| |' C
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B series beams each contained five 0.5 inch strands. The FA460 series beams each contained
four 0.6 inch strands. Behavior of both series of beams is remarkably similar,

. Two types of failures were observed in this test series, flexural failure and shear/bond
failure. Flexural failure is evidenced by crushing of the concrete after yielding of the
M strand. Two criteria, capacity and ductility, must be met to classify a failure as flexural.

_ First, the ultimate flexural capacity of the section must be developed; and second, the beam

must experience large deformations past the yield point (ductility). Ductility is a

‘ requirement in these test series and in current design standards for flexural members,

. because beams are underreinforced. By meeting the criteria of capacity and ductility, a

7 beam demonstrates a predictable load capacity with reasonable warning before collapse.

’1 ' Flexural failures are desirable because they achieve an easily predicted limit state while

| providing warning before collapse. Without these two criteria for capacity and ductility, a
failure cannot be classified as a flexural failure.

Failure mode versus embedment .
- length is plotted from 0.5 inch strand
- specimens in Figure 4.7, For specimens e
with 0.6 inch strands, Figure 4.8 plots
, - the failure mode versus embedment
- length. Development length is defined
by the borderline between failure

Maasured Development Length, Ld = 72in.

) modes. For 05 inch strands the rawe |
J required development length was 72 " TPoorGonsoldatn
R inches and for 06 iI.'lCh strands iT. was 84 Failure Mode vs. Embsdment Lsngth

84 96 108 120 132 144 156

. 1 48 60
\ inches. These measured development  Emsmont gt

; lengths are indicated on the plots.

The range of calculated Figure4.7 Development Length Tests: 0.5

) development lengths are also indicated Inch Strands in AASHTO-Type
on the plots by the shaded areas labeled Beams

a "AASHTO/ACL.." These values were

- calculated using AASHTO equation 9-32. Using the values for strand stresses, £, = 260 ksi

and f,, = 150 ksi, the calculated development lengths are L, = 80 inches for 0.5 inch strand,

and Ly = 96 inches for 0.6 inch strand. Even though the measured development lengths

= show the calculated code values to be slightly conservative, the measured development

lengths do fall within the range of possible calculated values from AASHTO 9-32. If f;, =
250 ksi and f,, = 160 ksi, then the calculated development lengths would be 72 inches for
0.5 inch strands and 84 inches for 0.6 inch strands.

Results from the AASHTO-type beam tests are presented in Table 4.3- The table
gives the embedment length and the mode of failure. The measnured value of the ultimate
. moment is listed and compared to the calculated value for nominal flexural capacity.
N M,(calc) is calculated from strain compatibility principles and corresPORds to a concrete

/
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strain of 0.003 in/in. M,(calc) is 3541
k-in for the FASS50 beams and 3940 k-in
for FA460 beams. Concrete strain at
the ultimate load is listed for each test.
These strains were measured in the
region of maximum moment on the top
fiber of each beam. Concrete strain is
a good indicator of the failure mode.
Generally, if the concrete strain reached
or exceeded 0.003 in/in, then the failure
was probably flexural. Conversely,
beams that failed in bond generally did
not develop ultimate concrete strain
because the strand anchorages failed
before large deformations could occur.

A flexural failure is
demonstrated by Test A on Specimen
FA550-3.  The calculated ultimate
flexural capacity of 3541 k-in was
exceeded by the ultimate moment
during the test by 3.4%. Flexural
failure occurred at a load of 77 kips.
Concrete fibers at the top of the beam
crushed at a strain of 0.004148 in/in.
Maximum beam deflection was
measured at 1.90 inches at the ultimate
load and failure. Load versus deflection
is plotted in Figure 4.9 along with end
slips. If yield is defined as 90% of
ultimate load, then the deflection at
yield is approximately 0.75 inches.
Dividing 1.90 inches by 0.75 inches gives
a ductility ratio of about 2.5. Note that

Flexurat
Failure

Bond
Failure

Figure 4.8

Measured Development Langth, Ld = 84 In,
18 1A
— —
V vV
AASHTO/ACY
Rangs of Posslble Values for
retopment Len
Shear Relint!
Failure Mode vs. Embedment Length

72 84 95 108 120 132 144 156 188 180
Le, Embedment Length{in)

Development Length Tests: 0.6
Inch Strands 'in AASHTO-Type
‘Beams

100

@
o

Load (kips)

. [Flexural Crushing
. | Falture

End Slip (in)

Figure 4.9

Beam FAS50-3 Test A: Typical
Flexural Failure

no strand slip was detected. The photograph in Figure 4.10 illustrates a typical flexural
cracking pattern, taken from Test FA550-3A.

Bond failure denotes the complete or nearly complete loss of bond strength. Bond
failures are characterized by gross displacements of the strands relative to the concrete, and
strand end slips into the concrete are noted. Many times, beams failing in bond do not
develop the full flexural capacity of the section, or if they do, they cannot sustain load
Bond failures were typically more sudden and
explosive than flexural failures. In these tests, bond failures were generally accompanied

capacity through large deformations.
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TABLE 4.3
SUMMARY OF DEVELOPMENT LENGTH TESTS
AASHTO-TYFE BEAMS
Test No. L. M, (test) Mu/Mn Concrete Failure
(in) (k-in) Strain at Mode
Ultimate

FAS550-1A 140 3645 1.03 444 FLEXURAL
FAS50-1B 60 3730 1.05 2146 SHEAR/BOND
FAS50-1C 100 3617 1.02 2756 FLEXURAL
FAS550-2A 2 3222 0.91 1938 SHEAR/BOND
FAS550-2B 92 3683 1.04 2382 SHEAR/BOND?
FAS50-3A 92 3663 1.03 4148 FLEXURAL
FAS550-3B 76 3675 1.04 3724 FLEXURAL
FASS504A 68 3576 1.01 1731 SHEAR/BOND
FAS504B 72 3796 1.07 3142 FLEXURAL
FA460-1A 1675 3798 0.96 3016 FLEXURAL
FA460-1B 128 4129 1.05 3113 FLEXURAL
FA460-2A 86 4059 1.03 3538 FLEXURAL?
FA460-2B 9% 3843 0.98 2228 SHEAR/BOND*
FA460-3A 100 4020 1.02 3192 FLEXURAL
FA460-3B 92 4048 1.03 3454 FLEXURAL
FA460-5A 80 3582 0.91 1646 SHEAR/BOND
FA460-5B 84 3562 0.90 1488 SHEAR/BOND
FA460-6A 88 4037 1.02 3198 FLEXURAL
FA460-6B 84 3910 0.99 3106 FLEXURAL

1. M_(cale) = 3541 k-in for FAS50's; M,(calc) = 3940 k-ft for FA460’s

2 Poor consolidation

3. Flexural failure w/ 0.15 inches End Slip

LL 4. Stirrup spacing too large __

by shear failures. These are called "shear/bond" failures in Table 4.3.

A typical shear/bond failure resulted in Test A on Specimen FA550-4. Even though
failure was not flexural, the maximum moment during testing reached the calculated
nominal moment. However, the beam did not possess any ductility because bond failed
before any large deformations could take place. Failure was classified as a bond failure.
Load versus deflection and end slip is plotted in Figure 4.11. Note that the first end slip
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corresponds to the first web shear
crack. This result is repeated in all
of the tests in this series. The first
end slip occurred with the formation
of web shear cracks. There are a
few exceptions, but generally, the
strands slipped when web shear
cracks formed. In Test FASS50-4A,
shear loads cracked the web at a
total load of 69.9 kips. The shear in
the shear span was 56.3 kips. The
photograph in Figure 4.12 shows
that several web shear cracks
formed simultaneously, marked by
the total load "70." As loading was
continued, the beam’s resistance also  _, )
increased. However, note the web Figure 4.10 Test FA550-3A: Typical Flexural
crack which formed at 80 kips, Cracking

marked "80" in Figure 4.12. This ,
crack formed through the transfer zone of the strands. Complete anchorage failure followed
formation of this crack.

The load versus deflection curves for all of the tests in the FAS50 and FA460 series
are plotted in Appendix C. By examining these plots, a correlation can be established
between first web cracking and first end slip. Also, the effect that end slips have on load
capacity is illustrated quite dramatically. In almost every case, large end slips are
accompanied by large losses in load. Table 4.4 lists the cracking loads for the FAS50 and

FA460 test series beams including both the flexural cracking load and the web shear
cracking load.

4.3.2 Influence of Web Shear Cracking on Development. In general, when a crack,
either flexural or shear, extends across a strand, then that strand must slip within a finite
distance adjacent to and on either side of the crack. Bond stresses increase adjacent to the
crack to develop additional strand tension due to cracking. In the case of flexural cracks
which form towards the middle of a span, long bonded lengths of strand are available to
develop strand anchorage. On the other hand, web shear cracks are not limited to the mid-
regions of a span. In fact, they are more likely to develop towards the supports in cases of
simply supported beams or in beams with debonded strands.

v When a web shear crack propagates across a strand, the strand must slip some finite
distance. Bond stresses are activated to develop additional strand tension. However, if the
shear crack extends through or near the anchorage zone of the strand, strand slip is likely
to occur. In the anchorage zone, bond is primarily the result of Hoyer’s effect, derived from
Poisson’s ratio causing expansion of the strand upon its release (transfer). Increases in
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100 1
| Load vs. Defiection | . .
— Bond Failure: =
- N w/ Web Shear ------------- L 0.8 Z
= v Cracking @
s ¥ : B
3 L

..1stWeb .,.....A..;.....g ................
Shear Crack :

Figure 4.11 Beam FAS50-4 Test A: Typical Shear/Bond Failure

strand tension at the crack
location cause Hoyer’s Effect to
be lost, at least locally. In turn,
strand slip is probable.
Furthermore, when the strand
slips, precompression in the
concrete decreases, and the
shear loads increase the tension
requirements on the strand. At
some point, pretensioned strand
can no longer resist tension
required by shear loads, and the
beam fails. Some beams that
failed in this fashion did so with
very violent and explosive

failures. Examples of this :
behavior are Tests FAS550-1B, Figure 4.12 Beam FAS550-4A: Typical Shear/Bond
2A, and 2B. Large concrete Failure

chunks were torn from the

bottom of the beams accompanying loud and dangerous failures. In Figure 4.13,
photographs of Test FAS50-2A illustrate dramatic shear/bond failures. Load versus
deflection and end slip for FA550-2A are shown in Figure 4.14. Later tests were loaded
more cautiously when shear failure was imminent so that sudden collapses were avoided.
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Interestingly, test specimen
FA550-4A was able to resist
increased loads beyond the inmitial
web cracks and end slips. Strands in
several of the tests experienced
small amounts of slip without
general bond failure. This
demonstrates the presence of
reserve bond strength beyond initial
strand slip. A closer look at the
photograph in Figure 4.12 reveals
that the initial web shear cracks,
marked "70" extend only to a
distance approximately 20 inches
from the ends. Transfer lengths for
these specimens were measured to
be quite short, 21 inches (Table 3.4), ,
and the initial web shear cracks may Figure 4.13 Photograph of FAS550-2A. Explosive
not extend through the transfer Shear Failure
zone. This may explain the
presence of web shear cracks and small end slips without general bond failure. If the strand
is anchored in the concrete in regions unaffected by the web shear crack, then the strand
should be able to develop additional tension to carry shear loads.

Another important point is that bond integrity of the lower strands may be preserved
even with web shear cracking. In the FA550 and FA460 specimens, four 0.5 inch strands
or three 0.6 inch strands are contained well within the bottom flange of the cross section.
Web cracks do not propagate through the bottom flange as readily as through the web
because shear stresses are smaller. Using the truss analogy, the tension chord is composed
of the precompressed concrete plus the pretensioned strand. Theoretically, before web
cracks can extend through the bottom flange, tension in the bottom chord due to shear loads
would have to overcome the precompression stresses in the concrete.

Initial web shear cracking occurred at a load of 69.4 kips with shear of 46.2 kips. If
the shear was resisted entirely by the truss mechanism, then the bottom tension chord must
carry 80 kips of tension, less than the 97 kips of precompression that is found in the bottom
flange, Figure 4.15. After initial web cracking, the beam, FAS50-4A, possessed additional
capacity. Load was increased until failure occurred at a total load of 83.8 kips with a shear
of 55.9 kips. In Figure 4.15, a representation of the truss model depicts the load case of
Test Specimen FA550-4A at its failure load. In specimen FAS50-4A, total precompression
force from the four bottom strands equaled:
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4 strands x 0.153 in® x 160 ksi = 97 kips

Again, if shear is resisted entirely by the truss mechanism, then the tension chord must resist
about 97 kips of tension. As tension in the bottom chord approaches the total amount of
precompression, the crack propagates through the bottom flange and general bond failure
of all the strands causes complete beam failure. In the photograph, Figure 4.12, web shear
cracks marked "70" remain in the web. Conversely, the web cracks marked "80" extend
through the bottom flange. These cracks occurred at a total load of approximately 80 kips,
and the beam failed very soon after these cracks formed. This test demonstrates that web
shear cracks do not necessarily extend through the bottom flange upon first cracking, and
that additional beam strength exists beyond web cracking, even though strands have slipped.
However, under increasing load, cracks are likely to propagate through the bottom flange
and cause general bond failure.

predicting web shear 601
cracking, reasonably good
correlation is found. The

web shear crack is calculated 40
to occur at a principal
inclined tepsile stress equal
to 4/f'c as given by an elastic
analysis. The calculation for
web shear cracking considers 0 ST 2
the transformation of stress Defiection (in)

at three different possible

first cracking locations. The Figure 4.14 Beam FAS50-2 Test B: Sudden Collapse

calculation for web shear Simultaneous Bond Failure and Shear Failure
cracking is described in

Figure 4.16. Point A falls

within the transfer zone from the end of the beam and the effective prestress is reduced by
the proportion of *%/,, ., where 13.09 inches is the distance of Point A from the beam’s end
and 25 inches is approximately one transfer length.
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fa = axial stress,
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Figure 4.15 Truss Model of Shear Load at Failure  Figure 4.16 Calculation of Initial
Test FAS50-4A - Web Shear Crack

If the web cracking shear is known, a simple calculation gives an approximation for
the measured development length:

= 81.8inches

44.97k

Mftes)| _ ag79k”
V,(tesh avg

While 82 inches is slightly longer than the measured development length of 72 inches for
0.5 inch strands, this method can still become a powerful predictor of development length
failures for any given cross section. For 0.6 inch strands, the same expression is given as
follows:

M (tesi)

_ 001K _ oo o
[Vm(test)] -~ Zs.0pk ~ 2eSmenes
avg

and 89 inches compares favorably to the 84 inches measured. While, these calculations
reflect that complete bond failure did not occur with web cracking in every case, the
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calculation is easily performed and it provides a reasonable and slightly conservative
predictor of anchorage failure.

TABLE 4.4 T
SUMMARY OF FLEXURAL AND WEB SHEAR CRACKING
AASHTO-TYPE BEAMS
Flexural Crackiﬁ Web Shear I_n;Slip Fail

Test Neo. P, M, ! P, v 2 Mode
FAS50-1A 38.03 422—41 - - - FLEX
FAS550-1B 50.24 1876* €8.75 45.83 V. BOND
FAS550-1C N/A N/A None None - FLEX
FAS50-24 50.98 2213 67.70 43.21 Ve BOND
FA550-2B 50.04 2385 77.25 41.85 V. BOND
FAS550-3A 50.76 2420 76.66 4152 - FLEX
FAS50-3B 51.26 2335 72.79 46.05 - FLEX
FAS50-4A 54.59 2329 69.39 46.26 V. BOND
FAS5504B 5045 2190 7843 50.06 vV, FLEX
FA460-1A 3130 2436 - - - FLEX
FA460-1B 4152 2574 - - - FLEX
FA460-2A 53.84 2529 81.48 46.68 P=74.1 FLEX
FA460-2B 35.72 2563 8355 4178 V. BOND
FA460-3A 5241 2516 - - S FLEX
FA460-3B 59.73 2628 - - - FLEX
FA460-5A 56.46 2592 76.26 46.08 V. BOND
FA460-5B 54.62 2549 74.32 43.36 Ve BOND
FA460-6A 54.25 2563 80.82 45.46 V. FLEX
FA460-6B 5436 2537 80,55 46.99 Ve FLEX

1 M_(calc) = 2222 k-in for FA550’s; M, (calc) = 2435 k-in for FA460’s

2. V. {calc) = 40.2 kips for FAS50’s; V_(calc) = 42.0 kips for FA460’s

3. Honeycomb .

In conclusion, these tests demonstrate that web shear cracking precipitates initial

bond slip. Even though total bond failure does not always coincide with web cracking and
initial bond slip, web cracking does precipitate strand slip. In turn, strand slip increases with
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additional load and bond failure will occur. Perhaps, a simpler model for bond failure is
given in this statement: :

In tests where web cracking did not occur, bond did not fail; strand anchorage
proved to be sufficient to resist external loads and the strand was adequately
developed. —

4.3.3 Test Results, Rectangular Beams. The rectangular beams were designed and
tested to study how different cross sections affect strand development. Specifically, because
web shear cracks could not form in these rectangular cross sections, the development lengths
could be measured without influence from web shear cracking. Four beams were cast, each
had three strands as shown in Figure 4.2, and a total of nine tests were performed on the
four beams. Two of the beams contained 0.5 inch strands and two of the beams contained -
0.6 inch strands. Test results are reported in Table 4.5. The end slip recorded in plots for
these tests and shown in Appendix C is the strand that had the largest slip of the three

strands. -
TABLE 4.5
, N
SUMMARY OF DEVELOPMENT LENGTH TESTS
RECTANGULAR BEAMS
Test No. L, M, (test) Mu(test)/ Concrete |- Failure
(IN) K-IN Mn({calc) Strain at Mode "
Ultimate L
FR350-1A 60 1044 0.64 680 BOND
FR350-1B 72 1087 0.67 1408 BOND ( ;
FR350-1C 150 1675 103 1588 FLEXURAL -
FR350-2A 84 1461 0.90 2880 BOND/FLEX M
FR350-2B 96 1604 0.98 3100 FLEX/BOND -
FR360-1A 9%6 2010 0.98 3872 FLEXURAL r
FR360-1B 96 2015 0:98 3704 FLEXURAL L
FR360-2A 24 2039 099 4652 FLEXURAL r"‘
FR360-2B 7 2111 1.03 4100 FLEXURAL L.
1 M,(calc) = 1629 k-in for FR350 series beams. Calculated by strain compatability. -
2. M_(calc) = 2056 k-in for FR360 series beams. Calculated by ACT (18-3).

= — o

The first test of the series, FR350-1A, gave a surprising result. Embedment length ro
for the first test was chosen at 60 inches. Flexural failure was expected even though this L
length was shorter than the 72 inches measured for development length of the AASHTO-

" l‘ J
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type beams. Because web shear cracking was not a factor for the rectangular beams,
72 inches could be considered an upper limit for the rectangular beams given that test
: conditions and materials were similar to the AASHTO-type beams. However, the result of

test FR350-1A was a bond failure. Interestingly, this was the first bond failure from pure

flexural behavior in all of the tests. Additional tension in the strand was imposed from
\ flexural loads only. No increase in tension was required to resist shear cracking as was the
- case in the FA series. Load versus deflection and end slip is illustrated in Figure 4.17. In
this test, bond slip and subsequent bond failure was initiated by a flexural crack at a
distance 38 inches from the end of the beam, as noted in the figure. The crack and the slip
L occurred at the same load increment and it is not possible to determine whether the strand
slipped before the concrete cracked or vice versa.

40 - - . 4
a 7 Load vs. Deflection _ . Bond Failure: 3
) £ : T | Flex/ Inclined =
kS . | Shear Crack @ 38 g
BN 8 30 RIS e e -3 ul
J
T gl F.mCrack @ 38 |z Lo
:
1 L1
¢ J
E 75 2"

- Defiection (in)

Figure 4.17 Beam FR350-1 Test A: Bond Failure of Rectangular Beam with 0.5 Inch
Strands ‘

Interestingly, this crack formed at an applied moment that was less than the cracking
moment. The first flexural cracks formed at a load of 27.4 kips in the region near the
maximum moment at crack locations 56 inches, 67 inches, and 87 inches from the end of the
beam. The moment at first cracking was calculated from statics to be 1010 k-in. The crack
. at station 38 inches formed at a total load of only 28.3 kips and an applied moment of

634 k-in, less than two thirds of the expected cracking moment. This suggests that the beam

suffered from lower precompression in this region. However, if the transfer length was

25 inches or less as it had been in the case of the AASHTO-type beams, the section
: 38 inches from the end should enjoy full precompression. A photograph of Test FR350-1A
is shown in Figure 4.18.
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After the second test,
FAS550-1B, also failed in bond at
an embedment length of 72
inches, a third test was
performed on beam FAS550-1 to
determine if flexural failure
could be achieved. The third
test was to determine ultimate
flexural moment, and to study
the cracking patterns of a
flexural failure. The beam was
loaded in the center so the
embedment length was 150
inches in either direction. Of
course, the beam was cracked
from the two previous tests.
From the load versus deflection
and end slip plotted in Figure 4.18 Photograph of Cracking at Failure Beam
Figure 4.19, the beam failed in FR350-1 Test A: Bond Failure
flexure at the calculated nominal
capacity. However, the most interesting result of this test was the cracking pattern, and
particularly the crack spacings. For this test, only four flexural cracks were formed, at
58 inches, 64 inches, 81 inches, and 89 inches, measured from the south support. The
average crack spacing for this beam was 10.33 inches.

Crack spacing is an important indication for determining relative bond strength.
Strong bond between concrete and steel results in close crack spacing and a greater number
of cracks. Weak bond results in fewer cracks spaced further apart. In beams where smooth
wire or unbonded tendons are used for prestressing, only one or two cracks will form. A
hinge forms at the crack location and steel tension is not redistributed to adjacent concrete.
In beams with stronger bond, the bond stresses relieve the strand tension by redistributing
tension into the concrete. This results in more concrete cracks at narrower spacings.

Table 4.6 lists the average measured crack spacings for AASHTO-type and
rectangular beams. In the rectangular beams (FR350’s and FR360’s), crack spacings were
larger with 0.5 inch strands than with 0.6 inch strands. Beams with 0.6 inch strand had
cracks spaced at only 6.85 inches whereas the beams with 0.5 inch strand had cracks spaced
at 11.94 inches, almost twice as much. This is a very strong indication that bond of the 0.5
inch strands was weakened.

In the remaining tests of the FR350 series, embedment length was increased with
each test. In the final test, FR350-2B, at an embedment length of 96 inches, the beam failed
in flexure. Load versus deflection and end slip is plotted in Figure 4.20. Even in this test,




\ TABLE 4.6 -
| AVERAGE CRACK SPACINGS DISTANCE BETWEEN FLEXURAL CRACKS
TESTS ON AASHTO-TYPE BEAMS AND RECTANGULAR BEAMS
; BEAMS WITH 0.5" STRANDS BEAMS WITH 0.6" STRANDS
TEST CRACK SPACING (IN) TEST CRACK SPACING (IN)
T FAS50-1A N/A FA460-1A N/A
. FAS50-1B N/A FA460-1B N/A
| FAS50-1C N/A FA460-24 16.0
‘,; FAS550-2A 6.6 FA460-2B 117
FAS50-2B 6.6 FA460-3A 155
j FAS50-3A 104 FA460-3B 16.0
FAS550-3B 13 FA460-5A 123
! FAS50-4A 75 FA460-5B 15.0
J , FAS5504B 815 FA460-6A 145
FA460-6B 8.9
D FR350-1A 123 FR360-1A 65
% FR350-1B 14.0 FR360-1B 71
FR350-1C 103 FR360-24 66
. FR350-2A 117 FR360-2B 72
L FR350-2B 114
S AVG. FR350 g AVG. FR360 69
60 . 06
z  Load vs. Deflection \ %
.5?; v} O SR S SO Flexura|. Crushing ....los g
35 Failure w
........................ 0.4
| Los
-toz
= : : 0.1
5 03 T 15 2°
rrrrr Defiection (in)
. Figure 4.19 Beam FR350-1 Test C: Forced Flexural Failure
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Figure 420 Beam FR350-2 Test B: Flexural Failure With End Slip

end slips to 0.25 inches were
noted as the beam deformed at
ultimate capacity. In fact this
test was best be described as a
borderline failure because
ductility was limited at the
ultimate capacity before bond
failure occurred. Figure 4.21 is
a photograph showing this
failure.

The rectangular beams
with 0.6 inch strands (FR360’s)
behaved similarly to the
AASHTO-type girders except, of
course, without web shear

cracking. Because of the
experience from the FR350 Figure 421 Photograph of Beam FR350-2 Test B:
series, with 0.5 inch strands, Flexural Failure With End Slip

embedment lengths were ;
lengthened for the initial tests. Beam FA360-1A was tested at an embedment length of 96
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inches. This corresponds to approximately 1.0 L, as given by the code equations. Also, this
was the required development length from the FR350 series. Test FR360-1A failed in
flexure with no end slip. In Table 4.5, the concrete strain at failure was 0.003872 in/in and
the moment reached 98% of the calculated capacity. The load versus deflection curve
shown in Figure 4.22 has the form of a typical flexural failure for a pretensioned beam.

50 5
_ : Flexural Crushing =
a - Failure =
£ | |Load vs. Deflection — e
Y40 Foee e _042
Q : =
- . 1T}

-0.3
0.2
-0.1
0
3

Deflection (in)

Figure 4.22 Beam FR360-1 Test A: Typical Flexural Failure Rectangular Beams With 0.6
Inch Strands

In test FA360-1B, the same embedment length was tested again because of concern
over a splitting crack that had formed upon transfer of the strands’ tension. This crack,
shown in the photograph of Figure 4.23, formed along the bottom of the beam for a short
distance, corresponding to the center strand location. Figure 4.24 plots the load-deflection
curve for Test FA360-1B. When this curve is compared to the curve from Test FA350-1A,
the curves appear identical for the first 2 inches of deflection. In fact, behavior was exactly
the same and no detrimental effects can be attributed to the splitting crack. In Test 1B,
loading was continued past concrete crushing, and capacity of the beam was reduced with

increased deflection.

For the remaining two tests in the FR360 series, embedment lengths were reduced
for each test in an effort to define an embedment length that would cause bond failure.
However, both of the remaining tests resulted in flexural failures, meaning that a lower limit
for development length was not found. However, it can be said that length of bond required
to develop strand tension, at least for this test series, was less than 78 inches. Load versus
deflection responses and end slips for the last two tests are plotted in Figures 4.25 and 4.26.
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From the AASHTO-type
beams, development length for
0.6 inch strands was found to be
84 inches, but for FR360 beams,
1, is less than 78 inches. This
demonstrates that the required
development length is dependent
on properties of the cross
section. More specifically,
narrower cross sections that are
susceptible to web shear cracking
require longer development
lengths than cross sections that
have thicker webs (or no web in
the case of rectangular beams).

The tests on rectangular
beams are summarized in the Figure 4.23 Photograph of Splitting Crack, Beam
graphs in Figures 4.27 and 4.28. - FR360-1A, Before Testing
The graphs plot failure mode
versus embedment length. For the FR350 beams rectangular cross section with 0.5 inch
strands, the required development length was about 96 inches. However, if the bond
conditions had been similar to the FAS550 series, then the development length could have
been much shorter.

For the rectangular beams with 0.6 inch strands, the development length was less
than 78 inches. The plots FR360-1A and FR360-1B show very small amounts of end slip,
less than 0.01 inches. Greater strand slips were measured in many other tests, even resulting
in flexural failure. On the other hand, the presence of some strand slip is significant
because it indicates that bond stresses are active along the entire bonded embedment length.
Complete bond failure is likely at embedment lengths not much shorter than 78 inches.

4.3.4 Measured End Slips Compared to Transfer Length. The end slip data provides
evidence that the bond of the 0.5 inch strands in the FR350 series beams was poor. End
slip data measured the amount that a strand slips into the concrete upon release of the
pretensioning. End slip has been suggested as an alternative method to measure transfer
length. End slip measurements correlate with transfer length; the more a strand slips into
the concrete, the longer the transfer length must be. However, these measurements are only
indirectly related to transfer length and results cannot be considered as accurate as direct
measurements. Because transfer lengths were not measured directly on the rectangular
beams, end slips provide the only data to establish the transfer lengths on these specimens.

Figure 4.29 illustrates the relationship between end slip and transfer length. After
tensioning and before release, stress in the steel begins at f;. When pretensioning is
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Figure 424 Beam FR360-1 Test A: Flexural Failure With Transfer Splitting Crack

released, the steel stress at the end of the concrete is reduced to zero because there is no
restraint on the strand at its free end. Through the transfer zone, stress in the prestressing
steel, f,,, and stress in the concrete, f,,, increase proportionately. At the end of the transfer
zone, L, from the beam end, there is no slip between the concrete and the steel. Figure 4.29
expresses these concepts in terms of strain which may be easier to understand. Total
shortening of the steel is given by the expression:

_[Le fsl_fs(x)

and total shortening of the concrete is given by:

. 14X
Ac-—fol' dx

¢

The stress f, is the concrete stress at the steel centroid.
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Figure 425 Beam FR350-2 Test A: Flexural Failure With Small Strand Slip -
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Figure 4.27 Development Length Tests: 0.5 Inch Strands in Rectangular Beams
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Figure 428 Development Length Tests: 0.6 Inch Strands in Rectangular Beams
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End slips are approximate measures

of transfer length because the concrete and
steel stresses as a function of length are not €,
precisely known. However, by reviewing - €ee
the transfer length data, most of the data s
approximates linear shapes over large %
portions of the transfer length. Therefore, 3 € s
the variation of stresses can be taken as
linear with respect to length: 0
Length
ol = Thy 1R = TS Lt
‘ t Aps= JO (Esi - ES(X)) dx
If steel stress varies linearly, the concrete 5+ _
stress becomes a simple linear variation of A= f (Ec(x)) dx
the difference between steel stresses: _ X
EC(X)—' (esi = ese)-F
(o - Gt x
TE. L Slip= Ax - A~ Shaded Area
. 2 Eps
End slip is the difference between Lt = Slip fsi ) s fgrs i rmprocuoed
strand shortening and concrete shortening. Retoranca $10
The end slip is taken as:
Slip =A -8, Figure 429 Transfer Length as a Function
of End Slip

and the relationship between Slip and
Transfer Length, I, can be established:

L - Sll'px{ZXEps]
fa

Average end slips for each specimen are given in Table 4.7. Also included are the
transfer lengths calculated from end slips and the measured transfer lengths reported in
Chapter 3.

From Table 4.7, two facts stand out. First of all, the end slips measured on the
rectangular beams with 0.5 inch strand, FR350 beams, are much longer than end slips
measured on the AASHTO-type girders. The average end slip for the rectangular, FR350,
beams was 0.193 inches. For the AASHTO- -type girders, FAS50, the average end slip was
0.095 inches, less than one half the end slips in the rectangular beams. Secondly, the
transfer lengths calculated from the end slips are well over 50 inches. The two beams,
FR350-1 and 2 have transfer lengths in the range of 55 inches whereas the AASHTO-type
girders have measured transfer lengths of approximately 20 inches.
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TABLE 4.7
SUMMARY OF END SLIP DATA
AND COMPARISON WITH MEASURED
TRANSFER LENGTHS
AVERAGE MEASURED CALCULATED
BEAM MEASURED TRANSFER LENGTHS TRANSFER LENGTH?
END SLIPS (IN) anN) (IN)
NORTH _l SOUTH NORTH L SOUTH NORTH SOUTH
FAS50-1 0.075 N/A 18 16 21.6 -
FAS50-2 N/A 0.088 21 21 - 253
FAS50-3 0.081! 0.160 22 22 233 288
FAS50-4 0.094 0.131' 21 21 271 317
FR350-1 0.188' 0.177 N/A N/A 55.1 51.8
FR350-2 0.188 0.219" N/A N/A 55.1 64.2
FA460-1 0.102' 0.094 30 37 29.7 273
FA460-2 N/A N/A 34 37 - -
FA460-3 N/A N/A 33 33 - -
FA460-F4 0.125 0.133 28 29 364 38.7
FA460-5 0.125 0.133 32 3 364 38.7
FA460-6 0.117 0.086" 32 31 34.0 25.0
FR360-1 N/A N/A N/A N/A - -
FR360-2 N/A N/A N/A N/A - -
L Ends directly exposed to flame cutting.
2. Transfer Length is calculated from End Slips:
E,, = Modulus of Prestressing Strand.
f; = 196 ksi for all of these beams except FR360-1 and 2.

Because the transfer lengths for specimens FR350-1 and FR350-2 extend to over 20
inches, the theory presented in the Section 2.7 from the chapter on Elements of Bond is
reinforced. When the rectangular beam cracked at a distance 38 inches from the end of the
specimen, that crack propagated across the transfer zone of the strand. When additional
tension was required in the strand by the crack, a decrease in strand diameter resulted and
Hoyer’s Effect was lost. In turn, the loss of Hoyer’s Effect caused general bond failure. At
this point, the strand slipped through the concrete and the beam failed.
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Furthermore, the flexural crack 38 inches from the end of the beam was caused by
a moment approximately 2/3 the cracking moment for the fully prestressed beam. The
average first cracking moment was 1002 k-in from the three tests on beam FR350-1, yet this
crack at station 38 formed at a moment of 634 k-in. Consider the proportions of the two
cracking moments compared to the crack location divided by the transfer length.

14 /]
834 K" _ 63 38" _ 0.69

1002 k” 85"

| E——

)

While these two proportions are not exactly equal, they do demonstrate the relationship
between transfer length and cracking moment. In fact, while cracking moment is a linear =
function of the prestress force, its abscissa is not zero because the unreinforced concrete
possesses some tensile strength. In general, resistance to flexural cracking is reduced in the
transfer zone of the strands. The cracking moment is a function of the prestress force. If ~
the prestress force is not fully transferred, then the moment that causes first cracking is also L
reduced and the pretensioned member has less resistance to flexural cracking in the transfer

—
{

zone than in the regions where prestressed forces are fully effective. a
L

For the 0.5 inch strands, it is clear that the bond was weakened between prestressing
steel and concrete. The most reasonable explanation for poor bond performance is that the 8
strand’s surface condition must have become contaminated in some manner. Both of the L
materials used, the concrete and the prestressing steel, were tested and proven through _
other tests, leaving only the surface condition of the strand to explain the abnormal results. .
Hoyer’s effect is entirely dependent on friction, and to a lesser degree, so is mechanical -
interlocking. If the coefficient of friction is reduced significantly, then bond stresses will also |
be reduced. (—
LJ
In the fabrication of all of the test specimens used in this research, no oils were used -

anywhere near the prestressing bed, just to avoid possible contamination of strand surface.
Results from other researchers had sometimes been questioned because oil had been used
to oil the concrete forms. If results were unconservative compared to code provisions, then —
these results were discounted because oil was used on the project. ;

In the case of specimens FR350-1 and 2, there is some evidence that the strands
could have been contaminated with oil or other materials from the laboratory. As stated y
above, the use of oil was prohibited in the fabrication area of this project. The lone
exception came when fabrication of the debonded beams was completed in November of ‘
1990. At that time, a clear lightweight oil was applied to the plexiglass table tops in order L
to remove concrete laitance. This was done before the project was extended to its fourth
year and before the rectangular beams were planned. After approval for additional research
was obtained, the strands used in the FR350 beams were placed in the prestressing bed in —
April of 1991. Although the table tops were wiped clean, no cleaning solvents were used. B
Some oil could have remained to contaminate the strands. The strands were used in tests
on April 24, 1991 to determine the stiffness of the prestressing bed. The strands remained
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in place in the prestressing bed until strand tensioning on May 21, 1991 in preparation for
casting beams FR350-1 and FR350-2 on May 22. These three strands remained in the
prestressing bed for about one month between the testing on April 24 and casting on May
22. In this length of time, it is possible some foreign substances contaminated the strands.

In view of the end slip data, crack spacing and the history of the prestressing bed
prior to casting the two FR350 beams, it appears very likely that the strands’ surface
condition was contaminated in some manner, probably with the oil used to clean the
plexiglass; and that this contamination reduced the friction between strand and concrete,
significantly affecting the test results. While it is lamentable that these test results are
inconsistent with other data, some extremely important facts are dramatized by this accident.
Specifically, it should be recognized that form oil is commonly used in the pretensioning
plants to preserve the life of the forms. And in the plant production conditions, strand
surface contamination seems probable. These test results demonstrate the potential danger
to beam performance and strength compared to that expected with clean, fully bonded
strands. ‘

44  Summary

Altogether, 28 development length tests were performed. Tests included beams with
AASHTO-type I-shaped cross sections and also rectangular cross sections. Beams of both
cross sections were tested with 0.5 inch diameter strands as well as with 0.6 inch diameter
strands. The embedment length was varied for each test. In each test, two types of failure
were possible, flexural failure or bond failure. If bond failed at a certain embedment length,
then the embedment length was said to be less than the required development length.
Conversely, if the beam failed in flexure, then the embedment length was said to be greater
than the required development length. Consequently, development length is defined as the
embedment length that borders between flexural failure and bond failure.

The development length for 0.5 inch strands in the AASHTO-type beams was
determined to be 72 inches. For 0.6 inch strands, the measured development length was 84
inches. Test results are summarized in Figures 4.7 and 4.8 plotting failure mode opposite
the embedment length.

In I-shaped sections, web shear cracking was found to precipitate bond failure.
Because web shear cracking is discouraged by rectangular cross sections, the rectangular
beams with 0.6 inch strands exhibited shorter development length requirements than their
I-shaped companions. The development length for 0.6 inch strands in rectangular beams
was found to beless than 78 inches. These results are illustrated in Figure 4.28.

In tests performed on rectangular beams with 0.5 inch strands, results did not
conform to results from other beam series. In these specimens, the development length
requirements were found to be much longer than anticipated. Failure modes versus
embedment lengths are plotted in Figure 4.27. However, some other very important
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conclusions can be drawn from these tests. Evidence developed from cracking patterns and
end slip measurements suggested that these specimens suffered from poor bond. Longer
transfer lengths resulted directly in the longer development length requirements.

Finally, these beam tests conformed to the theories put forth in the discussion on
elements of bond. In every case, bond failure occurred only after cracks formed in or very
near the transfer zone. Once strand anchorage had been disturbed, general bond slip was
followed by eventual bond failure. In a few tests, small strand slips were detected without
complete bond failure. In those cases, the embedment length was very near the required
development length. These small slips are important, however, because they demonstrate
that additional bond stresses can be developed beyond initial strand slip and that small
strand slips are not always followed by complete anchorage failure.

Distribution of cracking is evidence of mechanical interlocking. As strand tension
increases across the concrete crack, mechanical interlocking provides the bond mechanism
to resist increases in strand tension. Mechanical Interlocking is highly dependent on friction
as evidenced by the abnormally large crack spacings in the FR350 tests. If friction was only
a small part of mechanical interlocking, then crack spacing would resemble the other tests

more closely.

To summarize development failures, cracking must occur at or near the prestress
transfer zone. In the AASHTO-type beams, flexural cracking did not occur near the transfer
zones. However, these beams were susceptible to web shear cracking. When web shear
cracking propagated through the transfer zone of a strand, that strand slipped through the
concrete. In many cases, general development failure resulted. In beams where the web
did not crack, these beams invariably failed in flexure.

In rectangular beams, flexural cracking is the only type of cracking likely to occur.
Shear cracking is limited to inclined shear cracks originating from flexural cracks. Again,
anchorage failures were limited to cases where cracking occurred in the transfer zones of
the strands. The rectangular beams with 0.5 inch strands point this out very dramatically.
Because the transfer zone was longer than for previous beams, flexural cracking occurred
within the transfer zone. Upon the initial flexural crack, bond failure and beam collapse

was the result.

Data from these tests, if considered independently, indicated that current code
provisions accurately predict the required development length. However, the code
provisions do not model the development of strand tension nor overall structural behavior.
Code expressions and discussions on strand anchorage are misleading and do not accurately
portray the beam behavior noted in these tests. Research at Florida Department of
Transportation (FDOT) has demonstrated that bond failures may occur at embedment
lengths much greater than the code required development length, given narrower cross
sections and/or different loading patterns. From the tests on rectangular beams, new
aspects on the development of bond are presented. The 0.5 inch strands contained in the
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rectangular beam tests slipped even at lengths exceeding required development length.
Conversely, the code provisions are proven conservative when compared to results from the
tests on rectangular beams with 0.6 inch strands.
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CHAPTER 5
PRETENSIONED BEAMS CONTAINING DEBONDED STRANDS:
PREDICTION AND BEHAVIOR

51 Introduction

In the construction of pretensioned beams, prestressing strands are concentrated in
the bottom of the cross section to provide maximum efficiency to resist flexural loads.
Because of the concentration of prestressing forces in the bottom of the cross section, the
allowable tensile and/or compressive stresses can be exceeded in the end regions of a beam.
In the middle regions of a beam away from the ends, pretensioned stresses are balanced by
the dead weight of the member. The traditional method to relieve overstresses in the end
regions has been to drape strands upward towards the ends of a pretensioned beam,
changing the strands’ center of gravity, and effectively reducing concrete stresses in these
Cross sections.

The debonding, or blanketing of strands is an alternative to draping strands in an
effort to control the maximum tensile and compressive stresses in pretensioned concrete
highway girders. Debonding, by definition is the intentional breaking of bond between
prestressing strand and concrete. This can be done by applying grease to the strands in the
regions requiring debonding, however, the most common practice is to wrap specially made
split plastic tubing which can snap around the strand, and prevent bond of the strand to the
concrete. Debonding strands can simplify girder construction; draping of strands is more
difficult and more dangerous. Debonded strands likewise enjoy economic advantages
compared to draped strands.

Rules governing the use of debonded strands have been established more on the
basis of engineering judgement than on experimental data. Under current code provisions,
the required development length for debonded strand is twice the basic development length,
except when zero concrete tension is allowed under service load conditions. These
provisions are to prevent beam failure due to special behavior associated with debonded
strand, most notably the possibility of bond failure and subsequent reduction in strength of
the member.

A series of static flexural tests were performed on beams containing debonded
pretensioned strands. An analytical model was developed that predicts anchorage failure
based on the propagation of cracks in the transfer zone of the debonded strands. Test
results demonstrate remarkable correlation with the predicted behavior. From the tests
discussed in this study and further development of the models predicting bond failure, design
of pretensioned beams with debonded strands should prove to be both economical and safe.

83



84
52  Current AASHTO and ACI Code Requirements

Current code provisions of ACI and AASHTO governing the use of debonded strands
are again nearly identical. The code provision is repeated here:

ACI Section 12.9.3 - Where bonding of a strand does not extend to end of
member, and design includes tension at service load in precompressed tensile
zone, as permitted by Section 18.4.2., development length specified in Section
12.9.1 shall be doubled.

Note: The basic development length is given in section 12.9.1 as:

L= (fps'%fse)db

Therefore 1.0 L; = 80 in. and 2.0 L; = 160 in. for 0.5 inch strands.

This provision requires that debonded strands must be bonded for a length equal to
twice the required development length for fully bonded strands. An exception is made if
the beam is designed so that no bottom fiber tension is allowed at service load.

The code provisions I = i
reflect the behavioral uncertainty o [ |
that surrounds debonded strands.
Even though- AASHTO

225

specifications allow debonded (20a7ssvands |. .| _awym) ym
strands, many states do not allow 7+ oo PN Blsym) B iy Langihs
their use because they fear that Teus| C
debonding strands significantly Ha[f[——lsw:wpem

weakens the pretensioned beam. w/ Composite Stab

The State of Texas currently . 90, 60 30, 60, g0

does not allow debonded strands
as an alternative to draping for
I-shaped girders, but does
employ debonded strands in box
shapes and other cross sections.

Girder Loading Diagram

Figure 5.1  Tests on Beams With Debonded Strands;

53  Review of Related Kaar and Magura (1965)

Research

Current standards for the development of debonded strands grew from the results of
three research projects conducted over a fifteen year period from 1965 to 1979.




85

5.3.1 Kaar and Magura, 1965." Kaar and Magura' tested three half scale
AASHTO Type I girders to study flexural behavior. The beams contained 3/8 inch
diameter strand. Cross sectional properties and loading arrangement is shown in Figure 5.1.
’ Construction was composite as the deck slab was cast upon a precast pretensioned girder.

TABLE 5.1

SUMMARY OF TEST RESULTS
ON
BEAMS WITH DEBONDED AND FULLY BONDED STRANDS

KAAR AND MAGURA (1965)

W BEAM LOAD CYCLES DEBOND PATTERN FAILURE MODE
BEAM 1 5,000,000 FULLY BONDED FLEXURE
\ BEAM 2 5,000,000 PARTIALLY BLANKETED FLEX/SLIP
BEAM 3 5,000,000 FULLY BLANKETED BOND
BEAM 4 1 FULLY BONDED HOR. SHEAR
| BEAM 5 1 PARTIALLY BLANKETED FLEXURE
: — —_— ————
l DEBONDING PATTERNS
DEBOND LENGTHS OF DEBONDED STRANDS
) STRAND A STRAND B STRAND C | Embedment %
L,
FULLY BLANKETED GIRDER 311 6-11 1011 1.0
PARTIALLY BLANKETED GIRDER - 24 64 2.0
7 FULLY BONDED GIRDER - ‘ - - 2.5

The first girder functioned as a control girder and all strands were fully bonded from
the ends of the beam. The second girder was termed "partially debonded" by the authors.
Strands in this girder were embedded a distance twice the required development length, or

o 2.0 L; from the point of maximum moment. In the third girder, the strands were "fully
debonded"” meaning that the embedment of debonded strands was equal to one times the
required development length, or 1.0 L; from the point of maximum moment region.
B Table 5.1 provides the debonded lengths for the different test cases. Ultimate strength of
the strands was 250 ksi. Strand stress after tensioning was 175 ksi. The effective prestress
was assumed to be 140 ksi.



86

All three girders were loaded to the design live load for 5 million cycles and then
tested statically until failure. Design live load was defined by the allowable tension stress
of 3J/T, allowed by the 1961 AASHTO Specifications for Highway Bridges. Load versus
deflection was nearly identical for all three beams throughout fatigue loading. No end slips
were detected under the fatigue loading in any of the tests. However, in the static tests to
ultimate, the beams behaved quite differently. In the first beam with fully bonded strands,
the beam was loaded until it failed in flexure by rupturing of the strands. No end slips were
detected. The second beam, with partially debonded strands, also failed in flexure by
rupturing of all prestressing strands. However, very small slips were measured on the
debonded strands. In the third beam, anchorage of the debonded strands failed completely,
as evidenced by the pulling of the strands through the concrete at failure. These results are
summarized in Table 5.1.

In all three beams, behavior was similar until flexural cracking. Upon cracking,
however, the debonded strands slipped through the concrete by various amounts. In the
third beam, the debonded region of the strands extended into the cracked regions of the
beam, and anchorage failure could be expected.

Two additional tests were performed with varying amounts of shear reinforcement,
but with identical longitudinal reinforcement as the first three beams. The purpose of these
tests was to assess the impact of debonding on shear capacity. Beam 4 contained fully
bonded strand and beam 5 contained partially bonded strand, or strand with an embedment
length twice the required development length, I, = 2.0 L, Vertical shear reinforcement
for these two girders was reduced. In all of the beams, stirrup spacing was 50% greater than
the requirement from AASHTO codes, so these beams were under-reinforced when
compared to code requirements. Interestingly, beam 5 had slightly more shear
reinforcement than beam 4 because of differences in pretensioned force. Beam 4, the fully
bonded beam, failed in horizontal shear failure at the intersection between the beam’s
bottom flange and the beam’s web. Beam 5 failed in flexure by fracture of the strands.

The beam with debonded strands whose bonded length was twice the required
development length performed as well or better than the beam with fully bonded strands.
Based on these tests, the AASHTO and ACI codes currently allow the use of debonded
strands, but doubled the required development length for debonded strands. These tests
demonstrated that debonded strands could be safely incorporated into the design of
pretensioned beams. However, the conditions of the test were very specific and no general
conclusions could be made about factors governing behavior of beams made with debonded
strands.

5.3.2 Dane and Bruce, 1975."" Dane and Bruce performed a series of flexural tests
on nine pretensioned beams. Six of the beams were composite half scale AASHTO Type III
girders while the remaining three were full sized composite AASHTO Type II girders. The
half scale girders contained 3/8 inch strand and the Type II girders contained 7/16 inch
strands. In the series of six half sized Type III beams, the first pair of beams contained

,,,,,,
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J draped strands to provide control for the experimentation. In the next pair of beams, 17%
or two out of twelve strands were debonded. In the last pair of beams, an anchor plate was

secured to debonded strands to aid in strand anchorage.

TABLE 5.2
FLEXURAL TESTS ON GIRDERS WITH DEBONDED STRANDS
DANE AND BRUCE(1975)
Girder Type' Span, L Strand Size Debonding Le Web Max. Slip @
(ft-in) (i) (ft-in) Shear Failure
Number L, (ft-in) (in)
= :

G1 41 33'-0 3/8 None Draped 11’6 No 0
G2 I 330 3/8 None Draped 116 No 0
G3° m 330 3/8 20f 12 981/, 1-9'/, Yes 144
G4 I 330 3/8 20f12 9.8/, 1-91/, Yes 1.70
G5 1) 330 3/8 20f 12 9.8/, 191/, Yes 0.88
G6 1 33-0 3/8 2 of 12 98!/, 19/, Yes 1.05
G7 I 48'-0 7/16 4 of 22 Draped 5-0 No 0
G8 I 48’0 7/16 4 of 22 12’0 5-0 Yes 0.193
G9 I 48°-0 7/16 4 0of 22 12'-0 50 Yes 0234

L Type II girders were half sized. Type II girders were full sized.

2. Le = 215 inches is also the calculated fransfer length for 3/8" strands.

Le = 60 inches is the calculated development length for 7/16" strands.
3. Anchor plates attached to the debonded strands.

In the three Type III specimens, one beam contained fully bonded strands while the
remaining two contained debonded strands. These beams each contained 22, 7/, inch
diameter strands. Of those, 4 strands were debonded. Table 5.2 gives a general description
of the test variables for each specimen. Figure 5.2 shows the test setup. Note that the
embedment lengths, L, are inconsistent. For the 3/8 inch strands used in the half sized
Type I girders, the embedment length actually equaled the calculated transfer length, L,
= 21.5 inches. For the Type I girders with 7/,¢ inch strands, the embedment length
equaled the calculated development length from the code equation, L, = 60 inches = 1.0 L.

The girders were loaded statically until failure. All of the beams failed in flexure by
crushing the concrete in compression. Significant end slips were measured on each of the
debonded strands. End slips ranged from 0.1 inches to 0.88 inches. These are relatively
large end slips and were caused by flexural cracking in the region where the debonded
strands were being anchored and transferred. In spite of these measured strand slips, each
specimen achieved its nominal capacity and each specimen maintained its resistance to load
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through large deformations. As such,
the failures must be considered flexural
failures. However, a relatively low
percentage (17% or 18%) of strands in
these beams were debonded. If more
strands had been debonded, anchorage
failure of the strands is more probable. ‘ L E e ityp) L

\
11 ]
Again, these tests demonstrate
that debonded strands can be safely Fijgure 52  Flexural Tests on Composite

incorporated into design of pretensioned Girders With Debonded and
beams. However, these tests are also Draped Strands; Dane and Bruce
quite specific and results from these (1975)

tests cannot be generalized into broader
design applications.

5.3.3 Rabbat, Kaar, Russell and Bruce, 1979.%* In 1979, the Precast/Prestressed
Concrete Institute (PCI) sponsored a series of tests on six full sized AASHTO Type II
girders, each 50 feet long. Two of the girders contained draped strands while the other four
had blanketed strands. Strands were 7/16 inch grade 250 ksi, stress relieved and with brown
surface rust. Specimens were fatigue loaded with 5 million cycles at the full dead load plus
live load. At the conclusion of 5 million cycles, specimens were loaded statically until
failure.

The test series compared performance of specimens with debonded strands to those
with draped strands. Additional variables included the embedment length of the debonded
strands and the bottom fiber tension at service loads. ‘Table 5.3 outlines the variables for
each of the six specimens. The first group of three beams were fatigue loaded at the
equivalent service load to give a maximum tensile stress equal to 6\/f'c at the bottom fiber.
All of these tests resulted in fatigue failure of the strands. The measured stress ranges
(measured by strain gages attached to strand) in these three specimens ranged from 14 to
20 ksi.

Specimen G11 had an embedment length equal to only 1.0 L, whereas specimen G13
was provided with twice the embedment length, equal to 2.0 L. Initial strand slip in G11
was larger than strand slip in G13. Researchers also noted that strand slips in G11
progressively increased through repeated load cycles. On the other hand, strand slips in G13
were relatively stable through the repeated load cycles. From these results, researchers
concluded that an embedment length of 2.0 L, was sufficient whereas an embedment length
of 1.0 L, was insufficient. However, it is difficult to draw any conclusions from these data.
End slips from both specimens G11 and G13 were relatively small and should not
overshadow the true cause of failure which is strand fatigue.
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TABLE 5.3
SUMMARY OF FATIGUE TESTS
ON GIRDERS WITH DEBONDED STRANDS
RABBAT, KAAR, RUSSELL, AND BRUCE (1979)
Specimen Maximun Embedment Confining Number of Failure Maximusm Maxiroum
Number Tensile Length Reinforce- Cycles Mode Stress Strand Slip
Stress* % L2 ment (10%) Range’
Gl 6JE 1.0 No 378 Strand 182 0.026
] G13 &/, 2.0 No 3.20 Fatigue 201 0.006
o G10 6JE. Draped No 3.63 Strand 19.0 -
‘ J Fatigue
Strand
] Fatigue
‘ G14® 0 1.0 Yes 5.00 Flexure 134 0.005
- G12° 0 1.0 No 5.00 Flexure 155 0.015
G10-A® 0 Draped No 5.00 Flexure - -
|
1. Computed on the uncracked section.
2. 1.0 Ly = 66 inches (f, = 243 ksi and f,, = 140 ksi; d, = 7/16")
3. Specimens were precracked before fatigue loading.
4. Stress ranges were measured with Electrical Resistance Strain Gages.

By comparison, tests G12 and G14 provided sufficient achorage to develop the strand
) under repeated loadings. These two specimens also had an embedment length equal to one
development length, L, = 1.0 L;, however, the maximum load was smaller and produced
zero tension on the bottom fiber. In these tests, small end slips less than 0.015 inches were
observed under repeated loading as reported in Table 5.3. However, in the ultimate load
o test to failure, significant strand slips occurred. Debonded strands slipped more than 0.5
inches. In spite of strand slip, the beams failed by flexure at the beams’ nominal capacity,
so these tests must be ruled as flexural failures.

Figure 5.3 illustrates the loading 50-0 .
’ arrangement in elevation, the location of crack 0 , — 2o |
: formers, and the extent of debonding for the [~ ——ls5p i [ o5 P
reference test series. The required Bebonging for P P

development length for these strands was
calculated to be 66 inches. The embedment
. length for the debonded strands is 66 inches,

provided from the point of maximum moment.

With debonding extending to this location,
) flexural cracking occurred in the transfer zones
for the debonded strands. The measured end
slips on specimens G12 and G14 were caused
? by cracking in the debonded strands’ anchorage

Fatigue Tests on Debonded
Girders; Rabbat, Kaar,
Russell and Bruce (1979)

Figure 5.3
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zones. The large reported end slips at ultimate are an indication of impending bond failure
of the debonded strands.

From these tests, code provisions were relaxed to allow the required development
length for debonded strands to be reduced to 1.0 times the required development length if
tension is not allowed in the cross section. The tests demonstrated that the requirement to
double development length may be too excessive under very specific conditions. However,
it is interesting that the code provisions were relaxed based on these somewhat confusing
results. In comparing G11 and G13, end slips were small for both specimens. The true of
failure in both specimens was strand fatigue. Also, even though flexural failures did occur
on specimens G12 and G14, large end slips indicate that these results too are somewhat
inconclusive, and that bond failure may occur in similar tests under different conditions.

5.4  Theoretical Development

The original purpose of this research was to develop design guidelines governing the
use of debonded strands in pretensioned beams. In developing this portion of the research
program, the first step was to characterize the behavior that distinguishes debonded beams
from fully bonded beams. Certain mechanisms can be expected to affect the behavior of
debonded beams more than fully bonded beams. The special provisions in the code have
grown out of the recognition that beams containing debonded strands behave differently

than beams with fully bonded strands.

In beams with debonded strands, the effective prestressing force is reduced in the end
regions of the beams. This characterizes debonded beams and forms part of the basis for
a rational model that predicts the behavior of beams with debonded strands. Additionally,
it must be recognized that the formation of cracks through a strand’s anchorage zone causes
that strand to slip with the distinct possibility of complete bond failure. The relationship
between cracking and bond slip is an important consideration in developing a rational theory

of expected behavior.

A theory was developed that predicts the type of failure a pretensioned element is
likely to experience, flexural failure, bond failure, or shear failure. The model that grew
from the analytical development is easily understood because it is based on common and
well understood behavioral principles. Tests performed in this test series substantiate the
model. The behavioral mechanisms that led to development of a simple analytical model
to predict anchorage failures are contained in the next several paragraphs.

The model was also used to design the beams for this test series. The purpose of this
portion of the research was to develop design guidelines for the use of debonded strands in
pretensioned girders. To accomplish this goal, the tests were planned with the intention that
all the potential behavioral and failure mechanisms that might characterize beams with
debonded strand would be demonstrated. By observing the full range of behavior during
testing, it was hoped that any design guidelines developed in this research would be
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comprehensive in nature, and that these design guidelines would be applicable to the wide
variabilities that distinguish actual design situations.

5.4.1 Influence of Cracking on Bond. When a crack forms in concrete, tension in
the pretensioned steel increases to resist the tensile forces. Local bond slip of the strand
must occur over some finite distance immediately adjacent to the crack. Furthermore, the
total amount of slip between concrete and steel, summing slip from both sides of the crack,
must approximate the crack width. At the crack location, tension in steel increases while
stress in the concrete is relieved. The additional tension in the steel is restrained by bond
stresses between the concrete and the steel. The length of bond slip is equal to the length
over which the increased tension in the steel is equilibrated by bond stresses.

In pretensioned beams, anchorage failure will occur when a crack forms within or
very near the transfer zone of a strand. As the concrete cracks, tension in the strand across
that crack must increase. As strand tension increases, strand diameter decreases. The
strand’s lateral expansion that occurred at transfer is negated, and the transfer bond from
Hoyer’s effect is lost, at least locally, as discussed in Chapter 2. As Hoyer’s effect

__disappears, the strand will slip through the concrete. Upon increased loading, the anchorage

can be expected to fail completely This relationship between cracking, bond slip, and

faijlure is established in the series of development length tests on fully bonded beams,
discussed in Chapter 4. Additionally, the research discussed earlier in this chapter reports
strand end slips at the onset of cracking in the anchorage zone of the debonded strand.

Therefore, the model for bond failure of debonded prestressing strands is directly
related to a prediction for cracking in the debond/transfer zone of prestress concrete
girders. Because cracking in concrete can be reliably predicted, bond failure of the
prestressing strand can also be predicted.

Fsel |1m25in Lt=25in
Staggsred hd
l__Debc’ﬂ

ﬂ Dsbonded Length, Lb = 78in

5.4.2 Debonding: Lower Effective
Prestress Force. When some of the strands
are debonded, the effective prestress force
is smaller in the end regions of a beam
compared to the middle regions of a beam.
This is demonstrated in Figure 5.4, where
the effective prestress force is plotted along
the length of the beam. For easier
explanation, the example is taken from
specimens designed for this test series. Fioure 5.4
Each of the beams contained a total of = o
eight strands, four of which were debonded.

The length of debonding (L,) is 78 inches.
The effective prestress force at the end of
the beams is zero. Over the first 25 inches, the prestress force increases from zero to
98 kips. This increase represents the transfer of the four fully bonded strands. The effective

Beam DB850-5 Test A

Effective Prestress Force
(Beams With Debonded
Strands)
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prestress is about 160 ksi, and each 0.5 inch strand carries about 24.5 kips of tension. From
25 inches to 78 inches, the prestress force remains constant at 98 kips.

At the point where debonding terminates, 78 inches from the end, the debonded
strands begin to transfer their prestressing force into the concrete. This is evidenced by the
second transfer zone illustrated by an increase in prestress force from 98 kips to 196 kips.
The second transfer zone is also shown to be 25 inches long, beginning at 78 inches and
extending to 103 inches from the end of the beam. The transfer length assumed for these
models is 25 inches, an approximate average of the measured transfer lengths discussed in

Chapter 3. For the AASHTO-type beams, the measured transfer length was actually less

than 25 inches in some cases, but much greater in others. It should be noted that longer
transfer lengths could adversely affect a beam’s behavior because the region of reduced
prestress is extended towards the middle of the beam.

In the figure, a dashed line is shown indicated by "Staggered Debond.” The solid line
is denoted by "Concurrent Debond." In beams with staggered debonding, the termination
point of various strands are "staggered," meaning that the debonded length varies from
strand to strand. In concurrently debonded beams, the termination point is the same for all
of the debonded strands. Staggered debonding is recommended based on tests performed
in this research because the beam’s behavior is significantly improved over concurrent
debonding.

For example, Test Specimen DB850-5 has concurrently debonded strands. In this
specimen, all of the debonded strands are debonded the same length, L, = 78 in.
Debonding on all four debonded strands is terminated concurrently at 78 inches from the
end. On the other hand, Test Specimen DB850-4 has debonded strands that are staggered.
In this specimen, two of the debonded strands are debonded a length of 39 inches whereas
two of the strands are debonded a length of 78 inches. The debond length, L, is listed as
78 inches for both specimens; however, the behavior of concurrently debonded specimens
is quite different from specimens with staggered debonding. For the purposes of these tests,
they illustrate some of the special problems inherent with concurrently debonded specimens.

5.4.3 Debonded Strand: Effects on Flexural Cracking Moment. The impact of
debonding is shown in Figure 5.5. Applied moment is compared to the beam’s cracking
moment, M. As shown in the figure, the cracking moment varies with the effective
prestress force. The cracking moment is defined as the applied moment that is required to
crack the bottom tension fiber of the cross section in flexure. It is a property of the beam
and is dependent on the cross section properties and the effective prestress force. Cracking
moment varies with prestressing force along the member length. The cracking moment is
reduced in the debond/transfer zone in proportion to the effective prestress force. Note
again the difference between the "concurrently debonded" specimens and the "staggered
debonded" specimens.
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At the end of the beam, the effective
prestress force is zero and the cracking Mom
moment is given by the section modulus
times the modulus of rupture; M, = §, x
7.5J/f.. Outside the initial transfer zone, M,,
remains approximately constant until the
debonded strands become bonded and
additional prestressing force is transferred to
the concrete. At the end of the second
transfer zone, the beam enjoys the fully
effective prestress force from all its strands.
Not wuntil this point does the beam’s
resistance to flexural cracking reach its full
potential.

Mn = 6010 K-i

Applisd Moment

. &

Le =120 1in

Debonded Length, Lb~ 78 in.

Beam DB850-5 Test A

Figure 5.5  Applied Moment vs. Cracking
Moment (Beams With
Debonded Strand)

As load is applied to the beam, the moment varies linearly from the support to the
load point (dead load moment is neglected.). As the load increases the moment also
increases. Flexural cracking can be expected wherever the applied moment exceeds the
cracking moment. From Figure 5.5, cracking will occur first in the regions of the largest
applied moment, near the load point. As load increases, the region of flexural cracking
expands with the region where moment exceeds M. The region of the beam with flexural
cracking moves towards the support as load is increased.

In a beam with fully bonded strands, only one region of flexural cracking would be
expected. However, in beams with debonded strands, concrete in the debond/transfer zone
could also suffer flexural cracking because the beam’s resistance to flexural cracking is
reduced. With additional increase in load and applied moment, the next region where
flexural cracking could be expected is at the point where the debonding is terminated. In
this example, the cracking moment for the debond/transfer zone is exceeded before the
nominal flexural capacity of the section is achieved. Cracking in the transfer zone of the
debonded strand will cause the debonded strands to slip and bond failure is probable.
According to the model, bond failure of the debonded strand will occur.

The dashed line for cracking moments with staggered debonding is also shown in
Figure 5.5. It should be noted that staggered debonding avoids cracking in the
debond/transfer zone for the example shown.

5.4.4 Effects of Debonding on Web Cracking Shear. Just as the M, is reduced in the
debond/transfer zone, the resistance to web shear cracking is also rednced. Prestressed
concrete beams derive much of their resistance to web shear from the precompression of
the concrete. Because web shear cracks result from exceeding the tensile strength of the
concrete on an inclined plane, precompressing the concrete increases resistance to inclined
tensile cracking. Similarly, debonding prestressing strands reduce a beam’s resistance to web
shear cracking in the debond/transfer zone because the effective prestress force has been
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reduced. Therefore, beams with debonded strands are more susceptible to web shear
cracking and consequently more susceptible to bond failure.

In Figure 5.6, applied shear is
compared to the beam’s resistance to web 7
shear cracking, V,,. In the debond/transfer : :
zone, the reduced effective prestress likewise \ Applied Shear N\ \\‘\\\\“
reduces the beam’s resistance to web shear l\\\\\\\\\ RN \\\\\\\\
cracking. V_, like a beam’s resistance to
flexural cracking, is a property of the beam
and is dependent on the beam’s cross section
and the effective prestress force. The
applied shear, V,, is constant from the load
point to the support. If the applied shear
exceeds V., then web shear cracking can be
expected. Because applied shear is
approximately constant over the shear span,
any web shear cracking will most certainly
affect the transfer zone of debonded strands.

Beam DB850-5 Test A

Figure 5.6  Applied Shear vs. Web
Cracking Shear (Beams With
Debonded Strand)

In the fully bonded development length tests, anchorage failures were caused, inlarge
part, by web shear cracks propagating through the transfer zone of prestressing strand. In
debonded beams, web shear cracking will have the same effect, and web shear cracking
through the transfer zone of a strand will cause bond failure.

5.4.5 Bond Failure Prediction Model. From the preceding sections, it is shown that
the effective prestress force reduces a beam’s resistance to both flexural cracking and web
shear cracking. In turn, any cracking in the transfer zone of a strand will cause that strand
to slip or bond to fail. It follows that if these principles are applied to design, bond failures
can be prevented. To prevent bond failure, the member can be designed so that it does not
crack in the anchorage zone of debonded strands.

In Figures 5.7a through 5.7d, the model for prediction of cracking and bond failure
is depicted. Embedment length is plotted versus the debonded length. The lines
intersecting the plot are boundary lines separating different zones of behavior. The
boundary lines are derived from behavioral models. For presentation of the prediction
model, beam cracking strengths and ultimate strength are taken from the test series. Those
properties are listed here:

My, = 6010 k-in
M, = 3524k-in
M, = 1966 k-in
V.. = 510 kips
Ve = 407 kips
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Note: M, and V_,, are values for the debonded regions where only four strands are
effective.

In Figure 5.7¢, line OA represents the applied moment that divides bond failure from
flexural failure. This line intersects the origin and the point where flexural cracking will
occur in the transfer zone of a debonded strand. If the line were moved to the right, or in
other words, if the strand’s embedment was lengthened, then the beam would fail in flexure;
strand anchorage would be undisturbed. If the line were moved to the left, then the
concrete would crack in the anchorage zone of the strand and bond failure would be
expected. This boundary is defined by the relationship:

Mcn# = MuIt
L, Ly+L,

By substituting M, and M, with appropriate values, then the equation relating L, to L, is
established:

L, = 0486 L,

In the bond failure prediction model shown in Figure 5.7a, this relationship is given by line
OA. This line is the boundary separating flexural failure from bond failure for beams with
concurrent debonding (debonding terminating at the same point for all strands).
Combinations of embedment length, L, and debond length, L, to the right of the line predict
flexural failures. Values for L, and L, to the left of the line predict bond failures.

T

98

72
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Ls, Embedment Length(in)
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Figure 5.7a Prediction of Cracking and Bond Failure (DB850 Test Series: Beams With
Debonded Strands)
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Figure 5.7d Applied Moment vs. Cracking Moment (Beams With Staggered Debonding)

Similarly, a relationship can be established separating bond failure from flexural
failure for staggered debonding. In Figure 5.7d, this condition is given by line OB. Line OB
is defined by the point where the resistance to flexural cracking attains its maximum at the
end of the transfer zone for the debonded strands. From this plot, it should be noted that
different combinations of debonded lengths and relative numbers of debonded strands will
affect the points where applied moment can exceed the cracking resistance. However, in
general, for beams with staggered debonding, the point of first cracking in the transfer zone
coincides with the end of the tramsfer zone for debonded strands. Again, if strand
embedment is lengthened, the line representing applied moment will move right and flexural
failure will occur. But if the embedment length is shortened and the line of applied moment
is moved to the left, then cracking will occur in the transfer zone of the debonded strands
and bond failure will result.

The mathematical relationship for line OB is given by similar triangles:
M M,

cr

L,+L, ) L,+L,

Substituting in the values for M, = 6080 k-in, M, = 3524 k-in and L, = 25 inches, an
equation relating L, and L, is given:

L, = 138L, - 59.5

This relationship is given by line BB’ in Figure 5.7b. Areas to the left of this line, with
shorter embedment lengths, should result in bond failures while regions to the right of the
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line denote combinations of embedment length and debond length that will result in flexural
failure.

Two important facts are illuminated by the plots in Figure 5.7a and 5.7b. First of all,
the embedment length required to prevent bond failure is dependent on the length of
debonding. Therefore, development length is a function of debonded length, L, - f(L,).
And the corollary, longer debonded lengths require longer embedment lengths for the
strands. Also, it is important to note that if strands are concurrently debonded, then the
required development length is much greater than if the debonding was staggered.

Lastly, a relationship can be established that predicts the occurrence of web shear
cracking. It relates the shear span to the ultimate moment and the web cracking shear:

M
L+L, = X
cwd

The value for web shear cracking can be obtained by calculating V,, for the cross section
at a distance from the support equal to the height of the beam. Substituting values for M,
and V,,, yields the relationship:

L, + L, = 149.1”

which might be termed the critical shear span. This line is given by the dashed line CC’ in
the figures.

In the tests performed on the FA550 and FA460 series beams, web shear cracking
was soon followed by bond failure of the strand anchorages, although there were examples
of strands maintaining anchorage beyond web cracking. In the tests performed by Dane and
Bruce’, web cracking was observed without causing anchorage failures because all of the
strands were contained within the bottom flange of the I-shaped beams. Web shear cracks
did not propagate through the bottom flange and disturb anchorage. Evidence indicates that
the boundary defined by web shear cracking may not always be a borderline between bond
failure and ductile failure. For this reason, the line is dashed. However, the boundary line
remains significant because bond failure is much less likely to occur if the concrete does not

crack.

5.5  Testing Program

Altogether, 10 tests were performed on 6 specimens. As stated before, the beams
were designed so that test results would characterize, as much as possible, the full range of
behavior for beams with debonded strands. Each beam contained eight 0.5 inch strands,
four of which were debonded. Four beams were 40 feet in length with the debonded length
equal to 78 inches. The other two beams were 27 feet, 6 inches in length with a debonded
length equal to 36 inches. The beams all possessed identical cross sections, illustrated in




Figure 5.8. Cross section properties are given in
the figure.  Shear reinforcement was spaced at
6 inches for all specimens. No variation was
made in shear reinforcement along the length.
No special confining steel or anchorage details
were provided on the debonded strands.

A total of eight 0.5 inch seven-wire strands
were required to fulfill the needs of the testing
program. A minimum of four debonded strands
were required to perform staggered debonding
and, at the same time, to debond in a
symmetrical pattern. Fewer debonded strands
would not allow symmetrical debonding patterns.

235

Figure 5.8
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stimups @ 6°0.C,

Cross Section Properties:

Area = 197
yb = 13.1in
] = 12,080ih
Sb = 922 i
e = g8.1in

fic(avg) = 7000 psi

Cross Section for DB850

Beams

Debondmg percentages are typ1cally less than 50%. Therefore a total of 8 strands was the
minimum number of strands to give adequate breadth to the testing program.

5.5.1 Variables. The
variables tested for the TABLE 5.4
debonded beams included: :
VARIABLES BY TEST SPECIMEN
: FOR
1. Ee length of debonding, DBS50 BEAMS
?

2. Type of debondlng cutoff Test Beam Debonded | Embedment Type of
(staggered (S) or Length, L | Length, L, | Length, L, | Debonding'
concurrent (C)); and, (im) (i) fin)

3. Embedment length, L.. DBES0-1A 330 36 24 S

.1 R?

Table 5.4 gives the beam length, PRSI 20 % = :

the debonded length and the DB850-24° 330 36 76 S

type of debonding for each DB850-2B* 330 36 88 c

Specime. DB850-3A 480 78 80 S
The debonded length, L, DB83-3B 480 7 108 S

and the type of cutoff were DB8504A 480 78 120 s

established before the beam was DB&S04B 480 78 100 s

cast. Debonded lengths were

selected in order to test DBSS0SA 480 7 120 <

embedment lengths between 1.0 DB850-6A 480 78 10 | C

and 2.0 times the. bas:w[c 1 "S" denotes staggered debonding,

development length given in "C" denotes concurrent debonding.

AASHTO equ ation 9.372. 2, Steel Cladding is attached to the webs of these specimens.

Because the current code

requires doubling the development lengths for debonded strands (except that under specific
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conditions, the basic development length is adequate), the testing of embedment lengths
between 1.0 and 2.0 times the basic development length seemed appropriate.

120 ==

[ Debonded Length, Lb=781n. | ke
-] DB850-3 and 4: Staggered Debond
DB850-5 and 6: Concurrent Debond

72 i

|| Debonded Length, Lb = 36 in.
<o DB850-1 and 2A: Staggered Debon
| DB850-2B: Concurrent Debond

Lb, Debonded Length(in)

ELEXURAL FAILURE:
24 S,
0 48 72 180

Le, Embedment Length(in)

Figure 5.9 Range of Possible Embedment Lengths (DB850 Test Series: Beams With
Debonded Strands)

For specimens DB850-3 through 6, the debonded length was selected as 78 inches.
Specimens DB850-1 and 2 had debond lengths equal to 36 inches. Figure 5.9 illustrates the
possible range of test values for embedment lengths. For debonded lengths of 78 inches,
possible embedment lengths range from less than 72 inches to about 160 inches. A length
of 72 inches was required to develop fully bonded strands in the FAS50 series.

In specimens DB850-3 and DB850-4, debonded strands were staggered. From the
prediction model, flexural failure should result if the embedment length was greater than
100 inches. Specimens DB850-5 and DB850-6 contained concurrently debonded strands.
These specimens would require an embedment length in excess of 100 inches for the strands

to develop tension for the beams to fail in flexure.

In specimens DB850-1 and DB850-2, the debonded lengths were 36 inches. In tests
DB850-1A, DB850-1B and DB850-2, the debonding was staggered. In test DB850-2B, the
strands were concurrently debonded. The model in Figure 5.9 predicts that for short
debonded lengths, no difference would exist between staggered debonding and concurrent
debonding. More importantly, the model predicts that web shear cracking will occur before

the beam can fail in flexure.
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5.5.2 Fabrication of the Test Specimens. Fabrication of the beams followed the same
basic procedures that were used to construct the fully bonded test series, outlined in
o Section 4.5, as follows:

1) Stress strands to 75% f,, (202.5 ksi)

2) Placement of the mild reinforcement

3) Placement of the debonding material

4) Placement of the formwork

5) Casting of the concrete

6) Curing of the concrete in place (two days)
7) Release of pretensioning.

The only variation from fabrication of the fully bonded specimens is the placement
of debonding material. The debonding material consisted of white plastic tubing, made from
semi-rigid plastic that was deformable because of its thinness. The tubing was split along
its length to make it easy to install. The tubing was placed on the strand where debonding
7 was required. The tubing’s natural curl snapped it to the strand, providing a reasonably

tight fit. The tubing would also fit a variety of strand sizes. Debonding was sealed by taping

each end of the debonding tube, but the longitudinal joint fit tightly and was not taped.

The strands are labeled in Figure 5.10 by
letters of the alphabet, A through H to simplify

A record keeping. The debonding schedule is also Debonding Scheduie

» .shown in Figure 5.10. Note that strands B and G B Strand
. s am B D F @&
are contained within the core of shear 4 @ 9 18 18
7 reinforcement. H 2 @) 3 16N16N 36

G 36S 368
C 5 EF 3 (8 78 39 39 78
* ABc 0 nanm
The shorter beams, DB850-1 and DB850-2 TR RRRE®

required some modification during testing. View Lkg North
-/ Test A on DB850-1 resulted in total bond failure
after the beam’s web cracked from the shear
load. The web shear cracking caused the
debonded strands to slip and subsequent shear
= failure of the beam. Steel cladding was glued to
webs for the three remaining tests to prevent web
shear cracks from propagating through the anchorage zone of the strands. A photograph
A of the steel cladding is shown in Figure 5.11. Cladding extended to a distance approximately
72 inches from the ends of the beams. The steel cladding was made from steel plate, !/,"
x 4", which was glued to the web of the beams as shown with a Sika two part epoxy, brand
R name Sikadur. Epoxy was applied to the steel. Then the steel was bolted to the web of the
| beams with concrete expansion anchors to reduce the glue line to its narrowest possible
dimension and ensure bond. By gluing the plate to the webs, the steel plate was made
composite with the concrete and strains in the concrete would be matched by strains in the
] steel. On specimen DB850-1B, the steel cladding was discontinuous 42 inches from the end.

Figure 5.10 Strand Pattern and
Debonding Schedule for
DB850 Beams
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5.5.3 Material. The strand
surface was "mill condition" as
furnished, having mnever been
exposed to weathering. The strand’s
ultimate strength was specified at
270 ksi. The seven-wire, low
relaxation prestressing strand used
in these tests is the current industry
standard for prestressed
applications. The strand’s ultimate
strength was 283 ksi as given by the
manufacturer. Load versus Strain
response is shown in Figure A2.

The concrete strengths were
designed to be 4500 psi at release Figure 5.11 Steel Cladding Attached to Web of

and 6000 psi for design ultimate. Beam DB8&50-1B

Concrete proportions are given in
Table 4.1. Concrete strengths for the DB850 series beams are given in Table 5.5. Concrete

strengths over time are also plotted for DB850 series beams in Appendix B, Figures B8
~through-B12: — e e e

5.5.4  Testing Apparatus.

The same testing apparatus was

used for the debonded beams as for TABLE 5.5

the fully bonded beams. A CONCRETE STRENGTHS

: : OF

photograp.h of the testing equipment BEAMS WITH DEBONDED STRANDS

and loading frame is shown in

Figure 44 The apparatus 1nclude.d Release Strength at Flexural Test
a loading frame, an hydraulic Beam Strength

actuator, a spreader beam to create Moist Cure | Field Cure
a constant moment region, and floor DB850-1 4640 7000 7410
bearqs to provide variable support DRES0.2 4640 2000 2410
locations.
‘ DB850-3 5080 6610 6830

A typical test setup is shown DB850-4 5060 7370 6860

in Figure 5.12.  The dimensions | DBssos Ss80 2460 .
illustrate the setup for Test DB850-

3A. In this test, the North end of DBE60 S S0 i 7%

Beam DBS850-3 was tested. The Concrete Strengths vs. Time are plotted in
debonded length was 78 inches, Appendix B, _
L, =78 in. As discussed earlier,

debonding for this beam was "staggered". In this debonding pattern, debonding covered two

strands for a length of 78 inches from the end of the beam while the other two debonded
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strands were staggered; and debonding was terminated at 39 inches. The staggered
debonding is denoted with an "S" above the representation for debonded strands.

For this test, the embedment ol __ ]
length was set at 80 inches, L, = 80 boron lesfon B {12y
inches to correspond to the 1.0 times e e on
the required development length > Peesnioedpene:
given by AASHTO equation 9-32. RE
The embedment length, L, and span Shs Boam DBS50-3 Tost
were varied for each test. In all of Z—_'_—';;S:-;‘_';Ifzzzﬂzazz:::::::::i:;-‘;%;;.-_fl—_.‘
the tests, the area between the load ::Q .
points was a constant moment region. ] %\ Deﬂ-J[P % '
Constant moment is achieved by rr 7777700777 77 _/j Z
matching the proportions of the 4 S

dimensions of the load atop the __ _ : .
spreader beam to the proportions for Figure 5.12 Typical Test Setup for Beams With
the overall beam support and load Debonded Strands

application. =~ The spreader beam

spanned 24 inches.

5.5.5 Instrumentation. This test series used the same instrumentation as the series
of development length tests on fully bonded beams, discussed in Chapter 4. Instrumentation
measured the applied load, beam deflections and strand end slips. These data were
measured electronically and stored by the data acquisition system used at FSEL. Other data
measured electronically included hydraulic pressure and electrical resistance strain gages
(ERSG’s) applied to strands.

Load was measured from an electronic load cell at the hydraulic actuator. Deflection
and end slips were measured by linear potentiometers. All of the electronic instruments
were calibrated prior to testing. End slip measurements are accurate to +0.001 inches, thus,
even very small strand slips were detected. Top fiber concrete strains were measured in the
constant moment region for each test. Measurements were taken at each load increment
with the DEMEC gage system discussed in Chapter 3.

End slips were measured on seven of the eight strands. The four debonded strands,
strands B, D, F and G, were always monitored for end slip. Strand E was the only strand
not monitored for end slip because the clamping device that held the potentiometer would
not fit between the other strands and their end slip clamps.

5.5.6 Test Procedure. Beams were loaded statically until failure. Load was
increased at regular increments. Measurements were recorded at every load increment,
approximately 2.0 to 5.0 kips until cracking. Cracking loads and crack locations were noted
and recorded. After cracking, load was increased in smaller increments. Any special
behavior was noted and crack patterns were marked with a broad ink marker on the
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specimen. Significant end slips were noted and recorded. Failure was defined by the
beam’s inability to resist increased load. Flexural failures resnlted when the top flange of
the beam failed in compression. Anchorage failures resulted in general slip of the strand

relative to the concrete and a sudden loss of capacity.

The embedment lengths were varied for each test depending on results from previous
tests in the series. By comparing the results from each test to the prediction model, the
embedment lengths were chosen for each test so that the results from the complete test
series would span the probable failure modes. By varying the embedment lengths for
specimens with the same debonded lengths, the principles underlying the overall beam

behavior were established by the test results.

Each beam was tested at least twice, once at each end. The first test on a specimen
is designated Test "A" while the second test is designated Test "B". This procedure was
possible because individual anchorage zones exist at each end of each pretensioned beam.
In the cases of beams DB850-5 and DB850-6, the longer development length requirements
precluded an effective second test. Beam DB850-5 was tested twice, but the results from
the second test are unreliable because of damage caused by the first loading. Beam DB850-

6 was tested only once.

5.6 Test Results

Discussion of the test results is presented in three parts. Results from tests on the
longer beams with staggered debonding are discussed first. These beams include DB850-3
and DB850-4. Next, results from the beams with concurrent debonding are presented.
These beams include DB850-5 and DB850-6. Beams DB850-3 through 6 all had debonded
lengths equal to 78 inches, L, = 78 inches. Those discussions are followed by results from
tests on the shorter beams, DB850-1 and DB850-2 with debonded lengths of 36 inches,

I, = 36 inches.

In each of the tests, the mode of failure was of primary importance. Ductile flexural
failures where concrete crushes in compression after yielding of the steel are desirable for
two reasons. First, flexural failures provide an easily predicted limit state, and secondly,
flexural failures provide warning before collapse. This combination makes structures both
safe and predictable. On the other hand, anchorage failures oftentimes are accompanied
by a sudden and violent collapse of the structure. Such failures are neither safe nor
predictable and should be avoided. To understand the results from these tests, the mode

of failure becomes the primary source of data.

Test results are shown in Tables 5.6 and 5.7. Table 5.6 summarizes the failmre mode
for each test and compares it to the embedment length, L. The embedment length for
these tests is taken as the length from the debond termination point to the point of
maximum moment. Table 5.6 also compares the embedment length, L, to the development

-
L

-
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length, L, for each test. L; is
calcul_ated using AASH’_I’O TABLE 5.6
equation 9-32 (ACI Section
12.9.1) as follows: SUMMARY OF FLEXURAL TESTS
ON
) p BEAMS WITH DEBONDED STRANDS
Ld = (fps-_s:fse)db = 80
Test Debonded | Embedme | % L d3 Failure
Length, L, | nt Length, Mode
Values for the wvariables are aNy alfxr)
assumed to be £, = 260 ksi, _—
f, = 150 ksiand d, = 0.Sinches, DB850-1A 36(S) 84 105 | BND/SHEAR
whic.h are r.epre'senta'tive for the DBSSO-IE* | 36(S) 84 105 | BND/SHEAR
specimens in this series.
DB850-2A 36(S) 76 095 | BND/SHEAR
Table 5.7 compares the DB850-2B* 36(C) 88 1.10 FLEXURE
maximum moment at failure, M,, DB850-3A 78(S) 80 1.00 BOND
with .the calculated nominal DBES0.3B ) 108 135 FLEXURE
capacity. In cases of flexural
failure, the tested maximum DBE85044 78(8) 120 150 FLEXURE
moment nearly equals or exceeds DB850-4B 78(S) 100 125 | FLEX w/SLIP
the calcul?ted ﬂexural capacity. DBSS0-SA 8(C) 120 125 BOND
If a beam’s ultimate capacity at .
failure does not approach the DB8s06A | 78(C) 150 1875 | FLEX/BOND
nominal flexural capacity of the 1 "S* denotes staggered debonding.
section and 51gmf1cant strand "C" denotes concurrent debonding,.
. 2. Steel Cladding is attached to the webs of these specimens.
slips  have occurred, then 3. L, = 80 inches (f, = 260 and f,, = 150 ksi)

anchorage failure of the strands —
is considered to have occurred. Notice that even in extreme cases of obvious bond failures,
the section still achieves a very large percentage of the nominal capacity. This sometimes
makes it difficult to distinguish a flexural failure from a bond failure.

5.6.1 Test Results: Debonded Length = 78 inches with Staggered Debonding.
Figure 5.13 shows the test dimensions for Test DB850-3A. This test is typical of bond
failure in beams with debonded strands. Note that the embedment length, L, = 80 inches
approximates 1.0 times the basic development length given by AASHTO equation 9-32. The
debonded length is 78 inches, L, = 78 in. Figure 5.13 also plots load versus deflection and
end slip. The first flexural cracking occurred at a load of 43.8 kips. This corresponds to a
flexural cracking moment of 3376 k-in, within 5% of the cracking moment predicted by
elastic analysis and a cracking tensile stress of 7.5/f’..

As load increased, the number of cracks also increased and flexural cracking
progressed away from the load point towards the beam’s support. At a total load of
66.3 kips, flexural cracks formed at stations 88 inches and 96 inches from the beam’s end,
well within the transfer zone of the debonded strands. Upon formation of these cracks,
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TABLE 5.7
APPLIED LOAD AT FAILURE
TESTS ON BEAMS WITH DEBONDED STRANDS
Concrete Strain at
Ultimate Load Ultimate Mode of
Beam Le (in) - "/, x10%) Failure
P, (kips) Ml.lut Mutesty Mnl
(k-in)

DB850-3A 78(S) 6958 5358 0.98 2844 BOND
DB850-3B 78(S) 69.32 5615 1.03 2896 FLEX
DB8504A 78(S) 70.33 6038 1.00 2808 FLEX
DB8504B 78(S) 75.39 6029 1.00 2704 FLEX
DB850-5A 78(C) 81.16 5590 0.93 2136 BOND
DB850-6A B(C) 52.24 5851 0.97 2876 FLEX
DB&50-1A 36(5) 88 5104 0.85 1276 BOND
DB850-1B 36(S) 93.6 5738 0.95 2104 BOND
DBS850-2A 36(S) 95.97 5622 0.94 2210 BOND
DB850-2B 36(C) 93.29 5778 0.96 2426 FLEX

1. M, = 6010 k" for DB850-1,24,5 and 6; M, = 5447 k" for DB850-3.

strands B and G slipped through the concrete. The applied moments at these crack
locations were 2915 k-in at station 88 and 3181 k-in at station 96. Cracking patterns for
Test DB850-3A are illustrated in Figure 5.14 and a photograph of the beam is shown in
Figure 5.15. The cracks at 88 inches and 96 inches are visible. Only the debonded strands
were affected by the cracking. None of the other strands slipped and the beam continued
to resist load. Flexural failure was observed with crushing of the concrete. However, this
beam failed at a load significantly less than its nominal flexural capacity. The load at failure
was 69.58 kips resulting in a maximum applied moment 5358 k-in, which is only 88% of the
calculated nominal capacity (Dead load moment was only 116 k-in at the center of the span
and its inclusion does not significantly affect the result).

Test A on beam DB850-4 characterizes a typical flexural failure. Its failure met the
two criteria required to classify a failure as flexural, capacity and ductility. In test DB850-
4A, first flexural cracking occurred at a load of 41.7 kips and a corresponding applied
moment of 3580 k-in, or only 1.5% greater than the calculated cracking load. Loading was
continued until flexural failure occurred at 70.3 kips. Flexural failure is evidenced by
crushing of the concrete after yielding of the strand. Load is plotted versus deflection and
end slips in Figure 5.16. The maximum applied moment from testing was 6035 k-in, or
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99.3% of the calculated nominal
capacity. Concrete strains exceeded
2800 microstrains (2800 x 10° /. ) at
crushing. Total midspan deflection
exceeded 4.5 inches.

Flexural cracking did not extend 100 : : : 5
into the transfer zone of the debonded oo ] e, s
strands and no significant end slipswere 3 g|... . e, S S Vi
observed. The nearest flexural crack 3 : | oy 20N Fatlure I i

from the support was located at station Py

..... @ STA112
118. The photograph in Figure 5.17 | =
illustrates the flexural cracking patterns
observed in this and other flexural Rl 7 A
failures. This crack formed at a load of j """"""""""

68.5 kips under an applied moment of : P
3577 k-in, only 1.5% greater than the WO T
calculated cracking moment. =

Defiection (in)

Tests DB850-3B and DB850-4B
also had debonded lengths of 78 inches Figure 5.13 Beam DB850-3 Test A
with staggered debonding. Load versus
deflections plots and end slips for Tests DB850-3B and DB850-4B are shown in Figures 5.18
and 5.19. Note that Test DB850-4B has an embedment length of 100 inches that places this
test on the borderline between flexural failure and bond failure. Overall this test exhibited
flexural behavior because it achieved the ultimate flexural capacity of the section and it
maintained load through large deformations. However, strands B and G also experienced
significant slipping. At failure, the total slip for strand B was 0.22 inches, and for strand G
the total slip was 0.12 inches. Slip was initiated by a crack at 108 inches from the beam end.
Another crack formed at 95 inches from the end. However, these cracks formed at loads
very near the ultimate load and did not significantly alter the beam’s behavior except for the
end slip noted.

As an aside, some small movements, less than 0.02 inches, were observed for all of
the debonded strands, B, G, D and/or F. However, these slips do not reflect actual bond
slippage. Instead they were caused by normal displacements of the unbonded strand relative
to the cross section. As the cross section deformed under the influence of applied moment,
the end slips measured the elongation of the concrete fibers at the same elevation. An
approximation for the corresponding elongation can be obtained by multiplying the change
in curvature,which is approximately equal to the curvature at zero moment (¢,) times the
debonded length (L,) times the eccentricity of the end slip device (e,,) and integrating (/)
over the length:
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(Staggered) ‘
Transfer Zone of
Dsbonded

——
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112 19 123 138 146 153 1
120 140 160

Figure 5.14 Cracking Pattern DB850-3A

5.6.2 Test Results: Debonded Length = 78 inches with Concurrent Debonding. As
noted before, only two tests with reliable data were obtained from the two beams DB850-5
and DB850-6. Each of these beams contained four concurrently debonded strands.
Debonding was terminated at the same point for all of the strands, 78 inches from the end
of the beam. A second test was performed on DB850-5, but cracking from the first test

caused this beam to fail prematurely.

Test DB850-5A had an embedment length of 120 inches, L, = 120 in. In Test
DB850-4A, an embedment length of 120 inches proved to be adequate for development of
the debonded strands. However, DB850-4 had staggered debonding whereas DB850-5 had
concurrent debonding. Test DB850-5A failed when the anchorage of the debonded strands
failed. The plot of load versus deflection and end slip is shown in Figure 5.20. Note the
large end slips measured on strands B and G. Strand B slipped nearly one inch whereas
strand G slipped in excess of 3.5 inches. Strands D and F also experienced slips in excess

of 0.5 inches, but are not shown in the figure.

First flexural cracking for DB850-5A occurred at a load of 51.8 kips, which is only
1% larger than the calculated cracking moment. As load increased, cracking extended
towards the debond/transfer zome. At a load of 77.8 kips, flexural cracks propagated
through the debond transfer zone. The first flexural cracking in the debonded/transfer zone
formed at Station 80, which affected the anchorage of the debonded strands. This crack was
followed by another crack at Station 92 and again by a crack at Station 106. The cracking
pattern can be observed in the photograph in Figure 5.21. This progression of cracking from

—
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the ends toward the middle of
the beam is typical for bond
failures (it was first observed in
" the fully bonded FAS550 and
FA460 series). This behavior
suggests that as the strands lose
bond, the transfer zomne is
; extended, precompression is
¥ diminished and incidence of
flexural cracking increases in
previously uncracked regions.

Test DB850-6A failed in
much the same manner as
DB850-5A, however its
embedment length, 150 inches,
was long enough to induce a
hybrid failure between flexural
and bond failure. Load versus
deflections and end slips are shown in Figure 5.22. First flexural cracking occurred at
31.33 kips, the predicted cracking load. Load was increased, and the region of cracking
expanded. However, the primary region of flexural cracking extended omly to about
144 inches from the end. At the load of 51.7 kips, a flexural crack formed at 78 inches from
the end, nearly the exact point where debonding is terminated. This also corresponds to the
station point where cracking is predicted by the behavioral model. The crack pattern of
DB850-6A is shown Figure 5.23. In the photograph, the crack at 78 inches is separated from
the region of primary cracking by a wide distance. This cracking pattern exemplifies the
reduced M,, resulting from debonded strands. End slips coincided with the formation of the
crack at Station 78. These results demonstrate that the behavior of beams with debonded
strands can be accurately predicted by the rational behavioral models presented in this
chapter.

Figure 5.15 Photograph of Test DB850-3A Cracking
Patterns

This beam was loaded a second time. Crushing strain of the concrete was achieved
albeit at a lower load. Maximum end slips remained relatively small, about 0.03 inches,
indicating that the strands were being anchored and that the specimen could be loaded
several times with only minor deterioration of bond.

5.6.3 Test Results: Debonded Length = 36 inches. Two beams were cast with short
debonded lengths, DB850-1 and DB850-2. These beams were intended to demonstrate that
the strands could be developed at embedment lengths less than 1.0 times the basic
development length. From the prediction model, Figure 5.9, if web shear cracks were
disregarded, then flexural failure would occurinstead of bond failure for embedment lengths
less than 1.0 L, However. these tests demonstrated, quite graphically, the relationship
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Figure 5.21 Photograph of Cracking Pattern, DB850-5A
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between web shear cracking and
subsequent bond failure. All of
these tests experienced web
shear cracking. The first of
these tests, DB850-1A failed in
bond immediately upon
formation of the web shear
cracks. In the three remaining
tests, steel cladding was glued to
the webs of the beams in an
effort to limit web cracking.
While web shear cracking was
not eliminated, crack
propagation was controlled and
anchorage failure was delayed.
The results clearly demonstrate
the relationship between web
shear cracking and anchorage
failures.

Test DB850-1A had
staggered debonded strands to a
length of 36 inches, L, = 36
inches. The embedment length
was 84 inches, L, = 84 inches or
1.05 L. Cladding was not
applied to the web of the beam
in this test. The beam failed
when web shear cracks formed in
the shear span and caused
anchorage failure of the strands.
The web shear cracks formed at
a total load of about 88 kips and
an applied shear of about 44
kips. Complete collapse resulted
and is shown in the photograph
in Figure 5.24. The plot
illustrating load versus deflection
and end slip is shown in
Figure 5.25.
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Figure 5.23 Photograph of Cracking Pattern, DB850-
6A

Figure 5.24 Photograph of Web Shear Cracking and
Bond Failure, DB850-1A

For Test DB850-1B, the sides of the web were clad with steel plate as described
earlier in Section 5.5.2. However, a seam was left in the steel at a distance 42 inches from
the end of the beam where the steel cladding was not joined together. As the beam was
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loaded, web shear cracks formed
in the concrete above the steel
cladding, as shown in
Figure 5.26. The total load of 80
kips corresponds to ano applied
shear of 42.4 kips, approximately
the same wvalue as for Test
DB850-1A.

Increased loading
produced another shear crack
closer to the middle of the beam.
Also note that no web shear
cracks were observed except at
the end regions and no bottom
flexural cracks developed. Web
shear capacity is a function of
the precompression stresses, so
as more of the prestressed force
becomes effective by transfer of
the debonded strands, the
resistance to web shear cracking
increases. -

Loading was increased
incrementally without further
damage until a load of 93.6 kips
was applied. At this load, a web
shear crack formed through the
seam in the steel cladding and
extended through the bottom
flange. Strand anchorage failed
completely and total collapse of
the beam resulted. The applied
shear at this load was 49.5 kips.
The photograph of the beam at
failure is shown in Figure 5.27.
This test is very significant for
the following reasons:

100 5 .
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Figure 5.25 Beam DB850-1 Test A
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This test demonstrates that bond slippage and subsequent failure is preceded
by cracking in the transfer zone of a strand. Both the applied shear and the
applied moment in Test DB850-1B exceeded the shear and moment applied
in Test DB850-1A. If failure was initiated by bond slippage, by simply pulling
out of the strands and relieving prestress force, then these two tests would
have been expected to fail at similar loads. Instead, web strengthening in Test
B increased the beam’s resistance to cracking, and preserved integrity of the
bond until the failure shear crack formed. When the crack propagated
through the bottom flange, the strands’ anchorage was disturbed and bond

fa11ure resulted.

Load versus deflection and end slip
for test DB850-1B is given in
Figure 5.28.

Tests DB850-2A and DB850-
2B also had steel cladding applied to
the web, but the steel was made
continuous; no seam was left
between cladding plates. In both
tests, the web cladding delayed the
propagation of cracks through the
strands’ transfer zone. As shown in
Figure 5.29, increased loading
developed shear cracking at the top
of the bottom flange -chamfer.
These shear cracks also precipitated
bond failure of the strands.
Figure 5.30 illustrates load versus
deflection and end slip for Test A
on Beam DB850-2.

Figure 5.27 Web Shear Cracking and Bond Failure
DBg850-1B

For Test B, the embedment was lengthened slightly. At this end of Beam DB850-2,
the strands were concurrently debonded. However, the prediction model shows that for
short debonded lengths, the required development length would be the same for either type
of debond termination. The photograph in Figure 5.31 shows the cracking pattern. The
load versus deflection and end slips for Test DB850-2B are shown in Figure 5.32. Cracking
was effectively prevented in the transfer zone until the ultimate load was achieved. From
Figure 5.31, note that a single horizontal crack formed from the flexural crack at Station 56,
and propagated longitudinally through the transfer zone of the debonded strands. The crack
extended longitudinally to Station 36, the point where debonding terminates. This crack
is a splitting crack caused by the strand as it is being pulled through the concrete while
resisting external loads. The crack is marked "2.6,” and is located directly above strand F
in the specimen. The measured slip in strand F exceeded the slips in the other strands.
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Figure 5.31 Flexural Failure With Splitting Crack in Transfer Zone at Strand F, DB850-
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5.7 Discussion of Results g% TR T /
é . g\rogr:duod ....... / :
5.7.1  Comparison of Results with 3 | .. rae (| o Jodedn [0
Predicted Behavior. Chapter 5 began with the 3 = : ‘% °® —
development of a model to predict bond failure = |+ A : :‘::
of pretensioned beams made with debonded Mo 1 R ST
strands. The premise for the model is that bond ~ ,[["e -z || R NS
will fail when cracks propagate across the A e | /gﬁﬁ?‘” ........ L
transfer zone of a strand. By predicting the ° % :a E 72 - T — B
formation of cracks, bond failure is also Le, Embedment Length(in)
predicted.

Figure 533 Overlay of Test Results
(Beams With Staggered
Debonding)

Test results are overlaid onto the prediction model in Figures 5.33 and 5.34. Results
were presented earlier in Tables 5.6 and 5.7. Figure 5.33 illustrates the results from tests
with staggered debonding and Figure 5.34 presents the results from tests with concurrent
debonding.

8

Figure 5.33 illustrates the results from the
seven tests on beams with staggered debonding.
In Test DB850-3A, the specimen contained
gradually debonded strands at a debonded length
of 78 inches. The test resulted in a bond failure
where the strands slipped and the ultimate
moment was not achieved. The embedment i
length, 80 inches, was equivalent to 1.0 times the coa | L/ LN T T
basic development length as given by AASHTO e
equation 9-32. This embedment length was Le, Embedment Length(n)
;hown to l.je su.ffi cient fo.r fully bonded beams, Figure 5.34 Overlay of Test Results

owever, in this case with debonded strands, (Concurrently Debonded
bond failed before the ultimate flexural capacity Beams) y
was reached. The bond failure was clearly
predicted by the model following flexural
cracking in the debond/transfer zone.

N

Lb, Debonded Length(in}

]

n
>
|

o

In Test DB850-4A, the specimen also contained staggered debonded strands to a
debond length of 78 inches. However, for this test, the embedment length was 120 inches.
The beam failed in flexure, attaining its ultimate flexural capacity and maintaining its load
through large deformations. The model clearly predicts flexural failure for this test as
shown in Figure 5.33.
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The model also accurately predicted the test results of DB850-3B and DB850-4B.

Test DB850-4B is placed on the borderline between flexural failure and bond failure. In

this test, the beam was able to achieve its ultimate flexural capacity and also demonstrate

some ductility; therefore, it is classified as a flexural failure. However, one crack did form

in the transfer zone of the debonded strand. When the crack at Station 78 propagated

across the transfer zone of the debonded strand, some strand slip was recorded. In this

- manner, Test DB850-4B experienced a hybrid behavior between bond failure and flexural

failure, as predicted.

-~ In tests on beams with relatively short debonded lengths, L, = 36 inches, the primary
cause of beam failure was failure of strand anchorage. Bond failures were caused by the
propagation of web shear cracks across the transfer zone of all the strands, both fully
bonded and debonded. Of the specimens with staggered debonding, all three failed in bond
- caused by web shear cracks. Steel cladding applied to the web effectively delayed crack
propagation to much higher loads, however shear cracks eventually found their way through
the cross section and caused bond failure.

The most significant test of the short debonded lengths was Test DB850-1B where
the steel cladding was not joined at Station 42. This test was identical to Test DB850-1A
) except that Test A had no steel cladding. Test A failed in bond upon first incidence of web
shear cracking. Test B exceeded this load by a large margin. However, Test B did fail in
bond, but only after a web shear crack propagated through the seam in the steel cladding.
o Until the results from these two tests, it could have been argued that bond failure is caused

J simply by pulling out of the strands because of the tension in the strands, and that cracking
is due to the loss of prestress and not the cause of it. Instead these two tests clearly show
1 that cracking is the cause of bond failure, not the reverse. Test B exceeded the load that
) caused failure in Test A only because cracks were not allowed to disturb the anchorage zone
of the strands. When cracks did propagate through the stands’ transfer zone, then bond
failure occurred and the beam failed.

Figure 5.34 depicts the results from tests on beams with concurrent debonding.
Again, strand slip and bond failure are accurately predicted by the incidence of cracking in
- the strands’ anchorage zones. Test DB850-5A had an embedment length of 120 inches and
was clearly a bond failure.

DB850-6A achieved flexural failure, but with some end slips. The cracking pattern
1 (Figure 5.23) from test DB850-6A graphically demonstrates two separate cracking regions.
The first flexural cracks formed at the region of maximum moment where all of the strands
are bonded and active. The second region of cracking occurred in the debond transfer zone
M and is distinctly separated from the other cracking zone, clearly demonstrating the reduced
cracking resistance that results from debonding strands. In this and other cases, cracking
in the debond/transfer zone precipitated bond slip.
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Test B on DB850-2 also illustrated a flexural failure with some bond slip. In this test,
steel cladding prevented the propagation of web shear cracks into the lower portion of the
cross section at the strands’ anchorage zone. Consequently, the strands were able to develop
their full tension required to resist the nominal flexural capacity of the section. Small
amounts of strand slip did occur with the formation of a flexural crack at Station 68,
however the beam was able to achieve its flexural capacity.

5.7.2 Staggered Debonding versus Concurrent Debonding. In a beam with staggered
debonding, the termination points of vary from strand to strand. Conversely, in beams with
concurrent debonding, all debonding is terminated at the same point along the length of the
beam. These tests show that beams with staggered debonding perform better than beams
with concurrent debonding. For example, two tests, DB850-4A and DB850-5A had the exact
same debonded length, L,, and the same embedment length, L,. However, Beam DB850-4
had staggered debonding whereas DB850-5 had concurrent debonding. At lower loads,
these two beams behaved identically. However, as loads increased, DB850-5A suffered
cracking in the debond/transfer zone at lower loads because the greater number of
debonded strands lowered the beam’s resistance to cracking. This cracking led to slip of the
debonded strands and subsequent bond failure. As expected, Beam DB850-4A failed in
flexure whereas Beam DB850-5A failed in bond.

Moment diagrams for these two
specimens are compared in Figure 5.35.
Note that Beam DB850-4 has a larger
cracking moment in the critical _
Debond/Transfer Zone DB850-4 than J
Beam DB850-5. As the load is RIT
increased, the applied moment é)xceeds “\\\%}E\}b%}\\\\\\\\\\\‘\\\ ™ BebondTi
M, at the transfer zone of the
debonded strands in Test DB850-5A.
When these flexural cracks form, the
strands slip and lose anchorage. As a
result, the beam fails in bond.
Conversely, in Test DB850-4A, the
applied moment does not exceed M,, in
the debond/transfer zone. The beam’s
ultimate flexural capacity is reached at
the region of maximum moment before
cracking occurs at the anchorage zone.
Consequently the beam fails in flexure.

aggered Debonding, DBB50-4A
Caoncurrent Debonding, DBBSD-5A

Figure 535 Staggered Debonding vs.
Concurrent Debonding (Test
DB850-4A vs. DB850-5A)

Comparison of these two tests demonstrate that beams with staggered debonding will
behave better than strands with concurrent debonding. By staggering debonding, the beam
enjoys greater resistance to cracking. This example demonstrates flexural behavior, but the
same principles are true for any other type of behavior such as shear behavior.
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5.7.3 Prediction of Cracking. Success

of the prediction model is dependent upon the TABLE 5.8
ability to predict the formation of cracks, both )
flexural cracks and web shear cracks. In FIRST CRACKING LOADS AND MOMENTS
Table 5.8 the first occurrence of flexural TS O B g PONDED
cracking is compared to the calculated value.
Altog.ether there are ten test cases. First First Cracking
cracking occurred at moments ranging from a Beam
low of 97% of the calculated value to a high of Fo | Mom | Monfy,,
. {kips) (k-in)
107%. The average cracking moment was
101% of the calculated value, demonstrating DB850-3A | 4384 3376 0.99
only one percent error. The cracking moment DB850-3B | 3953 3297 0.97
was calculated tfased on an effective prestress DESS04A | 41 2580 L
force of 160 ksi and a concrete strength of
6000 psi. The values for M, are given in DBBSO4B | 4581 | 3664 104
Table 5.8. DBSS0-SA | 5180 3567 1.01
o DB8SO-6A | 3133 3509 1.00
Occurrence of web shear cracking is
given in Table 5.9. Figure 5.6 gives values for s L *5 100
V., For four effective strands, V,, = 40.3 DB850-1B 56.47 3461 0.98
k@ps, and for eight effective strands, V,, = 5 1:0 DB850-2A 6126 1588 102
kips. However, the beam pictured in DBES02B | 6102 - o7
Figure 5.6 has L, = 78 inches. The beams in : -
this series that cracked in web shear had L, = L M,, = 3524 k" for DB850-1,2,4,5 and 6;
36 inches. From the table, all of the web Mer = 3410 K for DBSSOS; using, _
. e pst, fr = 7'5\[f © and fu -
cracking occurred at shear loads between 40.7 160 ksi.

kips and 52.1 kips. First web cracking occurred
in the range of 40.7 kips to 42.5 kips. Resistance to web shear cracking, V,,, was calculated -
by an elastic mechanic solution as outlined in Figure 4.16. Again, as with the prediction of
flexural cracking, web shear cracking was accurately predicted.

5.7.4 Effects of Cracking on Bond Slhip. Table 5.9 also reports the incidence of
initial strand slip. In every case, the initial strand slip corresponded with the propagation
of cracking through the transfer zone of the strands. In Beams DB850-3 through DB860-6,
flexural cracking occurred in the transfer zone. In Beams DB850-1 and DB850-2, web shear
cracking occurred in the transfer zone. These results clearly demonstrate that cracking
precipitates bond slip.

5.7.5 Strand Slip without Bond Failure. In several of the tests, it is noted that small
strand slips occurred without complete bond failure. This parallels results found in the
literature and results from the fully bonded development length tests. Certainly, it must be
concluded that strands have the ability to develop the required tension even if some bond
slip does occur. Bond slip with flexural failure has been noted for several tests. However,
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TABLE 5.9

SUMMARY OF END SLIPS COMPARED TO

CRACKING IN THE DEBOND/TRANSFER ZONE

Beam Cracking in the Debond/Transfer Zone End Slips
Le (in) Mode of
Load at Station' M,orVv,? Initial Slip | Slip at Failure Failure
Cracking (kips) (in)
63.44 112 3426F Yes
DB850-3A 78 (S) 2.02 Bond
66.27 88 2785% -
96 3048+
DB850-3B 78 (S) 66.07 107 3119 Yes 0.28 Flex
DB850-4A 78 (S) - - - — 0 Flex
DB850-4B 78 (S) 71.40 108 3413 Yes 0.219 Flex
75.11 95 3142¥ —
80 2259+ Yes
DB850-5A 78 (©) 77.78 3.70 Bond
92 2616 —-—
106 3032%
DB850-6A 78 (O 50.93 78 1884% Yes 0.03 Flex
DB850-1A 36 (S) 88 24 44* Yes 0.85 Bond
DB850-1B 36 (S) 80.14 20 425 No’ 0.75 Bond
93.6 42 49.5 Yes
76.93 15 417 No*
3
DB&50-2A 36 (S) 865 36 469" No 036 Bond
89.67 42 48.6 Yes
95.97 — 52.1% —
DB850-2B 36 (©) 789 20 40.7* No* 052 Flex
93.29 73 3322¢ Yes

Distance from the end of the beam

Measured moment, M,,, or measured shear, V,,, at the crack location; calculated by statics

Steel cladding attached to the web prevented strand slips
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it must be pointed out that many of the tests that combined slip with flexural failure had
embedment lengths on or very near the borderline separating expected behaviors. As such,
any cracking in the transfer zones occurred at loads very near the nominal capacity. In
those cases, the debonded strands may not have developed any additional tension, but
rather, transferred their load to the fully bonded counterparts. This would explain why
results from Rabbat et al and from Dane and Bruce measured significant strand slips, but
were still able to develop the ultimate load. It would also explain similar results in these
tests.

58  Comparison to Code Provisions

This research indicates that the current code provisions may be too restrictive in
some cases. But more importantly, test results demonstrate that current code provisions do
not establish an accurate model for behavior of beams with debonded strands.
Consequently, current code provisions are, at best, misleading and could potentially lead to
unsafe designs.

Two very important facts are illuminated by the plots in Figure 5.7a and 5.7b. First
of all, the embedment length required to prevent bond failure is dependent on the length
of debonding. Therefore, development length is a function of debonded length, L; — f(L,).
And the corollary, longer debonded lengths require longer embedment lengths for the
strands.

Many of these tests had embedment lengths that did not conform to the code
requirement for twice the basic development length. Yet these strands demonstrated their
ability to maintain bond integrity and strand anchorage. The most extreme example is Test
DB850-2B. Strands in this specimen demonstrated the bond strength to develop ultimate
flexural capacity, yet the embedment length was only 88 inches, not the 160 inches required
by ACI and AASHTO codes.

On the other hand, Test DB850-6A approached conformance with the code
provisions. Its embedment length was 150 inches and even though its failure was classified
as a flexural failure, some strand slips were measured. Generalizing this behavior to a more
extreme case, perhaps with longer spans and longer debonded lengths, many design cases
would exist where the requirement to double the development length would still allow
cracking in the debond/transfer zone; these designs may be unsafe.

It is also important to note the differences in the bond behavior of strands whose
debonding is staggered compared with those strands whose debonding is concurrent. If
strands are concurrently debonded, then the required development length is much greater
than if the debonding was staggered. The code makes no distinctions or requirements
towards staggering debonding. This research indicates that staggered debonding should
either be required by code language, or better yet, encouraged by code provisions that are
more closely related to behavior.
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5.9  Summary

This chapter began with an analytical rationale to predict the anchorage failure of
beams with debonded strands. The model presumes that a strand will slip when cracks
propagate across the anchorage zone of a strand. Tests were designed and performed using
this prediction model. Agreement between results and predicted behavior was very good.
Additionally, these tests demonstrated that cracking in concrete could be accurately
predicted and that cracks in the transfer zone of a strand, whether due to flexure or shear,

do cause that strand to slip.
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CHAPTER 6
REPEATED LOAD TESTS

6.1 Introduction

Repeated load tests are necessary to establish structural behavior under duress
imitating the service life of a structure. Repeated load tests were necessary in this project

" to determine the performance of bond through many load cycles. Some small end slips were

noted in static tests, and it must be established whether bond will stabilize under repeated
load, or if repeated load will eventually cause the bond to fail.

Five beams were tested under repeated loads. Four of the beams contained eight
0.5 inch diameter strands, four of which were debonded, while the fifth beam contained four
fully bonded 0.6 inch diameter strands. A total of eight tests were performed. The beams
used in these tests were companion beams to the beams used in the static test series. In
fact, the two sets of beams are identical in every way, except of course, small var1at1ons in
concrete strength and/or strand tension.

In each test, load was cycled from 25% of service load to 100% of service load (0.25
P, to 1.0 P,) for at least one million cycles or until failure. Static load tests were
performed at intermediate stages to test the beams for loss of stiffness or loss of bond.
These intermediate static loads were overloads that exceeded the service load by factors of
1.3 to 1.6 to mimic large truck traffic or special loads that a bridge might be required to
support in its service life. Each beam was "precracked" prior to the repeated load testing,
so all of the repeated loads were applied to a cracked beam.

Results from these tests are remarkably similar to the results from the static tests on
companion beams. These tests demonstrate that the same behavioral models that were
developed for static tests are accurate for structures subjected to repeated loads. It should
be noted that some bond fatigue was observed, where bond slip occurred simply through the
repetition of load. However, strand slips appeared to stabilize after a finite number of load
cycles. Significant slip from bond fatigne was observed in only one specimen, a specimen
that was predicted to fail in bond because of a short embedment length.

6.2  Design and Fabrication

A-total of five beams were tested in this series. All of the beams were companion
beams to others that were tested statically. Four of the beams contained eight 0.5 inch
strands, with four debonded strands, whereas the fifth beam, FA460-F4 contained four fully
bonded 0.6 inch strands. The debonded beams are labeled DB850-F1 through F4.

DB850-F1 and DBS850-F2 are identical to each other and to two beams from the
static test series, DB850-3 and DB850-4. These beams all had debonded strands with
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staggered debonding. By
definition, the debonded length
is taken as the longest length of
debonding, in this case, L, = 78
inches. Likewise, beams DB850-
F3 and DB850-F4 are identical
to each other and to beams
DB850-5 and DB850-6, from the
static test series. These beams

all had debonded strands, but
with concurrent debonding. The

AASHTO- Type Girders

debonded length, L, of these AASHTO-Type Girders

i i Cross Section B
beams is also 78 inches. The Boams oo e S Srands

cross sections and beam details

hY

DB 850-F1, F2, F3, and F4

0.6 inch Strands

FA480-1,2,3,F4,5and 6

are given in Figure 6.1. Strand _
patterns and the debonding Cross Section Properties: Cros; Se;::;i?% Pro:;znerties:
. . . A= 197in"2 =177.3in"
schedule are given in Figure 6.2. = 12,080 in*4 | =9194 in*4
yb= 13.11n yb=12.89in

The shear reinforcement
consisted of #3 reinforcement,
placed in pairs. The cross
section details illustrate the
shear reinforcement. Stirrups

Figure 6.1

Cross Section Details Repeated Load

Tests

were placed at 6 inch spacings for all of the beams with the exception of beam FA460-F4.
Its shear reinforcement was placed at 6 inch centers within 10 feet from ends of the beam
and 8 inch centers in the interior portion of the beam.

The beams were fabricated by the same
procedures that were used for the beams in the
static test series (Section 5.5.2). Strands were
stressed to 75% of £, for initial tensioning.
Initial tension was measured using a pressure
indicator showing the hydraulic pressure
applied to tension the strand.  Strand
elongations were also measured to assure
correct tensioning. Elongation measurements
are given in Table 6.1. These beams were
stored for longer periods of time before testing
when compared to beams that were tested
statically. The effective prestress force was
calculated from the elongation measurements
taken while tensioning the strands and adding
the initial prestress of 10.4 ksi for 0.5 inch
strands and 7.3 ksi for 0.6 inch strands, then

H
a D
DEF
ABC A B C
DBBSO-F1 thru F4. FA460-F4
View Lkg North View Lkg Narth
DEBOND SCHEDULE
Strand B D|F |@
FA460-F4 ol o - | -
DBB50-F1 78| 33 39 | 78
DB850-F2 78| 39| 39 | 78
DB850-F3 78| 78| 78 | 78
DBBSO0-F4 78| 78| 78 | 78

Figure 62  Strand
Debonded Schedule
Repeated Load Tests

Patterns and
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deducting losses calculated by the General Method from the Precast/Prestressed Concrete
Institute, given in Appendix D of reference 26. For beam FA460-F4, the effective prestress
force was calculated to be 160 ksi. For beams DB850-F1 through F4, the effective prestress
force was calculated to be 152 ksi. :

TABLE 6.1
STRAND ELONGATIONS
" AND
CALCULATION OF EFFECTIVE PRESTRESS

REPEATED LOAD TESTS

: STRAND ELONGATIONS (in)
BEAM

A B C D E F G H AVG,
FA460-F4 5.906 5563 5.625 - - - - - 5.698
DB850-F1 5500 5516 5438 5.438 5469 5484 5.438 5500 5473
DB850-F2 5.500 5516 5.609 5531 5.547 5.625 5.844 5.547 5.590
DB850-F3 5.797 5.469 5516 5516 5.359 5516 - 5.500 5525
DB850-F4 5.453 5.609 5.547 5594 5.469 5.469 5.328 5.281 5.469

The plots of concrete strengths given in Appendix B also depict the number of days
after casting that a beam was tested. Because of this, the beams used for repeated load
tests suffered greater time dependent losses than in the beams from the static test series.
Consequently, the effective prestress and cracking moments are lower for these beams than
their companions that were tested statically.

The age of the concrete also affected concrete strength at the time of testing.
Concrete strengths are given in Table 6.2. Concrete strength over time is plotted in
Figures B6 and B13 through B16 in Appendix B. The beams were cast with concrete having
the same concrete mix proportions as the statically tested beams. Concrete mix proportions
are given in Table 4.1. As always, care was taken to properly consolidate the concrete with
both external form vibrators and internal vibrators. Strand load versus strain is given in
Figure B1.

63  Test Setup and Instrumentation

6.3.1 Testing Equipment. The same testing apparatus was used for these tests that
was used for all previous flexural tests, but with different hydraulic equipment. The load
frame and support beams remained the same. As noted earlier, the support beams allowed
the support locations to vary from test to test. Photographs of the testing apparatus are
shown in Figures 6.3 and 6.4. For the repeated load tests, a fatigue rated hydraulic actuator
was used. Its fatigue capacity was rated at approximately 115 kips. Its static capacity was
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200 kips. The repeated load cycles were controlled by
a closed loop system. An electronic controller

regulated the load cycle by signalling a servo- TABLE 6.2 =
controller mounted on a four way valve. Load was CONCRETE STRENGTHS' L
controlled by controlling the direction and flow of REPEATED LOAD TESTS !
hydraulic fluid. The controller monitored the applied e
load from the load cell positioned directly under the Strength at -
actuator. The load varied as a sine wave with the Beam | Release|  Flexural Test Pl
peak at 100% of service load moment, M,,, and the Strength ™ T o
valley at approximately 25% M, Cure | Care P
A static hydraulic system was used for_the ol B B .
initial static tests and the subsequent static tests, ~
including tests to failure. Safety precautions require DBfS 0 I I e e
the use of a static hydraulic system in tests to failure ;
because hydraulic pressure is relieved with gross DBZSS o el e ) o
deformations of the beam. If the beam were to fail .
under load, the resulting displacements would also DB3850' 6 T T '
result in a loss of hydraulic pressure, making the o
system inherently safe. The static system used a DBfSO' 4805 i 7
conventional electrical or mechanical pump and
1. Concrete Strengths vs. Time are P

different hydraulic lines. plotted in Apprandix B

_ 2. Concrete Strength at 28 days. Testing
6.3.2 Stress Ranges and was performed approximately 300 days
Load Histories. Each test began . after casting .
with a static test that L
"precracked" the beam. Flexural : i
cracking increases the stress
range in the steel beyond the
stress range for an uncracked
section. Previous fatigue
tests'®#*>4® have shown that very
little distress will occur before
cracks develop. Additionally,
bond stresses between concrete
and steel are directly related to
the change in strand tension.
Higher stress ranges also place
greater demands on related bond ;
SLresses. PHOF to cracking, bond Figure 6.3  Photograph of Test Setup and Beam 1o
stresses remain very small, and DB850-F1
precracking the beam is »
necessary to provide an adequate L
test for bond fatigue. 5
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After the initial static tests, load was cycled
between a minimum load (approximately equal to
25% of the service load) and a maximum load
(approximately equal to 100% of service load).
The service load is defined as the load that causes
a tensile stress equal to 6\/f, on the bottom fiber
of the uncracked section.

Strand stress ranges are illustrated in
Figures 6.5 and 6.6. Moment is plotted versus
strand stress. Moment versus curvature was
computed assuming that the beams act in pure
flexure and that strains are linear across the cross
] section. Strand strain is assumed to be the strain
at the centroid of the c.gs. of the prestressing
steel. Strand stress is related to strain by the data
provided by the manufacturer as shown in
Appendix B, Figure B1. Calculations are made by
analyzing the cracked section.

Periodically, overloads were applied to each )
specimen. Overloads were applied to mimic Figure 6.4  Photograph of Testing
) overloads that occur in the life of a bridge Apparatus
J structure. Overman, Breen and Frank® noted that

occasional modest overloads can produce extremely detrimental effects. In this research,

the magnitude and frequency of overloads varied from test to test. Overloads varied from
) 1.3 times the service load to 1.6 times the service load. After the overload cycle, repeated
loading was continued as before. Static overloads are described in detail in later discussions
of each beam tested in this series.

6.3.3 Instrumentation. The instrumentation for these tests was essentially the same
as for the statically tested beams. Instrumentation measured applied load, beam deflection
and strand end slip during the static tests. These data were measured electronically and the
data was stored by the data acquisition system. Other data measured electronically included
hydraulic pressure and electrical resistance strain gages applied to the strands. Figure 4.6
illustrates the instrumentation and locations where measurements were taken.

Load was measured from an electronic load cell at the hydraulic actuator. Deflection
and end slips were measured by linear potentiometers. The electronic potentiometers used
to measure end slips are pictured in Figure 6.7. All of the electronic instruments were
calibrated prior to testing. End slip measurements are accurate to 3-0.001 inches.
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Concrete strains were
measured in the constant moment
region of each test. Measurements
were taken at each load increment
with the DEMEC gage system
discussed in Chapter 3.

6.4  Repeated Load Tests;
Procedures and
Results

As noted Dbefore, eight
repeated load tests were performed
on five beams. Three of the beams
were tested twice, once on each end.

T Beam FA460-F

Moment (k«In}

1500

1000

9]
1

L2 186 10 164 168 172 176 180 184 188 192 196 200 .

Strand Stress (ksi)

Figure 6.5  Stress Range for Repeated Load Tests

Two of the beams were tested only once. In this section, the test sequence and the loading
histories for each test are described along with the major variables. As each test progressed,
certain behavioral characteristics were noted that affected the procedure and the outcome
for each test. These behaviors are also noted in this section.

6.4.1 Test Variables. The
major variables for this test series
are the debonded length(L,), the
type of debonding("S" or "C"), the
embedment length(L,), the number
of load cycles(N) and the magnitude
and frequency of the intermediate
overloads. Values for the first three
variables are given in Table 6.3.
Please note that all of the debonded
beams (DB850-F1 through F4)
contained eight 0.5 inch strands
whereas the fully bonded beam
(FA460-F4) contained four 0.6 inch
strands. The embedment length is
again taken as the distance from
where bond begins to the point of
maximum moment. For the beams

e L : 5 i
Debonded Beams, Series DBSSO—|

Moment (k-In}

g 88¢%¢

e RN Stress Range = 14.4 ksi

4 148 152 156 160 164 168 172 176 180 184

Strand Stress (ksi)

Figure 6.6  Stress Range for Repeated Load Tests

with staggered debonding, the debonded length, L,, is always taken as the longest extent of

debonding.

The remaining variables, the number of cycles and the magnitude and frequency of
the intermediate loadings changed as each test evolved. All of the test specimens were
intended to cycle through a minimum of 1 million loads, however some of the beams failed
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before this many load cycles were
achieved. @ The most significant
damage occurred during the
intermittent static overloads.
Therefore, the magnitude of the
intermittent static loads was adjusted
to match each individual test so that
some cracking would occur, but
would not preclude further repeated
load testing. Even so, two of the
tests, DB850-F2A and DB850-F4,
failed at relatively small loads
during intermediate tests. These
two failures resulted from bond
failures and inadequate strand
embedment.

Figure 6.7 Photograph of .Electronic

In the mext eight sections Potentiometers to Measure End Slips

each test is described briefly. For

each test, the load histories are described with information in both tabular and figure form.
The figures plot the magnitude of the load versus the number of cycles, N. End slips are
also plotted versus number of cycles, N, in these same figures. These figures demonstrate
that damage to prestressing bond occurred primarily during the static overloads. The tables
also report deflections at the beginning and end of each static test and also the deflection
at the service load. Large increases in deflection indicate a loss of stiffness in the beam.
Deflections were measured under the load point.

Finally, the final static test to failure is plotted for each test. These figures plot load
versus deflection, end slips versus deflection and also illustrate the geometry of each test.

Any significant behavioral results from the intermediate static tests are also reported,
such as strand slip that occurred concurrently with cracking. For each test, the final static
loading was applied until the beam failed, either in flexure or in bond.

6.4.2 Beam FA460-F4, Test A. This first test specimen, Beam FA460-F4, contained
four 0.6 inch strands. Currently, 0.6 inch strands are not allowed in pretensioned
applications by the Federal Highway Administration (FHWA), primarily because their bond
behavior is unknown. Tests on this beam add to the understanding of these larger diameter
0.6 inch strands and their behavior under service load conditions.

All of the strands contained in this specimen are fully bonded. In the static tests
reported in Chapter 4, the development length of 0.6 inch strands was measured to be about
84 inches. For the first test, Test FA460-4A, the embedment length was chosen to be 120
inches, or 1.25 times the development length currently required by the code. Figure 6.8 is
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a photograph showing this beam

and the test setup. The loading TABLE 6.3
history for this beam is reported ’
in Table 6.4 and Figure 6.9. VARIABLES BS}; g;lST SPECIMEN

The beam was cracked in REPEATED LOAD TESTS
the initial static loading to 1.6 Test Beam Debonded | Embedment | Type of
P.,. The nearest crack to the Length, L | Length, L, | Length, L, | Debonding'
end of the beam formed at (im) (i) (i)
Station 88, or 88 inches from the FA4G0-FAA 480 0 120
end of the beam. There was no
strand slip. In all of the Padimb | 0 0 %
subsequent repeated load cycles DB8S0-F1A 480 B 100 S
and intermediate static tests, no DB8S0-F1B 480 78 80 s
additional cracks formed near I 450 s " S
the support and no strand slips
were reported. The test DB8S0-F28 480 78 110 S
specimen withstood 1,770,265 DB850-F3 480 s 120 C
load cycles. Figure 6.10 DBSS0-F4 480 5 100 c
illustrates the load-deflection
curve for the final static test to b Sonotes fgggﬁ::n‘:ﬁmig
failure. The beam failed at a -

load of 55.36 kips and a moment of 3905 k-in. The beam clearly failed in flexure at 99%
of the calculated nominal capacity with no end slip.

6.4.3 Beam FA460-F4, Test B. Asin Test FA460-F4A, all four 0.6 inch strands were
fully bonded for Test FA460-F4B. The embedment length was set at 96 inches, or 1.0 times
the development length, L; as given by the current code. This beam was cracked in the
initial static loading to 1.6 P,,. The nearest flexural crack to the support formed 75 inches
from the end of the beam. Only very small strand slips were measured, less than one
thousandth of an inch. The loading sequence on this beam was very severe. Subsequent
static overloads of magnitude 1.6 P,, were applied at 10, 129, 1000, 12,226, and 138,321
cycles. No additional cracking occurred and no significant strand slips occurred throughout
the repeated load tests or the intermediate static tests. Loading histories are given in
Table 6.5 and Figure 6.11. ‘

A total of 1,400,000 cycles were applied to the beam, after which the beam was
statically loaded until failure. The results of the final static test are illustrated in
Figure 6.12. The beam failed in flexure with very little strand slip. At failure, the maximum
moment was 3874 k-in, or 98% of the calculated nominal flexural capacity.
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08 F Strand Slips vs. Number of Load Cycles
o 05 Beam FA480-F4 Test A
o o4
& o3
8 o2
@ a.1
0 L L A B AN LD
o 04
£ 03
2 oz
g o L
a 0 {.\Af T .‘....:L.H.A, ||-‘{\u ,u/.}u/\—x /\m_mlmlL
110 10® w° 1t 1 10
151 [
5 l
f 1.0+ L
§ |
0.5:- L
F
0 L T (U W BT R IR I TTITL T iTam
1100 1% 10° 1¢ 10 10° 107
Number of Cydes, N
Photograph of Test Setup and Beam Figure 6.9 Loading History:
FA460-F4 Beam FA460-F4
Test A
TABLE 6.4

*{Final Staic Test 1,770,265 Cydes

BEAM FA460-F4 TEST A
STATIC LOAD TESTS

L,=120in;P, =302Kk"; P, = 54.0 k"

Beam FA460-F4 Test A

End Slip {in)

Load | Max. |% P,, Deflections Siip B Stip G
Cycle | Load i
N (kips) Beg | End | @ P,, || Beg{ End | Beg |End

1 48.62 | 1.6 0 01131 0426 || O 0 ¢ ¢

2 302 | 10 0.06 | 0.06 { 0.63 01 0 0 0

100 30.2 | 1.0 0.06 | 0.06 | 0.63 010 0 0

1000 302 ) 1.0 0.06 | 0.06 | 0.64 0] 0 0 0

Figure 6.10 Load vs.
End Slips Beam FA460-F4

Test A

7000 302 | 1.0 009 | 0.09 | 072 0] 0 0 0

42,815 | 302 | 1.0 0.09 | 0.09 | 0.69 0 0 0 0

113,020 | 45.0 15 009 | 010 { 0.69 0 0 0 0

Deflection

391,971 1 49.0 | 1.63 || 0.125 10156 0.71 0 0 0 0

152 mil | 50.0 } 1.66 )] 0.156 | 0.156| 0.75 0 0 0 0

177 mil ) 5536 | 1.83 || 0.281 | 0506 | 0.87 0 0 0 0
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06 Strand Slips vs. Number of Load Cycles L
05 Beam FA460-F4 Test B
S TABLE 6.5
g 0z BEAM FA460-F4 TEST B
o ., STATIC LOAD TESTS
0
2 L =9in;P, =384k";P, = 68.1Kk"
s
g zf Load |Max.| % Deflections Slip B Slip G
= '0. . _ Cycle | Load | P,,
1l "1"8 102 10; 0¢ 105 1 N (kips) Beg | End (@ P, || Beg Ead Beg End
154 1 |s869|16| o0 |0057| 036 | o |.0003| o |o.0026
& o 10 | 586 | 1.6 {0.052|0.072| 045 /0.0018]0.0028 | 0.0037 [0.0047
g [ 129 | 584 |16 |0.064/0.061| - |{0.0033|0.0044| 0.0064 |0.0061
] : 1,000 | 584 | 1.6 0.069)0.073| 049 ||0.0048)0.0054] 0.0069 J0.0072
0 Pt s 12,226 | 585 | 1.6 {|0.075/0.079| 051 | 0.0053|0.0058 | 0.0067 |0.0084
i+ 107 107 100 10° 108 107
Number of Cycles, N 138321 | 586 | 16 |0.0760.081| 050 /0.0062(0.0062| 0.0124 [0.0111
Figure 6.11 Loading History: Beam | 1400,000| 66.95 |1.83[0.003] - | 051 {l0.0082]0.0090 | 0.0158 [0.0298
FA460-F4 Test B
6.4.4 Beam DB850-F1, Test A. 'The
dimensions for this test exactly matched the
static test performed on DB850-4B. The
debonding patterns and the debonded lengths
are identical for the two beams, L, = 78 inches
with staggered debonding. The embedment 100 1
length for both tests was set at 1Q0 mc}]es. O SRR T TR G Los
The span for the two tests was also identical, g so|lBemPAdORTens os €
346 inches. Tl 2
S ol 5

Test DB850-4B failed in flexure at a
load of 75.4 kips. Its load versus deflection
curve is illustrated in Figure 5.19. Note also
that strand B slipped approximately 0.2 inches
and strand G slipped approximately 0.1 inches.

Testing on specimen DB850-F1A began

Deflection {in}

with application of an initial static load of Figure 6.12 Iload vs. Deflection and
End Slips Beam FA460-F4

1.6 times the service load. During the initial
loading, at a load of 62.3 kips, a crack formed
105 inches from the end of the beam. This
rack formed very near the transfer zone.

Test B
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Note that if the transfer length of the debonded strand was 25 inches, then the transfer zone

would extend to 103 inches.

When the crack formed at Station 105, strand slips on

strands B and G were measured to be about 0.02 inches. In the static test on Specimen
DB850-4B, a similar crack formed at Station 108, but at a load of 71.4 kips. The greater
resistance to cracking may reflect a larger effective prestressing force in Beam DB850-4,
which was tested at a younger age and had lower prestressing losses.

After the initial static test was
completed, repeated load testing commenced.
The load history and strand slips are plotted in
Figure 6.13. These data are also reported in
Table 6.6. Ioad was varied between a
maximum load equal to the service load, P,
and a minimum load approximately equal to
25% of P,. End slips increased slightly
through the early repeated load cycles, from
0.02 inches to about 0.03 inches through the
first 1000 cycles. At load cycle 1023, another
static overload test to 1.6 P_, was conducted
and end slips increased from 0.03 inches to
0.09 inches for strand B and to approximately
0.05 inches for strand G. Additional repeated
load testing increased strand slips omly very
slightly.

At load cycle 381,864,

Strand Slip G
o
o

o

o
h

A}

Sirand Siip B

Load (x Per)

075

028

o
b

Strand Slips vs. Numbaer of Load Cydles ﬁr

r’—‘—'_"‘_———_J-

Beam DBB50-F1 TestA

f

E_____J__::M,,N
e, 2 1 1

1 10

10?2 10? 104 10f 10°

I

I

1 19

| | S [ N
107 10° w1
Number of Cycles, N

(g w0t W

Figure 6.13 Loading History: Beam

DB850-F1 Test A

another static overload equal to TABLE 6.6
1.6 P, was placed on the beam. ’
Again strand slips increased in BEAM DB850-F1 TEST A
response to the overload. STATIC LOAD TESTS
Additional repeated loads failed ) ) '
to produce any additional strand \ L.=100in;P, =404k"; P, = 75.1 k
slips. Load | Max. | % Deflections Shp B’ Stip G
Cycle | Load | P,,
N | (kips) Beg | End |@P, | Beg | End { Beg | End
After 1,040,000 cycles, the =i
beam was loaded Statica]_]_y until 1 6226 |16 O | 0.129 | 0.63 0 .0209 0 {0.0217
failure. The beam failed at a 1023 | 624 |16 [0127) 0.154 | 0.97 ||0.0296]0.0867| 0.035 | 0.0522
Lofag ;j Zl(l)c(l)aseshg; g;gﬂzn% SEII:; 134912 | 624 | 16 /0.197) 0215 | 1.08 || 0.087 | 0.128 | 0.052 | 0.0
0.18-inches on strand G. Load 381,864 | 500 |13 023 024 |1.14 || 0128 | 0128 | 0.072 | 0.071
versus deflection is illustrated in 524,053 | 500 |13 (029 029 |1.18 || 0.128 | 0.128 | 0.071 | 0.071
F lfaiur‘:'i 6n1f4-7(')1(§15€1}()ieam faaﬂed at 703,17 | 500 | 13 | 029 029 }1.17 || 0128 | 0.128 | 0072 | 0.072
a load o . s and at a .
moment of 5602 k?in Failure 1,040,050) 70.05 | 1.8 |/ 029 ] 035 | 1.17 || 0128 | 0.240 | 0.072 | 0176
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was a classical flexural fajlure with crushing of the concrete in the top compression fibers.
However, the failure load was only 93% of the ultimate capacity of its companion, specimen
DB850-4B, and only about 93% of the calculated ultimate capacity. Concrete crushed at
a strain of about 0.0025 in/in. This strain is somewhat lower than expected for crushing
strain and may have contributed to the earlier than expected failure.

Beam DB850-4B of the static load test
series failed in flexure. The embedment length
of 100 inches placed this test on the borderline
between flexural failure and bond failure as
predicted by bond failure model, Figure 5.33. [l
The repeated load test DB850-1A is also on ; : ; ; 1
the border between flexural failure and bond 90 [ ............. S ............. Los
failure. Interestingly, the failure exhibited a % | |seambssoritesta 0" e ros
hybrid type of behavior failing in flexure, but ' :
with some strand slip.

Load (idps)

End Slip (in)

80 e
6.4.5 Beam DB8SO-FI Test B. Thistest |7 " 7" isows

had an embedment length 80 inches with ol

staggered debonding on four of the eight 0.5 A S aD ED D A Lo,

inch strands. The loading history and end slips N e 3 i Lo

are shown in Figure 6.15. Values of end slips ’ 1 : * Dot

and beam deflections are given in Table 6.7. Figure 6.14 Load vs. Deflection and

The initial static test and subsequent %:lsdt ihp s Beam DB850-F1

intermediate static tests loaded the beams to a

maximum load of omly 1.3 P, which is a

significantly smaller overload than in previous intermediate tests. At these lower loads,
flexural cracking extended to only 130 inches from the end of the beam, and did not affect
the anchorage of the strands significantly. Accordingly, there was no appreciable strand slip
from these early repeated loads. After 386,878 load cycles, the beam was loaded to 1.6 P,
At this loading, flexural cracks extended through the transfer zone of the debonded strands
at Station 88. Strands slips were measured to be about 0.13 inches on Strand B and
0.086 inches on Strand G. Through the remaining repeated loads, strand slips increased
only slightly to about 0.16 inches on Strand B and 0.093 inches on Strand G.

The final static test was performed after 1,027,083 cycles. Load versus deflection and
end slips are illustrated in Figure 6.16. After the decompression load was reached, strand
slips increased as load increased until failure. The beam failed at a load of 82.6 kips and
a moment of 8672 k-in. Failure occurred through crushing of the concrete in a flexural
failure. However, bond slips at failure were relatively large and overall failure must be
considered a bond failure. In spite of the strand slips, beam behavior was surprisingly
similar to flexural failure, indicating that large bond stresses can exist between concrete and
strand even though fairly large slips, 0.093 inches to 0.16 inches, have occurred.
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o o Strand S[ip;::&]Ngglalgebr_gil%o:s?deS TABLE 6-7
=
% o BEAM DB850-F1 TEST B
& STATIC LOAD TESTS
0 I - . — " _ "
o L. =8in;P,=471k";P, =950k
&
" Load |Max.| % Deflections Slip B Slip G
z Cycle | Load | P,
0 TIVI T Ve ¥ VTvam 7 TTovim 3 (10t 1 VTG o1 11T T N (kips) B% End @ P" Beg End B% End
T 10107 100 10% 10° M0 ng?
i 1 585 [1.25]| O 0.06 | 0.56 0 .0002 0 ]0.0003
§ 432 589 | 1.3 ]| 0.029 | 0.039 0.73 ||0.0005] 0.0006 | 0.0008 | 0.0004
= 10
b=}
g 54,534 | 58.9 [ 1.3]| 0.075|0.081 | 0.70 |(0.0009]| 0.0009 | 0.0003 | 0.0002
* 158,000 | 589 | 1.3 ]| 0.094 | 0.094 | 0.73 [|0.0011| 0.0017 | 0.0002 | 0.0008
jmmm, T T 386,878 | 725 | 1.6 || 0.094 | 0.159| 0.74 {|0.0010] 0.1292 | 0.0004 | 0.0862
110 100 107 10 10° 10° 40’
1,027,083| 82.6 [1.75]| 0.188 | 0.311| 0.77 || 0.159 | 0.605 | 0.093 | 0.552

Figure 6.15 Loading History:
Beam DB850-F1
Test B

6.4.6 Beam DBS850-F2, Test A.
Like Test B on DB850-F1, this test also
featured an embedment length of 80 inches.
However, results from this test were quite
different because strand slips occurred
under repeated applications of service load.
In the initial static test, flexural cracking
extended to Station 106 at a load of 1.3 P_..
Initial strand slips coincided with the
formation of this crack. After the initial
static test, strand slips increased under the
influence of the early repeated loads. This
test is unique because large strand slips
occurred from the application of repeated
loads to service load levels. This is the
only test where significant strand slips
occurred during the repeated loads at

f
o2
o

08
r0.7
0.6
‘0.5
F0.4
Fo.3
F0.2
0.1

End Siip (in)

service load. Strand slips increased from Figure 6.16 Load vs. Deflection and End
Slips Beam DB850-F1 Test B

0.03 inches to nearly 0.4 inches simply from
the action of the repeated load tests.
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TABLE 6.8

BEAM DB850-F2 TEST A
STATIC LOAD TESTS

L. =8in; P, =41.97k"; P, = 78.1 k"

Load | Max. | % Deflections Slip B Slip G

Cycle | Load | P,,
N | (kips) Beg| End |@P, | Beg | End | Beg

1 55.0 | 13| 0 | 0.08 | 0.61 0 087 | 0O

7000 | 425 )1.05//0.091} 0.096 | 1.06 || 0.292 | 0.293 [0.355

26,310 | 425 [1.051/0.116] 0.122 | 1.12 || 0.325 | 0.326 |0.396

121,308| 55.0 | 1.3 ||0.141| 0.155 | 1.20 || 0.327 | 0.358 [0.396

192,945| 63.78 | 1.5 || 0* | 0543' | 1.18' || 0383 | 0.602 |0.472

0§ Strand Slips vs. Number of Load Cyles
o o5 Beam DB850-F2 TestA |
2 04 PR
3 o2
c
g w2
@ 0.1
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o 04
2 03
2 o2
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s o
@ | I | | 1 I
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Results of strand slips and deflections through the Figure 6.17 Loading History:
different load cycles are reported in Table 6.8. Figure 6.17

Number of Cycles, N

illustrates the load history and strand slips graphically. The Test A

figure depicts the dramatic increase in strand slips as the

load cycles increased through the first 121,000 cycles. More importantly, even though strand
slips did occur at service load levels, they stabilized after a finite number of repetitions.

In the final static test, the beam clearly
failed from the failure of the strand anchorage.
Load versus deflection and end slip for the
final test are shown in Figure 6.18. Note that
end slips were quite large at the beginning of
the test and that strand slips increased until
failure of the beam. Failure occurred at 63.78
kips and a moment of 4911 k-in., only 82% of
the calculated ultimate load.

6.4.7 Beam DB850-F2, Test B. The
embedment length for this test was set at 110
inches. This embedment length was shown to
adequately develop the nominal flexural
capacity of the beam in the earlier static test
series (Figure 5.33). The load history, strand
slips, and deflections through the cyclic loads
are reported in Table 6.9 and Figure 6.19. The
initial static test loaded the beam to 1.3 P, a
relatively low initial cracking load. The region
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of flexural cracking remained well away from the anchorage zone. The nearest flexural
crack formed at Station 142. The strands did not slip in the initial static test.

The beam was then subjected to o5 {  Strand Sips vs. Number of Load Oycles
repeated loads at service load for 1,110,222 o Boam DBES0-T2 Test B
cycles. One intermediate static test increased 03
the load to 1.4 P, however, no strand slip zﬂ
occurred through any of these loadings. The o0 ]
beam was loaded to failure in the final static o4
test, as shown in Figure 6.20. The beam failed i
at a load of 81.37 kips by crushing of the o

0 T~ eI T T

Strand Slip G

02

Strand Slip B

15+

Load (x Pcr)
5

e
n
1

concrete at the top compression fiber. Strand Tt 10t 10 10t 10° 1t
slip did occur, coinciding with flexural cracking
o in the strand’s transfer zone. At a load of
| 76.1 kips, a flexural crack formed at
Station 106 causing the initial strand slips. At
o 80.9 kips, another flexural crack formed at
‘ 94 inches from the beam’s end, causing the
strands to slip even more. The beam T it 0° 10° 107
continued to resist increasing loads until failure Number of Cycles, N
at 81.37 kips. Concrete strain at crushing Figure 6.19 Loading History: Beam
failure was 2416 x 10 12/, . DB850-F2 Test B

6.4.8 Beam DB850-F3. This beam had

the same debonded length of 78 inches as did
DB850-F1 and DB850-F2, however, debonding
was concurrent. All debonded strands were
terminated 78 inches from the end of the
beam. The embedment length was chosen t0 | mussieroozomm )
be 120 inches. In the series of statically tested _ :B"a‘“"m‘* P Test J :: e
debonded beams, an embedment length of % ol aw ] s ] o7 &
120 inches with concurrent debonding cansed 3 .| ZE AT T G
bond failure in specimen DB850-5 (Figure | ... /7 . ) b S 05
5.33). The loading history for this beam is  4|.... 7. mewssl A -
illustrated in Figure 6.21 along with strand  w|...£. 0.0 e o Lo o
slips. The same data plus deflection data is 2. f.. S W U B Loz
contained in Table 6.10. I SIRnE— — Lo
0= Ry ._,_ s gl el 2 5(')

The initial static load of 1.3 P,, caused ’ : T o
little or no damage to the anchorage zone of Figure 620 ILoad vs. Deflection and
the debonded strands. The closest flexural End Slips Beam DB850-F2
crack was 161 inches away from the end of the Test B

beam. The beam was loaded with 152,000
cycles without any significant strand slips. At
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152,538 cycles, a static loading was performed on the specimen to 1.5 P,,. This load
represented an increase in load over the previous overloads, consequently new flexural
cracks formed at Stations 150 and 140. Strand slips from this loading were very small.

In the remainder of the
tests, no other overloads

X TABLE 6.9
exceeded 1.3 P, and strand slips
stabilized. Through the BEAM DB850-F2 TEST B
remaining load repetitions at STATIC LOAD TESTS

service load, Strand G slipped to

a total of about 0.05 inches. .= 110in; P, =4695k"; P, = 87.3 k"

Load |Max.| % Deflections Slip B Slip G
Cycle [Load| P,
After 1,085,569'cyc1es, th'e N ke Beg | End | @P, || Beg | End | Beg | End
beam was tested statically until
faﬂure T'he beam falled at a 1 61.62( 1.3 0 [0.086) 0.60 0 0 0 0
load of 74.23 kips, approximately 87,000 {47010 [0114| - | o’ || 0 0 0 | o
92% pf the calcula'ted ﬂexu.ral 184,410 | 65.0 | 1.4 |[ 0.141 |0.164| 080 || © 0 o | o
capacity. In the final loading
stages, new flexural cracks 271,194 | 60.0 [ 1.3 ([ 0175 {0.181] 091 || o© 0 0|0
formed in the transfer zone of 1,110222{81.37| 18 (0175 - [ 097 | o | 020 | o {0125
the debonded strands. The
nearest crack to the end of the beam formed at 06 | Strand Sips vs. Number of Load Cycles

05 Beam D8850-F3
0.4
03

Station 87 at a load of 67.8 kips. After this crack
formed, strand slips increased steadily with increased

loading. At beam failure, strand slips had reached = r
0.46 inches on Strand B and 0.42 inches on Strand G. o . L
The load versus deflection and end slips for the final 04

Sirand Slip G

static test are given in Figure 6.22. § I L
g 01
6.4.9 Beam DB850-F4. Only one test was R PR R S
possible on this beam because the length of debonding 1o

and the concurrent debonding precludes two effective
tests. The embedment length was set at 100 inches.
The initial static loads and the intermediate static
loads were relatively small at 1.3 P,,. The load history
and end slips are plotted in Figure 6.23 and

Table 6.11. As the figure indicates, there were no 0 w0t 100 10¢ 100 0t 0
strand slips before the static load to failure. Humber of Cyces, N

L
"

Load (x Pcr)

ﬁ
|

Figure 6.21 Loading History:
The static test at 266,147 cycles was intended to Beam DBS850-F3
be an intermediate load to 1.6 P, however, the beam
failed before this load was achieved. The load versus deflection and end slips are illustrated
in Figure 6.24. The beam failed in bond when flexural cracking propagated through the
transfer zone of the debonded strand at Stations 88, 90, 102, 103 and 111. These cracks all
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formed at a load of 65.0 kips.
Strand slips occurred upon

. . TABLE 6.10
formation of these cracks. It is
also observed that Strand D and BEAM DB850-F3
Strand F, which were also STATIC LOAD TESTS
debonded for a length of . ) .
78 inches, had strand slips in L =120in;P, =43.59k"; P, = 811Kk
similar magnitude to Strands B Load |Max.| % |  Deflections Siip B Stip G

: Cycle | Load | B,

and G. Strand slips for N (g Beg | End |@P,| Beg | End | Beg | End
Strands D and F are mnot
figure, but closely resemble the 62418 | 80 |13]l - | - | - [oooi6feooes| o |oo002
slips from Strands B and G. 152,538 | 650 | 1.5 }|0.174] 0.203 {0.847|0.0027] 0.0022 | 0.0002 | 0.0002

'I'he beam falled ata load 414,844 | 550 | 1.3 ||0.203] 0.215 |0.920]| 0.0031] 0.0033 | 0.0455 | 0.0475
of 69.34 kips, or 87% of the = [1,085569( 74.23 | 1.7 [[0.234] 0481 (0.947](0.0025| 0459 |0.0479| 0418

calculated ultimate capacity.
Note the steady increase in strand slips after the initial cracks occurred (See Figure 6.24)
in the transfer zone of the debonded strands. The beam failed in flexure due to a loss of

anchorage of the debonded strands.

08 Strand Slips vs. Number of Load Cycles r

o 95 Beam DBBSO0-F4 r
e oe
2 03 P
£ I
g o2
2 I
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E 03 r
D a2
=
g g Q.1
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Figure 622 ILoad vs. Deflection and Figure 6.23 ILoading History:

End Slips Beam DB850-F3 Beam DB850-F4
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TABLE 6.11
BEAM DB3$50-F4 et e e
STATIC LOAD TESTS i a2 © A

. 100 1

. = 100in; P, = 46.12k" ; P, = 85.8 k" |
Ww:]ﬁnalsmucm: 266,147 Cydes ( \“3
Load |Max. % P, Deflections Slip B Slip G T 8o L Beam DESSOF4 — 08
Cycle | Load Em | e ‘07

N | Beg | End |@P, || Beg | End |Beg| End || Z 7
(ips) | Beg e eg 5 . M‘i B J{ o
1 |ss92| 12| o ] oos [osafl o | 0o [ o] o al ﬁﬁ - i TL os
1
135,652| 550 | 12 || - - o7 | 0003 | 0.003 {0003 0 T Strand Sips B, D, o4
a0+ @ STABR 430 F, & G are similar L 0.3
266,147| 6934 | 15 || - - - |l ooo3{0336| 0 |0323 204 I in magnitude o2
ot | LA | o
7 ]
6.5  Discussion of Test Results % 3 z 3 ) 50
Deflection (in)
6.5.1 Hybrid Failures: Flexural Failures Figure 624 ILoad vs. Deflection and
with Strand Slip. In these tests, as in the End Slips Beam DB850-F4

previous test series, the primary interest is

whether or not the strands were able to develop the tension required to resist the nominal
flexural capacity of the section. Bond slip is indicates that anchorage of the strand may be
inadequate to develop the strand’s tension. Strand slips indicate that the strand’s bond may
have failed. On the other hand, the static test series provided many examples of strands that
slipped and yet the test specimen still achieved its ultimate flexural capacity. Examples of
this behavior include DB850-2B, 3B, 4B, and 6A. Furthermore, the repeated load tests on
beams with debonded strands provide even more examples of strands that have slipped and
yet the beams still achieved flexural capacity. For instance, Test DB850-F1A suffered strand
slips up to 0.24 inches. Yet the beam was able to achieve a ductile flexural failure at a very
high percentage of the nominal flexural capacity. It is apparent that slipping of the strands
does not preclude bond stresses from acting to restrain the strand and resist additional
strand tensiomn.

Flexural fajlures occurring with the presence of significant strand slips can best be
described as hybrid failures. Many of these failures result from tests whose variables, the
embedment length, L., and the debonded length, L,, fall near the boundary line between
flexural failure and bond failure. Two examples of this behavior are DB850-F1A and
DB850-F2B.

In Figures 6.25 and 6.26, the failure modes are overlaid upon the prediction model
for cracking and bond failure. Tests were performed on Specimens DB850-F1A and DB850-
F2B, with embedment lengths of 100 inches and 110 inches, respectively. These embedment
lengths place these two specimens at or near the boundary line between flexural failure and
bond failure. Not surprisingly, both of these specimens failed in flexure with strand slips in

End Slip in)



excess of 0.2 inches. It must also be
noted that these two specimens failed at
only 93% of their calculated nltimate
capacity (and that the calculated
flexural capacity was corroborated from
the static tests on debonded beams).

6.5.2 Effects of Repeated Loads
on Strand Slips. In reviewing the data
of strand slips versus the loading history
of each beam, it is obvious that large
strand slips resulted directly from the
applied intermediate overloads.
Conversely, the repeated load cycles to
service load affected the overall bond
performance very little. This result
indicates that very little deterioration of
bond in prestressed strands occurs due
to repeated loads at service loads.
Furthermore, strand slips and
subsequent bond failures result from
significant overloads and not from
distress caused by repeated loads. To
summarize, these results would indicate
that bond fatigue is not very important
to the overall performance of the
pretensioned prestressed concrete beam.

- On the other hand, there are
examples of strands slipping from the
action of repeated loads without the
action of intermediate overloads. In
fact, in almost every test, strand slips
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increased from solely from repeated loads. Most of these increases in strand slips were very
small, of magnitude approximately 0.001 inches as reported in Tables 6.4 through 6.11.

One example, however, demonstrates large strand slips through the action of repeated loads,
Specimen DB850-F2A. In this test, the initial static overload caused a flexural crack to form
at Station 106. This crack occurred just at the maximum applied load of 55.0 kips for this
static test. The initial strand slips were small, only about 0.09 inches. However, as repeated
loads were applied to the beam, strand slips increased. Figure 6.17 illustrates that strand
slips increased from 0.09 inches to nearly 0.4 inches simply from repeated service loads in
the first 26,000 load cycles. This demonstrates that bond stresses are susceptible to fatigne
distress from repeated loading. However, the conditions where slips from repeated loads

can occur are very specific.
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In this case, two circumstances conspired to form the conditions whereby strand slips
increased so dramatically with repeated loads, the magnitude of the initial load and the |
location of the crack. Strand slips were initiated by the flexural crack that formed 106 -
inches from the end of the beam at a load of 55.0 kips. This crack was located at or very
near the end of the transfer zone for the debonded strands B and G. For the beam, the
debonded length is 78 inches. If the transfer length is 25 inches, then the transfer zone
would extend to 103 inches from the end of the beam. Because the crack occurred near the
end of the transfer zone, the strands’ anchorage remained fairly well intact, at least initially,
but was susceptible to distress from repeated loads. If the crack had formed well within the
transfer zone, then the initial strand slip would have been much larger, and total strand slip -~
from new loadings would have been stabilized.

In other tests, the initial crack through the transfer zone occurred much closer to ~
where the debonding was terminated and initial end slips were much larger. Along the
same lines, if the initial static load had been increased beyond 55.0 kips, after the crack at
Station 106 had formed, then the strands would have suffered more slip in the initial static -
test. Greater slips in the initial static loading would have stabilized the strands and slips L
would not have increased as much during the repeated loads.

Figure 6.17 also illustrates that strand slips stabilized after 26,000 cycles and L
remained constant until the final static test. This result is very important because it
demonstrates that strand slips will stabilize, even in extreme cases. Imterestingly, strain
gages attached to these same two strands, B and G, indicate that as the strands slipped, their L
effective prestress was reduced approximately 94 ksi (Note: The strain gages were attached
to the strands in the region of maximum moment). If these two strands were losing tension,
but yet the beam was resisting the same load, then tensile forces must be redistributed to —
the other six strands. As tension was redistributed, the strand slips stabilized because the
strands were not required to carry as much tension as before.

In Figure 6.27, strand stress is plotted versus the number of load cycles, N. These
same data are reported in Table 6.12. The zero line in the figure represents the effective
prestress of 152 ksi. The plot demonstrates a large decrease in strand stress between the
first cycle and 26,000 cycles. The total loss of prestress is approximately 95 ksi, shich —
represents over 60% of the strands’ effective prestress. However, also note that strand
stresses do increase under static load. The spikes in the plot illustrate the change in steel
stress during the intermediate static loadings. These spikes indicate increases in strand =
tension under load, which also indicate that bond stresses are active in restraining the
strands, even though they had slipped significantly.

The loss of tension in the debonded strands must be offset by increases in tension L
from the other strands. The beam is adversely affected by a significant loss of stiffness
coupled with large increases in strand stress range. The strands that do not slip are required
to resist significantly larger tensile stresses than before, and suffer from significantly larger L
stress ranges. If six strands instead of eight strands were resisting the same applied loads,

"
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the stress range would exceed 72 ksi.
However, Figure 6.27 also demonstrates that
the debonded strands, even with large strand =
slips, are restrained enough to increase their

| Beam DBB50-F2 Test A

tension under load and help resist applied g
moments. The actnal stress range is §
represented more accurately by the stress range 3
of about 30 ksi, illustrated in the Figure 6.27. 2
A stress range of about 30 ksi is represented by  §

the spikes at 7000 and 26000 cycles.

The loss of bond creates a potential : ; : : j :
failure under service loads, even if only a few T T TR Tobood oo
strands are affected. From the example of
DB850-F2A, stress range in the strands is
increased from 14 ksi to over 30 ksi. Fatigue
tests that have been done on pretensioned
girders indicate that the fatigue life is
dramatically reduced for similar changes in
magnitude. Overman® indicates the following formula for service life as a function of stress
range:

Figure 6.27 Changes in Strand Stress
From Repeated Loads

log N =11 - 3.51og(S5,)

where S, is the stress range and N is the number of cycles to failure. Using this formula,
if the stress range is 14 ksi, then the strands would fail at 10 million cycles. However, if the
stress range increased to 30 ksi, the strands would fail at only 700,000 cycles.

In the other repeated load

tests, strand slips also_ stabilized TABLE 6.12
during repeated loading, but at
far less slip than in Test DB850- CHANGE IN STRAND STRESS
F2A. For example, Table 6.6 DB350-F2 TEST A
reports strand slips for Test STRAND STRESS (ksi)

. . LOAD
DB8§O-F1A. After the initial CYCLE BEGINNING | MAXDMIM END
loading, strands B and G had
slipped  0.0209 inches and ! 0 541 43
0.0217 inches respectively. 2000 925 595 925
Through the first 1923 .repeated 26310 056 1 983
load cycles, strand slips increased
to 0.0296 inches for Strand B 121,308 12 220 976
and 0.035 inches for Strand G. 192,945 -96.1 -85.4 968
The 1 ntermediate static overload 1 Stress measured by strain gage attached at Station 150.
applied at N = 1023 caused 2. Stress = 0 at the effective prestress of 152 ksi.
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additional slips; however, there were no increases in slip beyond this load cycle until the
next static overload was applied. Strand slips became stable and the strand was able to
develop the tension required to resist external loads. More importantly, strand slips
stabilized after very small total slips and without large losses in strand tension. Because
slips were small in these cases, the beam did not suffer much loss in serviceability due to
the strand slips.

To summarize this

section, some strand slips did
occur as the direct result of

repeated service loads. These FIRST CRACKING LOADS AND MOMENTS
strand slips demonstrate that INITIAL STATIC TESTS ON REPEATED LOAD TESTS

TABLE 6.13

bond can deteriorate as a direct
result from repeated loadings. Boamn First Cracking
However, increases in strand slip P.. (kips) Mom (k-in) Mom/ 1
were very small, for the most EACGOFAA 76 ) o0
part, and did not affect the - -
overall perfomance of the FA460-F4B 40.93 2369 1.00
beams. In every case, strand DBS850-FLA 41.02 3281 0.96
slips stabilized after a finite DBESOFIB 1858 2337 098
number of loads, and bond
failure caused only by repetitions DB8SO-F24A 4230 321 0.6
at service load did mot appear DB8S0-F2B 46.93 3231 0.94
probable. DBS850-F3 45.77 3393 0.9

On the other hand, large DB850-F4 47.30 3359 0.98
strand slips were caused by static 1. M,, = 3422 k" for DB850-F1, F2, F3, and F4;

: for £, = 7733, £, = 75/f, and £, = 152 ksi.

overloads thgt were gpphed to M. = 2875 K* for FAGSO.T;
the beams at intermediate cycles. for ', = 6500 psi, £, = 7.5/f',, and f,, = 160 ksi.

These slips were initiated by
flexural cracking at or near the transfer zone of the debonded strands. In cases where the
beam failed due to bond, large end slips resulted from the large overloads that exceeded
service load by a large margin.

6.5.3 First Cracking Loads and Moments. The ability to predict bond slips and
subsequent bond failure is dependent on the ability to predict cracking in concrete. In the
previous test series, initial cracking was compared favorably to the predicted cracking load.
In this test series, too, first cracking is compared to the predicted cracking load. That
comparison is tabulated in Table 6.13. The results demonstrate remarkable accuracy in
predicting cracking loads. Specimen DB850-F2B cracked at only 94% of the predicted load,
however this was the largest disagreement between actual and predicted cracking loads. It
should be noted that all of the predicted cracking moments were calculated using the actual
tested cylinder strength of the concrete which exceeded the design strength of 6000 psi in



every case. Also, the effective
prestress force was calculated
and the values are contained in
the footnotes of the table.

6.5.4 Strand Slips and
Cracking in the Debond/Transfer
Zone. Table 6.14 reports the
first incidence of cracking in the
transfer zone of debonded
strands for every test. From
these data, initial strand slip can
be compared to the formation of
cracks at or near the transfer
zone of debonded strands. In
the table, the distance from the
end of the beam to the nearest
flexural crack is also reported.
In some cases, cracking did not
extend to the debond/transfer
zone. For the debonded beams,
the length of debonding equals
78 inches. If the transfer length
is 25 inches, then the
debond/transfer zone extends
103 inches from the end of the
beam. In the fully bonded beam
with 0.6 inch strands, the transfer
zone is approximately 30 inches.

In every case, end slips
were initiated by flexural
cracking through or near the
transfer zone of the debonded
strands. This demonstrates the
important role played by
cracking in the disruption of
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TABLE 6.14

SUMMARY OF END SLIPS
COMPARISON TO CRACKING IN THE DEBOND/TRANSFER

ZONE
INTERMEDIATE STATIC TESTS
Load Extreme Crack; End Slips Mode
Beam | Cycle, N| Debond/Transfer Zone of
Failure
Max Load at | Station' | Initial Slip at
Test (kips) Slip | Failure (in.)
FA460- 1 48.62 - — — Flex
F4A
1,770,265 55.36 —_ — —_
FA460- 1 58.69 75 — — Flex
F4B
1,400,000 66.95 — — 0.0298
DB850- 1 62.26 106 Yes — Flex
F1B
1,040,050 70.05 — — 0.240
1 585 130 - —
DB850- Bond
FIB | 386878 75 88 Yes —
1,027,083 82.6 76 — 0.605
DB850- 1 55.0 106 Yes - Bond
F2A
192,945 63.78 —_ — 0.676
DB850- 1 61.62 142 —_ - Flex
F2B
1,110,222 81.37 94 Yes 0.20
1 5765 161 — -
DB850- Bond
3 152,538 65.0 140 — —_
1,110,222 74.23 87 Yes 0459
DBB850- 1 55.92 159 — — Bond
F4
266,147 69.34 88 Yes 0.336
1. Distance from the end of the beam

strand anchorage. For example, in Specimen DB850-F2, Test B, flexural cracking extended
to Station 106, as shown in the photograph of Figure 6.28. As indicated in the photograph,
the crack formed at an applied load of 76 kips. When this crack formed, strand slips were
initiated, see Figure 6.20. As load was increased, another flexural crack formed at
Station 94 from an applied load of 81 kips. This crack is shown in the photograph in
Figure 6.29. Strand slips increased suddenly, initiated by the new crack propagating through

the strands’ anchorage zone at Station 94.

The plot in Figure 6.20 illustrates the



148

relationship between cracking and increases in strand slip. End slips on Strand B increased
suddenly when the concrete cracked at Station 94. The evidence from these two
photographs demonstrate very clearly that cracking disrupts the anchorage zone of the
strand, and that these cracks initiate strand slips.

Another example of the
influence of cracking on bond
slip is clearly demonstrated in
the photograph in Figure 6.30.
This figure depicts the cracking
patterns of Beam DB850-F3 well
within the transfer zone of the
debonded strand. These cracks
initiated bond slip.
Consequently, this beam failed in
bond. Interestingly, the
photograph shows two splitting
cracks that formed directly above
Strand F. The splitting cracks
extend between flexural cracks,
the first between Stations 108

and 125 and the other between
Stations 88 and 102. These cracks graphically demonstrate that bond stresses are large

enough to generate bursting stresses, even in cracked regions of the beam. Some questions
exist as to the strand mechanics at bond failure. Does the strand twist freely through the
concrete, or if enough twist restraint is provided, are some bond stresses developed? The
splitting cracks suggest that some bond stresses are developed, and that they are large
enough to develop splitting cracks.

Figure 6.28 Test DB850-F2B at Load = 76 kips

Splitting cracks notwithstanding, the important point of this section is that cracking
in the transfer zone of a prestressing strand causes the strand to slip. Furthermore, if
cracking is prevented in the transfer zone, then these tests show that the strands will be able
to develop the section’s nominal capacity. If cracking is avoided, strand anchorages are
sufficient to develop adequate strand tension to resist external loads. On the other hand,
if cracks propagate through or near the transfer zone of pretensioned strands, then some
strand slip will occur and strand anchorage will be weakened. However, these initial bond
slips do not necessarily lead to complete anchorage failures, as tests DB850-F1A and
DB850-F2B demonstrate. Modest bond stresses can develop even in cracked regions of the

beam.

6.5.5 Determination of Failure Mode. In each phase of this project, the primary test
result has been the mode of failure. Beams have failed either in flexure or in bond. If
strands were sufficiently anchored, a beam would fail in flexure. Conversely, if the strand
anchorages were insufficient, then the strands failed in bond. In previous tests, it has been




relatively simple to differentiate
between the two modes of
failure. Flexural failures are
characterized by two criteria,
capacity and ductility. If a beam
reached its nominal flexural
capacity and was able to sustain
that load through significant
deformations, then the failure
was a flexural failure.
Conversely, anchorage failures
were characterized by gross
displacements of the strands
relative to the concrete (end
slips) and either a lessened
capacity or an inability to sustain
load.

In the development length
tests on beams with fully bonded
strands, the failure modes were
easily categorized. Bond failures
were more easily distingnished
from flexural failures because
bond failures were more sudden
and abrupt. In the static test
series on debonded beams, the
differences became more
difficult to distinguish because
hybrid failures occurred where
the beams failed in flexure but
the strands exhibited some slip.
These hybrid failures are caused,
in part, by the combination of
fully bonded and debonded
strands. In several of the tests,
strands B and G (debonded the
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Figure 6.29 Test DB850-F2B at Load = 81 kips

Figure 6.30 Cracking in the Debond/Transfer Zone of
DB850-F3

full debonded length) would slip because of cracking through their transfer zone. On the
other hand, the remaining six strands enjoyed a relatively undisturbed anchorage, and slips
were not observed in these strands. This leads to a condition where loads from strands B
and G are redistributed to the other strands. Even in an extreme case where strands B
and G would completely lose anchorage, the beam would still fajl in flexure. The only
difference might be a somewhat lower failure load along with greater deflections. In effect,
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it becomes very difficult to distinguish flexural failures from bond failures. In these cases,
flexural failures must still be characterized by capacity and ductility.

In these repeated load tests on debonded beams, it is even more difficult to
distinguish between flexural failures and anchorage failures. In every test, significant strand
slips occurred. However, in some cases, the beams appeared to achieve their flexural
capacity. The difficulty lies in that the apparent flexural failures of Tests DB850-F1A and
DB850-F2B occurred at loads that were only about 93% of the calculated capacity. In these
cases, the concrete crushed in compression at lower strains than the crushing strains for the
static test series.

This difference is
demonstrated in Figure 6.31
comparing the static test
performed on DB850-4B and the
final static test performed on
repeated load specimen DB850-
F1A. These two beams had
identical loading and beam
geometry. Both tests had spans : :
of 346 inches and embedment R R P
lengths of 100 inches. In the

static test, Test DB850-4B,
concrete crushed at a strain of Flg'ure 6.31 Comparison of Final Static Test on

0.002704 in/in. (It should be Repeated Load Test Specimen, DB850-
noted that concrete strains were F1A to Companion Static Test Specimen,
measured at the top compression DB350-4B

fibers on top of the beams, in

between the load points. However, crushing often occurred just under the load point, so the
strain at the actual point of crushing may vary from the measured value.) Deflection of the
beam, measured at the load point, was 4.10 inches.

The final static test on DB850-F1A was performed after 1 million cycles. As shown
in the figure, the beam had 0.29 inches of permanent deflection. DB850-F1A failed when
the concrete crushed at a compressive strain of only 0.002480 in/in. The concrete strain
represents the total amount of strain from the combined effects of the repeated loads plus
the static loads. Initial concrete strain readings were measured before the initial static load
was applied, so stated concrete strains include the effects from the total load history of the
beam. Note the similarity between the two curves. From the stiffness of Specimen DB850-
F1A, all of the strands must be active in resisting tension and strand anchorage has not
failed. Furthermore, if the concrete in test DB850-F1A had demonstrated a higher strain
capacity, then failure would have occurred at a higher load similar to the static test on
DB850-4B. From these data, it is concluded that Specimen DB850-F1A failed in flexure,
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j even though failure was only 93% of the calculated nominal capacity. A similar argument
can be made for Specimen DB850-F2B.

Table 6.15 summarizes
the modes of failure for each
test for the repeated load tests.
From the tests on debonded SUMMARY O%ILURE MODE
beams with 0.5 inch diameter
strands, specimens DB850-F1A AFPLIED LOAD AT FATLURE
and DB850-F2B failed in flexure. REPEATED LOAD TESTS
In both tests, the flexural
capacity was only 93% of the

TABLE 6.15

! Ultimate Load Mode of Failure
calculated value. The Beam | L, Gn) | Le (in)

! embedment length for these two P, (eips) [ M, | Motetf !
tests were 100 inches and (i)
110 inches, respectively. The FA460-F4A | 0 120 | 5536 | 3905 | 099 FLEX
statically ~ tested ~companion FA460F4B| 0 | 96 | 6695 | 3874 | o098 FLEX

J beams to these specimens also

o, DBsso-F1A | 785) | 100 | 7005 | s602 | 093 | FLEX w/SLIP
failed in flexure. The other four & w/

! tests on debonded beams failed DB850-FIB| 780S) | 80 | 8257 | 5672 | 094 BOND
J in bond with large amounts of DB8SO-R2A | 7&(S) | 80 | e | 4911 | o082 BOND
bond ShPS' The appl%ed DB850-F2B | 78(S) | 110 | 8137 | 5602 0.93 FLEX
moments in these tests varied
| from 82% to 94% of the DBSSO-F3 | 78(C) | 120 | 723 | 5503 | o092 BOND
calculated flexural capacity. | DBsso-Fs | 78(C) | 100 | 69.34 | 5249 | o087 BOND
W Table 6.14 lists the amount of
. : 1 M, = 3940 K* for FA460-F4.
- bond slip at failure for each M, = 6010 k" for DB850-FL, F2, F3 and F4.

beam. Bond slips are quite
large, on the order of 0.5 inches, for each of the specimens that failed in bond.

- Note that the two tests on Beam FA460-F4 both failed in flexure. The embedment
length for Test FA460-F4B was 96 inches, or 1.0 times the development length required by
AASHTO and ACL Even though strand slips of about 0.03 inches were measured, this
3 beam clearly failed in flexure. The required development length for the 0.6 inch strands was
84 inches, based on test results from the static test series on FA460 beams. These two tests
conform to the static test results in spite of 1.7 million cycles on Test A and 1.4 million
) cycles on Test B. :

6.5.6 Comparison with Prediction of Cracking and Bond Failure. Figures 6.25

and 6.26 overlay the test results onto the prediction model discussed in Chapter 5. Although

j the data points are somewhat limited, the results remain consistent with earlier static tests.
In Figure 6.25, results from tests on beams with staggered debonded strands are shown.
Note that the results conform to the prediction. Similarly, Figure 6.26 shows the results
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from tests on beams with concurrent debonding. Again, the resuits conform to the
prediction model.

6.6 Summary

Eight repeated load tests were performed. Six tests were performed on beams with
eight 0.5 inch strands and two tests were performed on one beam that contained four 0.6
inch diameter strands.

The tests with 0.6 inch diameter strands confirm the conclusions from the tests
performed earlier under static loading. In these two tests, embedment lengths were
provided that exceeded the measured development length from the static tests, and the
beam failed in flexure in both repeated load tests. The beam tested under repeated load,
FA460-F4, was identical to beams from the static test series. The beams had the same cross
sections and the same strand pattern with four 0.6 inch strands, fully bonded from the end
of the beam. In the repeated load tests, embedment lengths were 120 inches for FA460-
F4A and 96 inches for FA460-F4B. The AASHTO code requires a development length of
96 inches, using the current code expression. In the tests on statically loaded beams, an
embedment length of 84 inches was sufficient to develop the strand. The test results
demonstrate that the repeated load tests match the results of statically tested beams.

Conclusions from the debonded beams are best expressed in Figures 6.25 and 6.26
where repeated load test results are displayed upon the prediction model. These results
demonstrate that the repeated load tests conform to the same principles as the statically
tested beams.

There is some evidence of bond distress caused by repeated loading. In nearly every
case, strands continued to slip as repeated loads were applied to the beams. However, in
most cases, these slips were quite small and represented very little loss of tension. In every
case, strand slip stabilized at a finite number of load cycles. In the test FA850-F2A, strand
slips grew quite large under repeated load, which pointed out a potential problem with
increasing stress ranges in the strands.




CHAPTER 7
TESTS ON FULL-SIZED COMPOSITE GIRDERS

7.1 Introduction

Heretofore, all of the tests have been performed on scale model test specimens.
These tests have been instrumental in understanding the underlying behavioral principles
that govern the transfer and development of pretensioned strands. Specifically, it has been
noted that bond failure can be prevented if cracking, either flexural cracking or shear
cracking, is prevented from propagating through the transfer zone of pretensioned strands.
However, tests on full-sized specimens were needed to confirm earlier observations and
provide credibility to the conclusions. Therefore, repeated load tests were performed on
three full-sized composite girders to determine if the bebavior noted in the smaller
specimens can be expected to govern the design of larger specimens. This chapter discusses
the tests performed on three full-sized girder tests, results obtained from these tests, and the
impact the results have on the design and fabrication of pretensioned girders.

7.2  Testing Program and Specimen Design

Design of the test specimens was
generated from a hypothetical design case, and
design details conformed to requirements of

| 8.25"|

72 ]

the Texas Department of Transportation | s @ 120
(TxDOT). Design parameters included bridge L N T&B
loads, span length, girder spacing, slab | Fa. Way
thickness and the number of strands. Values ;"
for these parameters were selected to fulfill the
objectives of the testing program. The B 1
specimens were required to test the behavior e e@e@Demes
and reliability of debonded strands in full-sized 200 Be
girders, and as corollary, the tests were also TM

A . . exas Type C Girder
required to further examine the behavioral wj Composite Deck
principles established in previous tests. Soction Proparies

Type C Girder w/ Deck Siab*

In the State of Texas, most pretensioned o8 in°2 AT a2
girder bridges are built from one of two - 82602 in‘4 L :265‘&64530 in"4
standard I-shaped sections, AASHTO Type IV

* E{slab) = 0.8 E(beam) [

girders (56%) and Texas Type C girders (33%). L
AASHTO Type IV girders are 54 inches deep
and are used for longer spans, from 70 to
125 feet®’. Texas Type C girders are 40 inches
deep and are used for spans under 90 feet.

Cross Section Details of
Composite Girder

Figure 7.1
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Three Texas Type C girders were ¢
fabricated at a prestressing plant in central B— |
Texas. The girders were shipped to |
Ferguson Structural Engineering -
Laboratory (FSEL) at the University of 322 3% St D ane

Texas at Austin where an unshored,
composite deck slab was cast on each
girder. Testing was also conducted at
FSEL. Cross section details and section
properties for the composite sections are
given in Figure 7.1. The cross section
properties are calculated using transformed

Lol |1 T
EDCEAABCDE

.. : S s
areas and Ey,, = 0.8 E,,,,. This is typical —t;aﬁ %
for the concrete strengths of the beam, DZ2450-2
f', = 6000 p51 and of the slab, Debonding Schedule |
f'. = 4000 psi. Strand |_Debond Length |

: North South

Each girder contained 24 low A4 o 72"
relaxation 0.5 inch diameter strands. Two i = o
of the girders, DZ2450-1 and DZ2450-2 D2 72 7

contained debonded strands. In-these two
girders, eight of the 24 strands were Figure 7.2  Strand Patterns and Debonding
debonded. The third girder, FZ2450-3, Schedule; DZ2450-1, DZ2450-2
contained some strands that were draped, and FZ2450-3

but all of the strands were fully bonded.

All three girders were designed for the same strength and serviceability requirements.
Design details were nearly identical so that the beams would have similar elastic properties,
cracking resistance and strength properties. Strand patterns and debonding patterns are
shown in Figure 7.2. ‘

Slab thickness was determined from TxDOT requirements for slab thickness based
on the clear span between girders. In this design case, the girder spacing was 82 inches and
the clear span was about 68 inches. This spacing required a deck slab thickmess of
7.25 inches. The deck slab for the test specimens has slightly different dimensions, a
thickness of 8.25 inches and a width of 72 inches, but the slab has the same area of concrete,
so the behavior of the composite test girder should be nearly identical with that of the
design case.

The cross section was designed for HS20-44 lane loadings established by Appendix
A from the A4SHTO Standard Specifications for Highway Bridges®. The cross section was
-designed based on the flexural requirements for a 70 foot span with girders at 6.8 foot girder
spacing. The allowable tensile stress at the bottom fiber gives the requirement for the
number of pretensioned strands:
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1, € My M
£y = ~Fol o+ |+—=—=+—= < 6,/f7
b S{A Sb) Sb S/b c

where A is the area of the girder, e is the eccentricity of the prestressing force, S, is the
bottom fiber section modulus for the girder alone and S’ is the bottom fiber section
modulus for the composite girder.

The section properties used in these calculations are given in Figure 7.1. Dead load
moment, My, and live load moment, M,,, are given by the following expressions:

1.134x70°
8

DL = 1.134Kk1f =~ M, = = 798k’

and

k! 6.8 /
M _.=1075.1 e x1.25 = 830.8 &k
L lane 11

where 6.8/11 is the load distribution factor based on girder spacing and 1.25 is the impact-
load factor. Assuming that f', = 6000 psi, then the required effective prestress force is
computed from the formula for bottom fiber tension, and the number of strands, N, is
determined. For this cross section, 24 strands were required. Top fiber compression is
given by the expression:

Figure 7.3 illustrates the girders’
stress condition at midspan. The bottom
fiber tension at midspan is not equal to
6/f’, because N, the number of strands,
are selected in discrete pairs.
Oftentimes, in real designs, this selection
process diminishes the bottom fiber
tension at service loads compared to the
design case.

7.2.1 Modifications of Span o
Length for Testing. As stated above, the Figure 7.3  Design Stresses for Composite
cross section for the test specimens was Section
designed based on a 70 foot span length.



156

Unfortunately, this span length would cause considerable difficulties in the laboratory. The
specimens would be quite heavy and would exceed the safe capacity of the lifting equipment.
Also, the cost of the testing program would increase somewhat proportionally with the size
of the girders.

60'0°
120" 60" | 50" 1z0° 60 &0 12'0*

Initially, consideration was given
to testing in the laboratory with a span of
60 feet with the loading shown in
Figure 7.4a. The overall girder length of
49 feet (and a test span of 48 feet) was
developed to satisfy the testing
requirements while decreasing the
handling problems in the laboratory. The
shorter span was tested without impact Figure 7.42  Symmetrical Loading Amangement with 60' Span
on the overall results when the loading
was revised as shown in Figure 7.4b.

The loading arrangement shown in
Figure 7.4b is asymmetrical. By using
this loading arrangement, two separate
objectives were accomplished. First, the
resulting moment distribution is
somewhat irregular, but approaches a
parabolic shape in the South end of the
beam. In earlier tests, the applied :
moment varied linearly along the beams, S 7 aor Tonte, DZb4R0 a2 and £22450-3
creating a special case that could

potentially skew the test findings. In Figure 74 Comparison of Loading

these tests, the loading arrangement Arrangement and Moment
represents a more generalized load case Diagrams: 60’-0" Idealized Span
with varying moment distribution. to 48-0" Test Span

Secondly, by using this loading arrangement, the size of the specimen is reduced
while maintaining moments and shears on the shorter test spans. In the symmetric 60 foot
span, the maximum moment is given by the load, P, times 216 inches, and the maximum
shear is equal to the load applied by one ram, P. Likewise, in the 48 foot test span, the
maximum moment is also P times 216 inches with a maximum shear equal to P. When
comparing the actual test span with the 70 foot design span, some additional differences
existed, particularly the shear applied to the test span must be larger than the shear that
would be present in a 70 foot span. However, by using this loading arrangement, a 25%
reduction in span was achieved with only a 17% increase in the applied shear.

Applied loads were controlled by the bottom fiber tensile stress. Even though the
test span was considerably shorter than the design span, the cross section experienced the

I N e

)



157

same service load moment and cracking load moment that were the basis for design. In this
manner, a 48 foot span was tested that was comparable to a 70 foot design.

7.2.2 Debonding Requirements. Stresses near the end of the girder were given by
the following relationships:

_ 1 e
£y = _Fsi(z +_S;)

£ =-r[Ll-¢

2 S,

|

and where F, was the prestress force immefiately jfter transfer and before creep and

shrinkage losses further reduced the effective prestress force, If f;, = 180 ksi, then
fop = +0.667 ksi exceeded the allowable temsile stress. Therefore, either debonding or
draping was required. In specimens DZ2450-1 and DZ2450-2, eight out of the 24 strands
were debonded to control end stresses. For this particular design case, only six debonded
strands were actually required, however, more strands were debonded to help demonstrate

the behavior of beams with debonded strands.

In Figure 7.5, cracking moment and
applied moment are plotted along the
length of the girder. The applied ultimate
moment was generated by applying the load
to the beam that causes a moment equal to
the beam’s nominal flexural capacity. The
cracking moment iS based on a bottom
fiber tension equal to 7.5/f'.. Cracking
moment is dependent on the amount of
precompression in the beam, so the
cracking moment varies along the length of
the beam. Also, note the increase in the
cracking moment from the end of the beam :
over the initial transfer zone as the fully o omant |
bonded strands transfer their prestressing o
force into the concrete. The next more j _
gradual increase in cracking resistance is O e %6 184 nez 240 20 3% 34 4 4s0 s

developed from the debonded strands as . Statien & ‘
they transfer additional prestress to the Figure 7.5 Applied Moment vs. Cracking
concrete. Moment, Full-Sized Composite

Girders

. [ hpplied Uttimate |:

Figure 7.5 shows that the transfer zone of the debonded strands extended 121 inches
from the end of the beam. This region in the beam, the debonded length plus the transfer
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Beam Length = 49'-0*

Beam Length = 490"
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Figure 7.5 shows that the transfer zone of the debonded strands extended 121 inches
from the end of the beam. This region in the beam, the debonded length plus the transfer
length, is referred to as the debond/transfer zone. The debond length was designed so that
flexural cracking would not occur in the debond/transfer zone. The region of flexural
cracking, shown in the figure, corresponds to the region where the applied moments at
ultimate exceed the cracking moment of the beam. Results from earlier tests had indicated
that cracking in the transfer zone of debonded strands caused bond failure, so the debonded
length was designed so that the debond/transfer zone would not be affected by flexural
cracking.

Beam Length = 49'0°

7.2.3 Draping Reguirements. The

strand arrangement at midspan was =2 ai 1espAe£208
controlled by the service load requirements. 0o
Twenty four strands were placed with an =
eccentricity of 10.92 inches. As stated T
previously, excessive concrete stresses at the i

1

i

._AL.._M‘__._______A e
4
14
IT

g

g
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ends of the beam required the strands to be
either draped or . debonded. Girder
FZ2450-3 had draped strands as shown in -
the cross section details (Figure 7.2). By IFH
draping the strands as shown in the figure, B \say

the prestressing eccentricity is reduced from ’ Relnforeement Detalls: Elevation
10.92 inches to 5.92 inches. In turn,

reducing the eccentricity reduces concrete
stresses to within allowable limits. Draping IL«zer
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hold downs were located at third points
within the beam, 16 feet and 4 inches from

. mnn&n

either end of the girder. ™ [E

: 489" . ;_R AN
7.2.4 Shear Reinforcement. Shear o = I

reinforcement is shown in Figures 7.6, 7.7
and 7.8. These beams were designed with
some significant variations from the
standard Texas details shown in standard
TxDOT drawings. In earlier tests
(discussed in chapter 4), web shear cracking cansed bond failure of pretensioned strands.
These tests demonstrated that pretensioned strands were ineffective in developing any
plastic shear mechanisms because the pretensioned strands could not maintain the bottom
chord tension in the truss analogy as cracking developed in their transfer zone.

18

BarsY #5

Figure 7.8 Reinforcement Details,
FZ2450-3

In the full-sized girder specimens, longitudinal mild reinforcement was placed in the
web to complement the vertical shear reinforcement that is normally contained within the
web. The longitudinal steel is accurately described as shear reinforcement because its
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purpose was to develop the bottom chord tension required by shear loads. The vertical
stirrups provided in the end regions exceeded the amount required by AASHTO.

Girders DZ2450-1 and DZ2450-2 contained both longitudinal and vertical shear
reinforcement. DZ2450-1 contained two longitudinal "H’ bars whereas DZ2450-2 had four 1
longitudinal "H’ bars (See Figures 7.6 and 7.7). Vertical and horizontal shear reinforcement
was designed using a truss analogy with a crack angle of 30°. The capacity of four "H’ bars

is sufficient to resist 30% of the applied shear at the ultimate load. No contribution from ‘h
the concrete was included in design of the mild reinforcement. FZ2450-3 did not contain —
horizontal reinforcement because of interference with the draped strands. Both horizontal —
and vertical shear reinforcement was continued throughout the debonded length. L
7.3  Fabrication of the Test -

Specimens N .

| 519.5ft=62341n |

Girders were fabricated at a e Deadlend =
prestressing plant in central Texas. An : e 7 B
elevation showing the approximate location C || I |
of the girders in the casting bay is shown in E:Z‘;;;';’“ , -

Figure 7.9. Girders were fabricated using L
TxDOT standard practices. Fabrication of . . .

the girders followed the same general Figure 7.9 f’(r:gt?rj:s?(t)lein ]]F,gzzluatlon of
procedures that were used to fabricate the 5 L
earlier specimens at FSEL. The outline of
procedures is as follows:

Pretensioning the strands.
Deflecting the draped strands.
Placement of debonding material over the strands. Lo
Placement of mild reinforcement.
Placement of the formwork.

Casting of the concrete.

Removal of the forms and detensioning.
Shipment of the specimens to FSEL.

NN

Deck slabs were cast at FSEL. F

7.3.1 Strand Tensioning and Draping. The total length of the prestressing bed was
519.5 feet, or 6234 inches. Prestressing steel was stressed to approximately 75% of £,, -
corresponding to 31.0 kips per strand, or 202.5 ksi. Each strand was initially tensioned with
a 2000 pound dead weight. Subsequent tension was applied with an hydraulic ram. For ;
strands to reach the proper pretensioned stress, an additional elongation of 41.625 inches {
was required, assuming an elastic modulus of 28,000 ksi. L
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Strands were tensioned in three
groups. First, the sixteen straight
bottom strands were tensioned until an
elongation of 41.625 inches was
reached, corresponding to 75% £,,. At
full elongation, the hydraulic pressure
was 2.14% less than the calculated
required pressure. TxDOT specifies a
+5% tolerance. The six draped
strands were tensioned next. These
strands were tensioned straight to an
initial elongation of 37.25 inches,
before draping. Draping the strands
clongated the strands an additional Figure 7.10 Draping Hold-Down
4375 inches, thereby tensioning the
strands to the prescribed stress equal to 75% f,. Proper tension in these strands was
checked by measuring the strands’ deflection caused by a known weight suspended from the
strand supported over a known distance. The top two strands were tensioned last. These
strands were also tensioned to 41.625 inches of elongation.

The draped strands were deflected with a double-headed hydraulic ram. The ram
pushed against standard hold down devices which in turn pushed against and deflected the
strands. The strands were deflected until the proper elevation was achieved. The ram was
held in place by reacting against a single vertical tendon that was anchored to the bottom
of the sofit form. A draping hold-down is pictured in the photograph in Figure 7.10.

7.3.2 Placement of Mild Reinforcement and Debonding. Mild reinforcement was
placed after the strands were fully tensioned. Mild reinforcement was generally quite rusty.
Stirrups and other standard bent shapes are stockpiled at the prestressing plant and used
as needed, so the steel is subjected to extreme weathering.

The debonding material consisted of split white plastic tubing. The tubing was placed
around the prestressing strands where required, effectively preventing the concrete paste
from bonding to the strand over a desired length. This type of tubing is split along its length
so that it can be snapped onto the strand. This procedure is relatively easy to perform and
is not labor intensive provided there is not too much debonding material to apply. Duct
tape was placed over the longitudinal seam to prevent leakage.

7.3.3 Placement of the Formwork. Formwork was installed quickly and easily. The
side forms were clamped together and to the bottom sofit form by passing tension rods
underneath the sofit. This procedure was quite rapid, however, there was a noticeable
tendency to pull the tops of the forms wider than they were required. This problem was
partly overcome by installing steel pins that fit into the tops of both side forms and
prevented the side forms form pulling apart at the top.
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Figure 7.11 Photograph of Shear Figure 7.12 Erection of Formwork
Reinforcement

Figure 7.13 Placement of Concrete




7.3.4  Placement of the Concrete.
Concrete was mixed at a batch plant located
onsite. The concrete mix design for the girders
is given in Table 7.1. Concrete strength was
specified at 6000 psi for 28 day cylinder
strength. However, the prestressing plant uses
the same mix design for all highway girders
regardless of specified design strength. Even
though this concrete mix consistently delivers
concrete strengths exceeding design
requirements, the prestressing plant continues
to use this mix in order to obtain adequate
release strengths at 18 hours. Concrete
strengths were measured from 4 x 8 cylinders
taken at the time of casting. Concrete strength
of the girders proved to be about 10,000 psi at
the time flexural testing was initiated. Cylinder
strengths are shown in Figures 7.14
through 7.16.

Figures 7.11, 7.12 and 7.13 are
photographs of girder fabrication.

7.3.5 Release of the Pretensioning Steel.
The girders were cast at about 11:00 AM on
November 20, 1991. The following day, at 6:00
AM, cylinder strength was 6300 psi which
exceeded the specified release strength of 4500
psi. Detensioning was performed by flame
cutting the strands. It should be noted that
standard procedure at this particular
prestressing plant is to gradually detension the
strands by the slow release of hydraulic
pressure at the jacking end of the prestressing
bed. However, flame cutting was performed
because past research has suggested that bond

is weakened by flame cutting”®**,

7.3.6 Casting of the Composite Deck
Slab. Deck slabs were cast onto each beam at
FSEL. Formwork was supported entirely from

the beam, so that slab construction was completely unshored.
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TABLE 7.1
CONCRETE MIX PROPORTIONS
TEXAS TYFE C GIRDERS
MATERIALS WEIGHT PER CUBIC

YARD
Type Il Cement 658 LBS.
Water 257 LBS.
Coarse Aggregate 1798 LBS.

(3/4 inch Crushed Rock)

Fine Aggregate(Sand) 1366 LBS.

High Range Water
Reducer’
(WRDA-19)

6 to 20 fluid 0z/CWT

TABLE 7.2
CONCRETE MIX PROPORTIONS

Bridge Deck Slabs

Full Sized Composite Girders

(M.B. 761-N)

MATERIALS WEIGHT PER CUBIC
YARD
Type I Cement 658 LBS.
Water 292 LBS.
Coarse Aggregate 1712 LBS.
(3/4 inch Crushed Rock)
. Fine Aggregate(Sand) 1280 LBS.
Water Reducer' 20 fluid 0z/CWT

Figure 7.17 shows a

photograph of the deck slab formwork. Concrete mix proportions for the deck slab concrete
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are shown in Table 7.2. Concrete
strengths of the deck slabs are also
given in Figures 7.14 through 7.16.
Deck concrete was cast surrounding two
layers of #4 bars on 12 inch centers,
each way, as shown in Figure 7.1. After
casting the bridge deck, the slab was
covered with plastic and allowed to cure
two to three days before the formwork
was removed.

74  Test Setup and Test

Procedures

7.4.1 Testing Apparatus. Test
Specimen FZ2450-3 and the testing
apparatus are shown in the photograph
of Figure 7.18. In Figure 7.19, an
- elevation of the test setup is illustrated.
Load was applied through two hydraulic
actuators. The static capacity of each
actuator was slightly greater than 200
kips and the fatigue capacity of each
actuator was about 120 kips. The
girders were supported at each end by
two large neoprene bearing pads,
5 inches thick, 24 inches wide and
12 inches long. The 48 foot span is
measured from the center of the
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bearing pads. The shape of the moment curve from the loading shown approximates a
parabola. Note that a constant moment region exists between the North load point and the

spreader beam.

The depth of the composite section is 48.25 inches, so the aspect ratio of the South
shear span is about 3:1. In previous tests, embedment length and span were varied from test
to test. However, for these three tests the geometry of the load arrangement remained

constant.

Two separate hydraulic systems were used for the testing. Static loading was applied
through a static hydraulic test system. Safety precautions required the use of a static
hydraulic system because hydraulic pressure is relieved with gross deformation of the test
specimens. Hydraulic oil pressure was supplied by a conventional pump, driven by air.
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Figure 7.18 Girder FZ2450-3 and Test Setup
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Repeated loads were applied through a closed-loop system comsisting of the two
hydraulic actuators, two servo-controlled four-way valves, and a digital controller that
simultaneously controlled both servo-valves. Input to the controller came from the load
cells. Output from the controller went to the servo-controlled valves which in turn
controlled oil flow to each of the actuators. Hydraulic oil was supplied to the system by a
35 gpm oil pump. The oil was pumped through a combination of hard piping and portable
hydraulic lines to the testing apparatus.

7.4.2 Instrumentation. Instrumentation measured the applied load, beam deflections
and end slips. These data were measured electronically and the data was stored by the data
acquisition system. Strain gages were applied to longitudinal and vertical shear
reinforcement and also to the concrete in critical locations. However, these strain gage data
are not analyzed within the scope of this report. Mechanical strain readings were taken at
specific locations.

Load was measured from an electronic load cell at each hydraulic actuator. Beam
deflections and end slips were measured by linear potentiometers. All of the electronic
instruments were calibrated prior to testing. End slip measurements are accurate to +0.001
inches. End slips were measured on all debonded strands, the two strands at location A6
(see Figure 7.2), and other fully bonded strands that are at critical points throughout the
Cross section. '

In addition to the linear
potentiometers, deflections were
also measured with a piano wire
system. The system consisted of
a piano wire, a high precision
steel rule, a mirror, two posts to
support the piano wire, and a
weight to maintain constant
tension on the piano wire. The
piano wire was strung between
the two posts, which were
attached to each end of the
beam, directly above the
supports. On one end, the piano
wire’s support post contained a
roller that allowed the piano
wire to change lengths without
changing tension in the wire.
The weight held the piano wire
in constant tension. The high precision steel rule and the mirror were glued to the beam
at midspan. The ruler was positioned to read vertical deflections and the mirror was
adjacent to the ruler. Deflections were measured by reading the high precision steel rule

Figure 7.20 Piano Wire, Precision Rule and Mirror to
Measure Girder Deflections
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at the elevation where the piano wire traversed the steel rule. The mirror was required to
ensure that the deflection readings were always taken from a perpendicular perspective. By
visnally aligning the piano wire with its reflection, deflection readings are always taken
exactly perpendicular to the mirror. The photograph in Figure 7.20 shows the piano wire,
the steel rule and the mirror. This system was an extremely effective method for measuring
deflections throughout the testing life of the girders. Whereas linear potentiometers must
be either depressed or removed during repeated loading, the piano wire system remains in
place constantly.

7.4.3 Test Procedure. Testing on each girder began with a static test that
"precracked" the specimen. As discussed in the chapter 6, the beams were cracked to
increase the stress range beyond the stress range for an uncracked section. Similarly, bond
stresses also increase as the stress range in the steel increases.

After the initial static tests, load was cycled between a minimum load of
approximately 50% of service load and a maximum of approximately 100% of service load.
The service load is defined as the applied load that produces a bottom fiber tension equal
to 6J/f', on the uncracked section. Service load for these tests, P,,, equaled 98.1 kips.

Periodically, overloads on the order of 1.3 P, to 1.6 P, were applied to each
specimen to approximate their detrimental effects that occur in the life of a bridge structure.
Overloads are depicted in the load history diagrams as occasional sharp spikes. Each beam
was subjected to a different loading sequence. Load histories are given in Tables 7.3
through 7.5 and in Figures 7.21 through 7.23.

Web shear cracking was induced in the South shear spans of Girders DZ2450-2 and
FZ2450-3. This loading was performed as the third load cycle in specimen FZ2450-3 and
after 80,000 cycles in DZ2450-2.

None of the girders failed during the repeated loading. Upon completion of the
repeated loading cycles, each girder was statically tested to failure. Failure was considered
to have occurred when a beam experienced large deformations without increases in load.

7.4.4 Strand Stress Range. The computed strand stress range is shown in Figure
7.24. The applied load, P, is plotted versus strand stress. The stress range was computed
using the cross section shown in Figure 7.1. The stress range was calculated at the midspan
of the girder where all of the strands are bonded and in their fully deflected positions. The
computed stress range was about 14.0 ksi for these tests. The moment-curvature
relationships were computed assuming that strains vary linearly across the cross section.
Strand strain and stress was computed at the centroid of the steel, 6.06 inches from the
bottom of the girder.

,,,,,,,
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: — [
TABLE 7.3 L
GIRDER FZ2450-3 =
LOADING HISTORY L
Load Cycle [Max. Load| % P,, Deflections Slip 22AE, South® | Slip 22AW, South®
N (kips) —
Beg | End @P, Beg End Beg End 3
1! 135.62 1.4 0 0.08 0.49 0 0 0 0
- —.
2 99.54 1.0 0.07 | 0.08 0.69 0 0 0 0 ‘
L
32 V=185 - 0.21 0.28 0.69 0 0.008 0 0.008
-
4 105 1.1 0.26 | 0.26 1.15 0.008 0.008 0.008 0.008 |
. L
157,330 110 1.1 0.26 | 0.26 1.26 0.048 0.049 0.035 0.035
—
225,000 173.2 1.75 0.24 1.31 1.21 0.049 0.049 0.035 0.035 j
L
225,001¢ 177.4 1.8 1.37 1.84 3.24 0.049 0.049 0.035 0.035
1. @ Initial Static Test, flexural cracking to Station 222. Y—
Beam was loaded asymmetrically until web shear cracking occurred in the South shear span. Web Lo
shear cracking occurred at V=185.5 kips. Flexural cracking to Station 146.
3.  Strands 22AFE and 22AW were draped strands. These strands showed the largest slip. Very little -
slip was detected in other strands. Slips were measured at the South end. L
4.  Test to Failure. Beam failed in flexure.
— r\r '
TABLE 7.4 {_
GIRDER DZ2450-2 r
LOADING HISTORY. L
Load Cycle |Max. Load| % P,, Deflections Slip 4D-W, South’ Slip 2E-W, Scuth’
N (kips) ~
Beg End @P, Beg End Beg End 1
(-
1! 112.7 11 0 0.05 048 0 0 0 0
[
2 138.37 14 0.05 0.13 0.54 0 0 4] 1] ‘
[\ i
80,000% V=154 - 0.14 0.18 0.73 0 0.042¢ 0 0.050*
193,970 496 | 15 021 0.25 0.85 0.054 0.058 0071 0.076 r
28500° | 1571 | 16 | o024 . 091 0.062 0.939 0.080 0914 -
1 @ Initial Static Test, flexural cracking to Station 299. h
2. Beam was loaded asymmetrically until web shear cracking occurred in the South shear span. Web shear cracking .
occurred at V=154.6 kips. Flexural cracking to Station 220. -
3. Strands 4D-W and 2E-W were fully bonded strands. These strands showed the largest slip. Similar slips were N
detected in other fully bonded strands strands, however, no slip was recorded in debonded strands until failure. [
Slips were measured at the South end. L ‘
4. Strand slips initiated by bursting cracks at South support. Debonded strands showed similar end slips, however, "
those slips do not represent bond slips.
5. Test to Failure. Beam failed from horizontal shear failure. [
L
™
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Strand stresses shown in
Figure 7.24 include the effe B
gl nclude ¢ cts TABLE 7.5
from slab shrinkage. When the
slab shrinks after casting, it GIRDER DZ2450-1
imposes downward deflection
| and curvature on the simply LOADING HISTORY
) supported girder. This reduces
the precompression at the Load | Max. | %P, Deflections Strand Slips*
‘ . Cycle | Load
b(.)tton} of the cross sectlor_l. N | oam) Beg | End | @P, | Beg | Eod
: Likewise, the cracking moment is .
, reduced, the decompression U [13713 ] 14 0 | 0l | 048 - -
moment is reduced and the 69,158°| 17027 | 174 | 023 | - 0.94 - | oo
J strand stress range is increased.
Fi 725 sh th d L @ Initial Static Test, flexural cracking to Station 216.
1gure S 8 OW_S ¢ §tran 2. No significant strand slips were detected throughout the tests.
) stress if slab shrlnkage 1S not During the loading to failure, bursting cracks formed above the
- COIlSi d ere d, Whl Ch iS th e su.fpport. These cracks caused small amol.mts of slip, however,
. slips were well controlled as the cracks did not appear to grow
procedure for most design cases. . much larger than their initial width. The maximum slip
Ina later section Of thiS chapter measured was 0.013 inches on strand 4E-East, North end.
) -v . . ’ 3. Test to Failure. Beam failed in flexure. Flexural cracking to
deflections from slab shrinkage Station 136, .

are reported along with a short
discussion of the effects of slab
shrinkage on pretensioned girder
behavior.

7.5 Presentation of Test Results

o The girders were tested in reverse numerical order. FZ2450-3 was tested first,

DZ2450-2 was tested second and DZ2450-1 was tested last. Because test results from

earlier tests influenced some of the procedures employed in subsequent tests, the test

) procedure and results will be reported in chronological order, not in the numerical sequence
of the test series.

120 120 - - -
10 ot gl o JPers 1084k o
100 1o ot BT K g o D SO 100 |- PSV‘98.1k : ,,,,,,,,,,,
b g n;? : ........................
| B i
50 ;=
) f< T I EPRI
..... 20-
J R 1 )RR ‘ .- ------- , ‘ . E{ R IR RS SN
; % vex Hee 7z e 180 164 88 12 196 200 %8 1(:54 Tee R T T
| Strand Strass (ke Strand Strass (ksf)
:J Figure 7.24 Stress Range for Repeated Figure 7.25 Stress Range for Repéated
i Load Tests (Slab Shrinkage Load Tests (Slab Shrinkage

Effects Included) Effects are not Included)
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In the next three sections, each test is described briefly. For each test, load versus
deflection curves are presented for the initial static tests, for the static shear loadings, and
for the final static tests. The load histories are reported in both tabular and graphical form.
End slips are reported in the tables that present the load histories. End slips that are
reported are taken from the strands where the largest slips occurred. Midspan deflections
are also reported in these tables. Deflections at the beginning and at the end of each static
loading are reported along with the total deflection of the beam at the service load, P, =
98.1 k.

All of the girders were cast on November 20, 1991. However, the slabs were cast on
three different dates. The age of the slab at the time of testing varied widely and may have
influenced the cracking loads and other beam behavior. For example, the slab was cast for
FZ2450-3 on December 17, 1991, while the beam was relatively young. However, the initial
static test was not performed until January 17, 1992, one full month after casting the slab.
In the other specimens, the initial static test was performed approximately two weeks after
casting the slab. As a result, slab strengths for DZ2450-1 and 2 were considerably lower
than the slab strength in FZ2450-3. Consequently, the disparity in cracking loads from the
test results may have resulted from varying ages and strengths of the slabs.

7.5.1 Presentation of Results, FZ2450-3. 160
The initial static test was performed January o0l
17, 1992. The age of the girder was 57 days
and the age of the slab was 31 days. Concrete
strengths are reported in Figure 7.14. The
final static test to failure was performed on
March 12, 1992 after 225,000 cycles of load.

Load (P, kpa)
8 8 B

3

&

8

The girder was loaded initially to crack
the beam a:nd to pIOVide a baSiS fOI' load- oU 62 04 I;.S DB 1:.0 1:.2 1:.4 1:.6 1:.8 20
deflection relationships. The girder was loaded Deflectan ()
in approximately S5 kip increments. First _, o .
crac]gng occurred at Statpion 325, or 325 inches Figure 7.26 g;gils OStatlc Test, Beam
from the beam’s South end, at a load of 106.0 -3
kips. The initial load deflection curve is shown
in Figure 7.26.

In the third static loading, the girder was loaded asymmetrically to induce web shear
cracking in the South shear span. Web shear cracking occurred at a shear of 185.5 kips,
with P, = 237.0 kips and P, = 99.8 kips. Shear versus midspan deflection is plotted in
Figure 7.27. The noncontinuous curve is caused by alternating loading on the two hydraulic
rams. As one ram is loaded, load on the other is relieved, even though the total load is
increasing.
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The most significant result from the
web shear cracking is that the draped strands
slipped approximately 0.01 inches upon
formation of the web shear cracks. Draped
strands are positioned within the web where
they are vulnerable to web shear cracking.
However, in these tests, the depth of the ,
girder ensured that the first intersection wl
between the draped strands and the web ok
shear cracks occurred outside of the strands’
anchorage zone. If an assumed shear crack
forms in the web on an angle of approxi-
mately 30° to the horizontal, the crack would
not intersect the web until 30 inches from
the beam end if projected from the center of bearing at the support. Furthermore, the crack
would not intersect the draped strands until a distance even further from the beam’s end.
At that location, the draped strands would have fully transferred their prestressing force, and
the loss of anchorage for the draped strands does not pose a serious threat.

Shear In South Shear Span (kps}
XEEREEEE

Figure 7.27 Static Test to Web Shear
Cracking, Beam FZ2450-3

8

The loading history for FZ2450-3 is  ** [ Puci7TiANps)... . .. .
given in Table 7.3 and Figure 7.21. The end : , —
slips reported in Table 7.3 are end slips from | VoA SIS0k
draped strands on the South end of the
beam. Note that small increases in end slip
occurred from the static shear loading until
the static test was performed at 157,330
cycles. Increases were small, similar to end
slip increases noted in the repeated load
tests from the previous chapter. No other — S e —
strands suffered significant end slips. ' Defiection ()

g

8

Load (P, kips)
g 8

The final static tests were performed Figure 7.28 Final Static Test, Girder
on March 12 and 13,1991. A total of FZ2450-3
225,000 cycles were placed on the girder, at
which time the girder was loaded statically to failure. The load deflection curves for the
final static tests are shown in Figure 7.28. Nearly 7 inches of deflection was reached at a
load of 177.4 kips. The test was terminated because load was not increasing significantly
with large increases in deflection. Failure was a pure flexural failure with yielding of the
strands and large plastic rotations. Cracking extended into the deck slab.

7.5.2 Presentation of Results, DZ2450-2. The initial static test was performed April
16, 1992. The age of the girder was 148 days and the age of the slab was 15 days. Concrete
strengths are reported in Figure 7.15. The beam was tested statically until failure on April
27, 1992 after 228,452 cycles of load.
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The initial static test was performed to T
precrack the beam and to develop the load‘ 140} .- - O e ....... x ....... ....... ..... .......
deflection relationship. The girder was loaded  _= ------- D
in approXimately 5 }dp increments. The ﬁrst f;'mo. ...... e e e i
flexural crack formed at Station 331 at a load = 3 sof i i i,
of 101.2 kips. The load-deflection curve from 6,
the initial test is shown in Figure 7.29. ©
Table 7.4 reports the loading history for a: 701 losdveDeflecton i
DZ2450-2. The same data is illustrated A
graphlca]ly in Figure 7..22. A static test to Figure 729 Initial Static Test, Beam
induce web shear cracking was also performed D72450-2

on this girder. Shear at the South end of the

beam is plotted versus girder deflection in

Figure 7.30. Web shear cracking occurred at approximately 155 kips of shear. V, was
smaller for DZ2450-2 than for FZ2450-3 because eight of 24 strands were debonded
(V.(FZ3) = 185 kips > V,(DZ2) = 155 kips). As discussed earlier, debonding strands
reduces the precompression which in turn weakens the girder’s resistance to web shear
cracking,

During the static shear loading, a
vertical crack formed directly above the South
bearing pad. Strand slips coincided with
formation of this crack. The crack formed
immediately above the centerline of the
neoprene bearing pad and propagated
vertically until the crack reached the web
where it bent towards the load. This crack is
shown in the photograph in Figure 7.31. The
end slips reported in Table 7.4 were taken
from fully bonded strands at the South end of
the beam and represent the maximum strand

B 2

B

8

Shear in the S8outh Shoar Span (kips)
8 8

(]

]

05 —"%% o0s 06 08 1 1z 14 18 18

slips measured on any strand. End slips were Deflection 67)

also measured on the debonded strands.
However, these end slips measured the width
of the vertical crack and do not necessarily
represent slip of the debonded strand in
relation to the concrete.

Figure 7.30 Static Test to Web Shear
Cracking, Beam DZ2450-2

The final static test was performed on April 29, 1992 after approximately 228,000
load cycles. The load deflection curve from the final static test is given in Figure 7.32. As
load increased, deflections also increased. The North shear span developed web shear
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Figure 7.32 Final Static Test, Girder DZ2450-2

Figure 7.31 Web Shear Cracking Pattern, South Shear
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cracking at about 150 kips, however, these cracks did not influence the behavior of the
girder. As load increased beyond 150 kips, additional shear cracks began to form in the
South shear span. Cracks that were previously formed began to grow. Several web shear
cracks extended from the web downward into the bottom flange. The three photographs
pictured in Figures 7.31, Figure 7.33, and Figure 7.34 illustrate the progression of cracking
in the end regions as load was increased. In Figure 7.33, note the appearance of new cracks
at Stations 26 and 28 and the splitting crack between Stations 20 and 26. The photograph
in Figure 7.34 shows the girder at failure.

: At an applied load of about 157 kips, several of these smaller shear cracks joined
together as a large horizontal shear crack formed, located approximately at the intersection
between the web and the bottom flange. Formation of this crack was followed by complete
girder failure as this horizontal shear crack propagated through the bottom flange and the

: web, effectively separating the bottom flange from the web and the remainder of the beam.
This failure is illustrated by the photograph in Figure 7.34.

The horizontal shear crack intersected the bottom of the beam 28 inches from the
end. It continued on an average angle of 10° to 15° as it progressed up through the bottom
flange. The crack intersected the bottom of the web at Station 90 and the top of the web
at Station 116 to 120. This crack appeared to have jumped from one web shear crack. to
another as it formed along the bottom flange. Longitudinal shear reinforcement that
extended 96 inches from the end of the beam may have influenced this crack to propagate
lengthwise instead of upward and through the web. Once the crack was clear of the
horizontal reinforcement, it proceeded through the web at an angle of approximately 30°,
an angle parallel to other web shear cracks.

This failure occurred through a combination of effects including the effects of
repeated loading, the impact of debonding strands, and reinforcement details. Web shear
cracking had been induced in the span at 80,000 cycles. Subsequent loading added nearly
150,000 cycles of loading to the beam. Although the crack widths did not increase
dramatically over that loading, additional loading did cause some further damage to the
beam, especially in the end regions where the shear cracks had formed.

Debonding strands also contributed to this failure because precompression of the
bottom flange was lessened. By employing debonded strands, the effective prestress force
is reduced in the end regions. Because of the lower precompression, cracks can propagate
o through the bottom flange more easily. In this test, web shear cracks extended into the
bottom flange. Under extremely high loads, these cracks grew wider and the bond
characteristics of the fully bonded strands was affected. However, it is doubtful that the
debonded strands contributed to this failure by any other means than reducing the effective
prestress force. In fact, it is likely that the debonded strands were able to maintain their
bond up until collapse of the beam occurred.
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l}\{ l Note: This detail is not provided
in the girders. -
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Horizontal Shear Failure | Hoop Reinforcement
End View Detail
(a) (b)

Figure 7.35 Horizontal Shear Failure, Girder DZ2450-2

One final factor contributing to this failure was the reinforcement detailing in this
region. Figure 7.35a shows an end view of the failure mechanism. As the figure shows, the
bottom flange was ripped away from the rest of the beam by large horizontal shear stresses.
In the figure, the web portion of the beam remains intact, even through the bottom flange
to the bottom of the beam. This section of concrete was held together by the stirrups. Note
in the reinforcement details that stirrups had only a short 90° hook on the bottom.
Reinforcement details were not provided to arrest a horizontal shear crack and keep it from
growing. Figure 7.35b shows the standard detail of hoop reinforcement that can be provided
around the bottom flange. This reinforcement detail would have probably prevented this
failure. However, this reinforcement is usually only provided in the extreme end regions of

the beam, directly above the support.

7.5.3 Presentation of Results, DZ2450-1. The initial static test was performed May
19, 1992. The age of the girder was 181 days and the age of the slab was 11 days. Concrete
strengths are reported in Figure 7.16. The final static test was performed on July 22, 1992

after 696,158 cycles.

~ In the initial static test, the girder was loaded in approximately 5 kip increments.
First cracking occurred at Station 325 at a load of 101.1 kips. The initial load deflection
curve is shown in Figure 7.36. The load history for this girder is given in Table 7.5 and
illustrated in Figure 7.23. For this beam, no intermediate overloads were applied, only
repeated loadings to service loads. On the other hand, the number of cycles applied to this

girder exceeded the other tests by a factor of three.
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Figure 7.36 Initial Static Test, Girder Figure 7.37 Final Static Test, Girder
DZ2450-1 DZ2450-1

The final static test was
performed after 696,158 cycles.
The load-deflection curve is
shown in Figure 7.37. Loading FIRST FLEXURAL CRACKING LOADS
was relatively uneventful as FULL-SIZED COMPOSITE GIRDERS

TABLE 7.6

~ deflections continued to increase - No Slab Shrinkage w/ Siab Shrinkage
: : GIRDER | P
» with load. At aload of 149 kips, = o | test/eatc P test/cale
- the North shear span developed =
web shear cracks. Web shear FZ24503 | 1060 | 1004 0.97 99.7 0.94
J cracks appeared. in the South DZ2450-2 | 1012 | 1094 093 99.7 102
shear span at a load of 167 kips. Dz2so1 | 1011 | 1094 | o092 99.7 101
Cracking in the North and South
; shear spans iS ShOWIl lIl the 1. Concrete strengths‘ of deck slabs varied:
: , ) f(stab) = BOOO psi for FZ2450-3
photographs in  Figures 7.38 £ (slab) = 6950 psi for DZ2450-2
and 7.39. The test was P(slab) = 5900 psi for DZ2450-1

terminated when load reached
170.3 kips at 6.15 inches of
deflection. Flexural failure of

s the beam was imminent. This
: test is classified as a flexural
failure.

Figure 7.40 illustrates the cracking pattern resulting from the final static test to
ultimate. This cracking pattern is typical for flexural failures. The other two girders,
FZ2450-3 and DZ2450-2 demonstrated very similar cracking patterns.
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Figure 7.38 Web Shear Cracking Pattern North L
Span of DZ2450-1

i
Figure 7.39 Web Shear Cracking Pattern South -
Span of DZ2450-1 h
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Figure 7.40 Cracking Pattern for DZ2450-1, Final
Static Test to Ultimate
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Figure 741 Time Dependent Figure 7.42 Time Dependent
Deflections: FZ2450-3 Deflections: DZ2450-1
7.6 Discussion of the Results
| L = 48'-0" |

7.6.1 Measurement and Effects of Slab
Shrinkage. Slab shrinkage was measured | e
indirectly by measuring the deflections of the Ag= ¢sh|-2
composite girders after the slab was cast. — 8
Deflection measurements are plotted over time __ . .
for Girders FZ2450-3 and DZ2450-1, and Figure 743 Deflection From Shrinkage
illustrated in Figures 741 and 7.42. From
these deflection measurements, the curvature from shrinkage can also be calculated as
shown in Figure 7.43. As the slab shrinks, the slab imposes net compressive strains and
stresses into the cross section, whereas the girder restrains the slab. Because the shrinkage
forces are eccentric to the composite section, curvature is induced into the cross section.
The combined affects are illustrated in Figure 7.44. Because slab shrinkage is restrained
by the girder, the slab experiences tensile stresses.

For the case of FZ2450-3, total girder deflection in the time immediately following
casting of the slab was 0.161 inches. This leads to a shrinkage curvature, ¢4 = 3.88 x 10°
rad/. . The relationship between ¢, and F is given by:

F,e
¢sh - sh-sl
and F,, = 336.1 kips. Also,
F
€sn T ;hE

and e, = 161.7 x 10° ™/, where e, is the eccentricity of the slab, and F,, is the total
shrinkage force. From these calculations, the stress and strain distributions that result from
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slab shrinkage can be computed.
The results are shown in
Figure 745 as the residual
stresses and strains resulting
from slab shrinkage.

From the figure,
precompression in the bottom
fiber is reduced 229 psi.
Likewise, the cracking load and
the decompression load are also
reduced.  From Figures 7.24
and 7.25, the calculated cracking
load is reduced from 109.4 kips
to 99.7 kips. Decompression
load is reduced from 77.5 kips to
67.7 kips, if slab shrinkage is

N

Texas Typa C Resid
w/ Comp. Slab Shrinkage + Fsh + Fsney — sg:linlsﬁgn
Strain A'E 'E ™™ Composite
: Section
Eedion Properties of Compasite Saction:
tot}* - K - i
. - 288 0@ Fan = Eshe (AE) = Equivalent
i(tot)” = 241,3801n"4 s - Force
* Eslab) = 0.64 E(bsam)

Figure 7.44 Residual Strains From Slab Shrinkage

considered. Similarly, the stress range is increased. Increases in stress range have been
shown to decrease the life of a bridge structure, so the influence of slab shrinkage is
important. Note also from Figure 7.45, that the precompression in the top of the girder is
increased. Increases in precompression increase the girders’ resistance to web shear
cracking, particularly as precompression is increased in the top of the cross section. In
composite highway girders, elastic analysis will usually show that the critical point for
inclined temsile cracking is located at the top of the web. In girder FZ2450-3,
precompression increased 422 psi in the top of the web. In this manner, slab shrinkage has
a large and positive effect on the ability of a composite girder to resist web shear cracking.

As a side note, these time
deformations are almost
certainly caused primarily by
shrinkage. However, other time
dependent factors, such as creep
or relaxation, may also influence
beam deformations. Fortunately,
it is not important to determine
what other factors are involved
nor is it important to know how
much influence other factors may
exert. It is only important that
the cross section is deforming,
over time, because some internal
mechanism(s) cause(s) curvature
across the cross section.

Texas Type C '~ _Strain _Stress_
w/ Comp. Slab (x10E8)
E(beam) = 5500 ksi
E(slab) = 3500 ksi

Figure 745 Residual Stresses and Strains From Slab
Shrinkage, FZ2450-3
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Regardless of the origin, these known curvatures produce residual stresses in the cross
section that affect the behavior and performance of composite girders.

7.6.2 Prediction of First

X ) TABLE 7.7

which the first flexural crack

occurred are shown in Table 7.6. WEB SHEAR CRACKING LOADS

The cracking loads are compared FULL-SIZED COMPOSITE GIRDERS

to two different calculated Number o No Slab Shrinkage| w/ Slab Shrinkage
. : GIRDER |Nor S| Cycles A%

cracking loads. The f1rst,.109.4 . |y ltest/eate] Vi, | test/eal

kips, was calculated without

considering the effects of slab Foa0s | S 3 0 | w8 | 1% | 1) 168

shrinkage. In the second, the FZ24503 | N | 225000 | 150 133 | 113 | 175 | 086

predicted cracking load is equal Dz24502 | s | soo00 | 156 | 108 | 143 | 153 | 10

to 99.7 kips. This load was ooz ] = | 2 . - ) P

. ' - 1 10 1. 1 .

calculated by superimposing the 2 > 3

residual stresses from slab DZz2450-1] S 696,158 167 109 1.53 153 1.09

shrinkage. Cracking load was DZ2450-1| N | 696158 | 149 109 137 | 153 0.97

calculated as the applied load
necessary to impose a bottom

fiber stress equal to f. = 7.5f"..

The measured cracking loads were 106.0 kips for FZ2450-3, 101.2 kips for DZ2450-2

-and 101.1 kips for DZ2450-1. Each of these cracking loads were compared to the calculated

cracking loads. The measured values show very good correlation to the calculated cracking
load of 99.7 kips, considering the effects of slab shrinkage.

7.6.3 Effects of Web Shear Cracking. Earlier test series had demonstrated that web
shear cracking could cause sudden and violent failures. As the web shear cracks propagated
across the transfer zone of pretensioned strands, strand anchorage was disturbed. Many
times strand anchorage was destroyed. As pretensioned strands lost their anchorage, they
were unable to develop the tension required to support shear loads. Failures were often
explosive as the strands pulled through the concrete and the concrete hinged at the
compression fiber, and the beam collapsed. Web shear cracking is particularly important
to the development of pretensioned reinforcement because the web shear crack will develop
more readily in the end regions of the beam.

In light of these failures, it becomes important to understand and predict web shear
cracking. In these full-sized girder tests, all of the strands were contained within the bottom
flange. Propagation of web cracks through the anchorage becomes more difficult as the
bottom flange becomes thicker. However, it remains important to predict and measure the
occurrence of web shear cracking.
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The web cracking shears, V., .., are given in Table 7.7. The measured values are
compared to the calculated values. The calculated values are based on an elastic stress
equal to 4/f'.. Note the large difference between the two calculated cracking shears,
Ve By considering the effects of slab shrinkage, the value for V., is increased 30%
to 40%. This increase in V,, is directly related to the increase in precompression at the top
of web. Slab shrinkage created additional precompression in the top of the girder. At the
top of the web, precompression increases 422 psi, and V., increases accordingly.

From the table, the measured values of V., demonstrate some scatter. Variations
in web thickness, concrete mix proportions, or simply local variations in the hardened
concrete can affect this result. However, when compared to V.., considering residual
stresses from slab shrinkage, the measured values are definitely varied around the calculated
values. Ratios varied from a low of 0.86 to a high of 1.09.

7.6.4 Incidence of End Slips. End slips occurred in all three specimens. However,
with the exception of the horizontal shear failure in DZ2450-2, end slips remained small.
The largest measured slip was 0.080 inches in DZ2450-2 before the final test was begun.

In girder FZ2450-3, the largest slips were measured on draped strands. This is due
in part to the cracking at the end of the girder caused by separation of the two anchorage
zones (See the photograph in Figure 7.38). Slips were first detected after the occurrence
of web shear cracking in the South shear span. However, these web cracks did not seriously
affect anchorage of the draped strands because the nearest web shear crack was located at
least 54 inches from the beam’s end, well outside of the transfer zone.

In DZ2450-2, initial end slips occurred on fully bonded strands when bursting cracks
developed above the support at the South end. The debonded strands did not slip. All slips
were localized at the bursting crack which formed approximately at Station 8. The
anchorages of the debonded strands began at Station 36 so they were not affected by the
bursting crack. In the final static test on this girder, extensive cracking developed in the
anchorage zones of the fully bonded strand, partly as a result of the propagation of web
cracks into the bottom flange, and partly because the bursting crack had weakened the
anchorage of all fully bonded strands. As the bottom flange lost its precompression, the end
region of the girder became more susceptible to cracking. The horizontal shear failure is
related directly to the loss of bond on the fully bonded strands and the corresponding loss
of the precompression in the concrete. This failure probably would not have occurred
except for the shortened test span that caused applied loads to be 17% larger to develop the
same moments in the cross section. These increased loads caused bursting cracks at the
supports that otherwise would not have developed.

This failure is related to debonded strands only in that their presence decreases the
precompression force if similar design cases are compared to a girder with draped strands.
Reduced precompression in the end region caused the beam to be somewhat more
susceptible to the bursting crack. In evaluating this test result, it should also be noted that
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the applied shear is approximately 17% greater in the test beam than for the design case.
In actial application, bursting cracks may not have formed.

Girder DZ2450-1 demonstrated very little end slip throughout its testing. Even
though this girder was subjected to three times the number of load cycles, no intermediate
overloads were placed on the beam. In the final static test to failure, flexural cracking
extended to Station 136. However, this crack is outside the debond/transfer zone and no
additional end slips occurred because of this crack. The end slips that did occur, again
resulted from bursting cracks that formed over the supports. At a load of 149 kips, a
bursting crack formed at the North support, coinciding with initial end slips in fully bonded
! strands at the North end of the beam. There was no evidence that debonded strands

suffered any slip.

7.6.5 Comparison to Ultimate and
Failure Modes. Table 7.8 compares the

. . ABLE 7.
failure loads to the calculated ultimate load TABLE 7.8
and also reports the'mode of failure for ULTIMATE LOADS AND FAILURE MODES
each test. The nominal flexural capacity FULL-SIZED COMPOSITE GIRDERS
was calculated using ACI equation 18-3. BEAM | Py | Puw, | testicalc | Failure Mode
‘ Failures of FZ2450-3 and DZ2450-1 were
both flexural failures. However, in both of FZ24503 | 1774 | 1771 100 Flexural
these specimens, the loading was halted DZ2450-2| 1571 | 1771 0.89 Horizontal
before actual compression failure of the top Shear
/ flange because of safety comsiderations. |DZ2450-1| 1703 | 1771 0.96 Flexural

The failure load, P, listed in the table is
actually the load at which the test was terminated. In both of these specimens, the top fiber
concrete strains were in excess of 0.002 in/in, and the specimens were experiencing large
deformations with very little increase in load. Had the tests been continued to failure, the
failure loads would have been slightly greater.

7.7  Summary -

Three full sized girders were fabricated and tested to determine if the behavior of
beams with debonded strands could be predicted; and to determine if their performance was
safe and reliable. Two of the girders, DZ2450-1 and DZ2450-2 contained debonded strands.
The third girder, FZ2450-3 contained draped strands to serve as a control and companion

* - specimen to the debonded girders. All of the girders were designed for the same loads and
spans, and so their cross sections and capacities were nearly identical.

The cross section was designed to support HS24 highway bridge loads across a span

; of 75 feet, assuming a girder spacing of 6.8 feet. The cross section is shown in Figure 7.1.
‘ The specimens were made from Texas Type C girders with a composite bridge deck. For
these design parameters, either debonding or draping was required to relieve excessive end
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stresses. The actual test span was 48 feet long and the girders themselves were 49 feet long
(Figure 7.19). :

The debonded girders contained a total of eight debonded strands. Debonding
extended a distance of eight feet from the South ends or six feet from the North ends.
Debonded strands were staggered, as shown in the debonding schedule (Figure 7.2).
Debonded lengths were chosen in this example so that the debonded length plus the transfer
length would not extend into regions of flexural cracking.

Earlier tests had demonstrated that strand anchorages would be maintained if
cracking was prevented from extending through the transfer zone of the pretensioned
strands. Therefore, for these tests, the transfer zone for the debonded strands was not
allowed to extend into the region of flexural cracking. Figure 7.5 illustrates that the debond
length was designed so that flexural cracking would not occur in the debond/transfer zone.
Stated another way, the cracking moment in the debond/transfer zone is greater than the
applied moment in the debond/transfer zone, M, > M, e

Each of the composite girders was "precracked" in an initial static test. Repeated
loads were then applied to each girder. The repeated loads were cycled between 50% of
service load to 100% of service load. Periodic overloads were applied to FZ2450-3 and
DZ2450-2 to simulate actual load conditions in the life of a highway girder. FZ2450-3 and
DZ2450-2 were also loaded asymmetrically to produce web shear cracks in the South shear
span. After 225,000 to 240,000 cycles, respectively, these beams were loaded statically until

failure.

No overloads were applied to Girder DZ2450-1 except for the initial static test to
precrack the beam and the final test to failure. However, this girder was subjected to nearly

700,000 load cycles.

- Girders FZ2450-3 and DZ2450-1 failed in flexure. Girder DZ2450-2 failed in
horizontal shear that was developed partly from damage caused by precracking the beam
in web shear cracks. In all of the tests, strand end slips were relatively small. No anchorage
failures occurred in the debonded strands.

In conclusion, two girders were designed with debonded strands to test their safety,
reliability and strength. Their performance and behavior was compared to a companion
girder with identical section properties, but containing ‘draped strands instead of debonded
strands. The debonded strands were designed so that their transfer zones would remain
unaffected by flexural cracking. No failures or even significant bond slips were noted in the
repeated load portion of the testing. In the final flexural tests to failure, the beams with
debonded strands did not suffer anchorage failures. The beams made with the debonded
strands, DZ2450-1 and DZ2450-2, had similar behavior and equal capacity compared to the
beam with draped strands, FZ2450-3. Therefore, these tests demonstrate two things:
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1. That girders made with debonded strands can possess the same behavior and strength

"when compared to beams made with draped strands. Their behavior is both safe and
predictable.

2. The debonded strands were designed with the principle that their transfer zone

‘ should remain clear of regions of flexural cracking. This procedure ensures that
o anchorage for the debonded strands will remain intact and that the debonded strands
will be able to develop their full nominal strength.






CHAPTER 8
SUMMARY OF STRUCTURAL BEHAVIOR
AND DESIGN RECOMMENDATIONS

8.1 Summary

In this chapter, results from the research are reviewed and discussed. Emphasis is
placed on observed behaviors that impact design and design philosophy. Test results and
observations are used to develop rational models that predict structural behavior. In turn,
these behavioral models are used to develop guidelines for design.

Specific bond mechanisms were identified from fundamental research performed in
the 1950°s.}” These mechanisms proved adequate and essential for explaining the behavior
observed in this research. By understanding bond mechanisms, the impact of pretensioned
bond on overall structural behavior can be assessed and design recommendations can be
made for reliable and safe pretensioned structures.

8.1.1 Cracking and Strand Anchorage Failure. Flexural tests were performed on a
wide variety of test specimens. In all cases, cracking through a strand’s transfer zone caused
bond slip on pretensioned strands. Shear cracks and flexural cracks were found to be
equally important. Web shear cracking caused the failure of strand anchorage in I-shaped
beams (Chapter 4). Similarly, flexural cracking caused bond failure in rectangular beams
when the cracks formed in the transfer zone (Chapter 4). Cracking also caused bond failure
of debonded strands (Chapter 5). Flexural cracks propagating through the transfer zone of
debonded strands caused those strands to slip, reducing the capacity of the beams.
Conversely, when cracking did not occur in the transfer zones of pretensioned strands, the
strands were able to develop and maintain their prestressing force.

Furthermore, these tests demonstrate that the failure of pretensioned anchorage can
be predicted by predicting the formation of cracks. From a design standpoint, if cracking
does not occur in the transfer zone of a pretensioned strand, then that strand can be
expected to develop its full tension. The behavior of pretensioned anchorage can be
summed up as follows:

Cracking through the transfer zone of a pretensioned strand will cause its
bond to fail locally. Continued loading will precipitate complete bond failure.
Conversely, if cracks do not occur within its transfer zone, a pretensioned
strand will develop its prestressing force plus any additional tensioned
required by external loads .

The transfer length of a pretensioned strand becomes important given the
interrelationship between the transfer zone and potential development failures. Transfer

189
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lengths were measured on a wide variety of specimens in varieties of conditions. Results
are discussed in this chapter and are used to develop a design recommendation.

8.1.2 Current Code Practice.
Current ACI and AASHTO code
expressions for anchorage are based on
average bond stresses and do not reflect the
behavior of pretensioned bond.  The
current code and the average bond stress
values are based upon empirical evidence
from earlier research. However, in their
~ current structure, code expressions can
result in the unexpected failure of
pretensioned structures due to bond failure.
Therefore, restructuring of current Code
provisions is required to ensure safe and
reliable pretensioned structures.

82  Transfer Length

Figures 8.1 and 8.2 summarize the
transfer lengths measured on test series
from this research project. All of the
transfer lengths represented in the two
figures are for fully bonded strands. The
current code requirement of 50 d, is shown
on the figures. Alternately, Shahawy’s™
recommendation of */, d, is also shown.
From the data on rectangular specimens,
Shahawy’s recommendation appears to
merit consideration as a design guideline.
However, for other specimens, the FR350
beams and the Type 'C’ girders, ®/; d,
does not accurately predict the transfer
lengths. The equation, L, = f5¢/ 7 g, Is
shown in the figure and recommended for
use in design.
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Concurrent research is summarized in Figures 8.3 and 8.4. Transfer length tests from
North Carolina State University (NCSU) were first reported in 1986*. Based on these
results, the Federal Highway Administration (FHWA) placed restrictions on pretensioned
strands. Tests performed at the Florida Department of Transportation® (FDOT) and at
the University of Tennessee at Knoxville” (UTK) are also summarized in Figures 8.3
and 8.4. [Note: Figures 8.3 and 8.4 summarize results as reported. Different analysis




techniques were used (Chapter 3) that may
influence the reported results. FDOT used
a plateau intercept method and UTK used
a bilinear intersection method. Both are
subject to arbitrary interpretation.]

The FDOT and UTK tests are
particularly related to this research because
their data were measured on AASHTO
girders. UTK measured transfer lengths on
AASHTO TYPE I girders whereas FDOT
measured transfer lengths on AASHTO
TYPE 1II girders in a prestressing plant.
The tests performed at FDOT are
particularly important because they were
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performed under similar conditions as were the transfer length tests performed on the

TEXAS TYPE C girders in this research project.

The FDOT girders demonstrated

significantly shorter transfer lengths, about 30 inches for 0.5 inch strands and about 35

inches for 0.6 inch strands.

Results from other researchers must
by tempered, however, because of the
analysis techniques used. Each researcher
used different analysis techniques which can
skew the results and prejudice the findings
(Chapter 3). FDOT used a platean
intercept method and UTK used a bilinear
intersection method. The analysis
technique employed at NCSU are not
known. In the plateau intercept method, it
is very difficult to determine an exact value
for transfer length because the parabolic
strain curve is becoming asymptotic with
the strain plateau. Both of these methods
are somewhat arbitrary and should be
discounted. Taken collectively, and
including data from NCSU, the data
represented in Figures 8.3 and 8.4 resemble
the data found in tests performed at UT
Austin, with wide degree of scatter between
various test series.

8.2.1 Development of Design Guidelines for Transfer Length.

80
Legend
No. Ends: (12) 4 (6 ,

T 71 - Mininum
g M - PR
3 801 [[m Maximumn
¥ fse/2 db
T e
€
3 fsi/3 db
$ a0l 50 db
-

20.

104

0

NCSU

FDOT

Figure 84  Transfer Lengths of 0.6 Inch

Strands

Concurrent Research)

(Summary of

In review of the
transfer length data collected in this and other research projects, the data is most
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remarkable for its degree of scatter. The data does not converge to a single value nor does
it appear to distribute evenly around any particular value. No clear trends appear from
which an empirical formula can be developed.

Figures 8.5 and 8.6 present the data
in histograms based upon the measured
transfer lengths from this research project.
The histograms are helpful in that they
illustrate the distribution of measured
transfer lengths by plotting the number of
specimen ends versus their measured
transfer lengths. The transfer lengths are
grouped in ranges of three inches. For
example, Figure 8.5 shows the occurrence
of transfer lengths for 0.5 inch specimens.
This figure also shows that the number of
specimen ends with a transfer length of 30
inches +1 inch is eleven.

In Figure 8.5, each end of each
Texas Type "C" beam is denoted with the
letter C. Likewise, each end of each FR350
beam is denoted with the letter R. For
example, at a transfer length of 54 + 1
inches, two specimens were measured with
this transfer length, both of which were
measured from an FR350 beam.

Shahawy has suggested setting the
transfer length equal to £f;/3 times d,. This
expression yields transfer lengths of
30 inches for 0.5 inch strand and 36 inches
for 0.6 inch strands. However, Shahawy’s
expression predicts a shorter transfer length
than many of the measured transfer lengths.
When compared to the 0.5 inch data in
Figure 8.5, 29 specimen ends had transfer
lengths that were longer than 30 inches.
Similarly, comparing the same expression to
the data on 0.6 inch strands in Figure 8.6,
34 specimen ends had transfer lengths
longer than 36 inches. Well over 50% of
the data exceeded the transfer length given
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by Shahawy’s expression. These data do not support Shahawy’s recommendation.

It would seem more appropriate to select a value or an expression that bounded a
greater percentage of the test results. Because transfer length is directly related to the
development of strand anchorage, it must be conservatively chosen. A longer value for
transfer lengths could be used confidently in a variety of applications. From the data, the
following expression is suggested from the figures, and it is recommended for use in design
applications:

£

Ly = -;edb

The values for transfer length given by this expression, and assuming an effective prestress
of 160 ksi, are:

L.(0.5" strand) = 40" ; L .(0.6" strand) = 48"

There are two advantages in using this expression. First, it relates transfer length to
strand diameter and to the prestressing force, using the same variables currently used in the
ACI Commentary. This allows for evolution to new strand sizes and higher strand strengths.
Secondly, this expression exceeds the measured transfer length from most of the data. The
value for the transfer length expression is shown on each of the histograms, Figures 8.5 and
8.6. For 0.5 inch strands, 14 specimen ends, or 27% of the data, exceed the recommended
value. Special circumstances for these data points are discussed below. For 0.6 inch
strands, only 9 specimen ends, or 17% of the data exceed the recommended value.

Data from the 0.5 inch strands is skewed by the data from the FR350 beams and the
Texas Type C girders. Each of these data points are represented in Figure 8.5. Each end
of the FR350 beams is denoted by 'R’ and each end of the Type C girders are denoted by
’C’. As discussed in Chapters 3 and 4, it is suspected that longer transfer lengths resulted
from lubricants contaminating strand surfaces.

Other factors are important to consider while analyzing the transfer length data from
the FR350 beams and the Type C girders. Transfer lengths from the FR350 beams were
not directly measured. Instead, they were calculated from the measured end slips. While
end slips are directly related to transfer length, the calculations can never be precise.
However, the average transfer length of the FR350 beams was 55 inches, which represents
a significantly longer value than other transfer lengths measured at FSEL.

Long transfer lengths measured on the Type C girders are balanced by shorter
transfer lengths measured by Shahawy on AASHTO Type II girders in a prestressing plant.
Also, transfer lengths on the Type C girders were measured with the difficulty of taking
transfer length readings outdoors at the prestressing plant. Also, transfer length
measurements were taken on only one side of the girders. On all of the other transfer
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length specimens, measurements were taken from both sides. Ambient temperature
increased from 50 degrees at the time of initial measurements to about 70 degrees at the
final measurement. However, there is no reason to suspect that these temperature changes
could have significantly influenced measured transfer lengths.

The transfer lengths measured on the Type C girders and the transfer lengths
measured by FDOT both represent measurements taken on full-sized girders in prestressing
fabrication yards. While transfer lengths from the Type C girders are relatively long,
transfer lengths from the FDOT tests are contained within the recommended transfer length
(FDOT transfer lengths averaged 30 inches on 0.5 inch strand). Therefore, the recommend-
ed transfer lengths are given by the expression above, L, = e/ 5 *dy.

8.3  Development Length

8.3.1 Summary of Behavior. In the strength based philosophy of the ACI and
AASHTO codes, it is imperative that a structural system achieve a well defined and
predictable limit state. In the case of pretensioned prestressing strands used in flexural
members, the strands must develop the tensile strength required at the nominal flexural
capacity. To develop the required tension, the strand must fulfill two requirements. First,
it must possess the tensile strength required to resist external loads, and second, the
anchorage must be sufficient to resist the tension in the strand.

In Chapter 2, the bond mechanics in a cracked beam were discussed. Those
mechanics are idealized in Figure 2.4. In the immediate vicinity of the cracks, steel stresses
increase dramatically to develop the tension required to resist external moments. Increases
in steel stresses must be restrained by bond stresses between concrete and steel. These high
local bond stresses are developed by mechanical interlocking. As shown in Figures 2.9 and
2.10, distribution of cracking can be directly related to the value of interlocking bond
stresses.

Development of mechanical interlocking bond stresses requires that the strand be
restrained from twisting. As shown in the figure, twist restraint is provided by anchorage
at the transfer zone. If the strand does not slip in the transfer zone, no twist can occur, and
bond stresses from mechanical interlocking remain active. Conversely, bond failure may
occur when cracks propagate through the transfer zone of the pretensioned strand. Tension
in the strand would increase immediately adjacent to the crack, leading to a reduction in
diameter of the pretensioned strand. In turn, the strand would lose its anchorage derived
from the wedge action of Hoyer’s Effect, small slips and twisting would occur. In this
manner, cracking in the transfer zone may cause general bond slip and anchorage failure

of the pretensioned strand.

Figures 4.7 and 4.8 show the results from development length tests on AASHTO-type
beams, 0.5 inch diameter strand and 0.6 inch diameter strands, respectively. The behavior
of the AASHTO-type beams was controlled by web shear cracking. The strands slipped
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when web shear cracks formed, and eventually led to bond failures. The influence of web
shear “cracking on anchorage failure is explained in greater detail in Section 4.6.2. These
tests indicated that the required development length for 0.5 inch strands was 72 inches. For
0.6 inch strands, the required development length was 84 inches.

Beams with rectangular cross Smbedrmart Lovgth Lo_| LP
sections were tested to study strand Transfor Length. 1

development without influence of web T e
shear cracking. For 0.6 inch strands,
the rectangular beams required shorter
development lengths than the I-shaped
beams (Figure 4.28). On the other
hand, rectangular specimens with 0.5
inch strands demonstrated longer
development lengths than the I-shaped
beams. Ultimately, the tests

Strand Stress

demonstrated the behavioral §
relationship between transfer length and
development length. : Ratio of Development Length to
id _ Mu
Lt = Moer

The interaction between transfer
length and development length is
illustrated in  Figure 8.7. The
development length of fully bonded
strands is approximately proportional to the transfer length for the strands. Therefore, to
prevent bond failure the cracking moment must exceed the applied moment throughout the
transfer zone. The result of this condition is that the L, the development length becomes
a function of the transfer length.

Figure 8.7 Interaction of Transfer Length and
Development Length

The relationship between transfer length and development length explains the
behavior of the rectangular beam specimens containing 0.5 inch strands. The transfer
lengths derived from end slips were found to be approximately 55 inches long. Using 55
inches for the transfer length and a ratio of M, to M, of 1639 k-in to 940 k-in, the required
development length for the specimens FR350-1 and FR350-2 is given by:

M u”
Ly= —ur, = 2830 K% o 55u = g5, 47
M., 940 k7

which is equal to the measured development length of 96 inches (Figure 4.29).

Similarly, if the same calculation is performed for the rectangular beams containing
0.6 inch strands, assuming the transfer length is 30 inches, then:
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- 2200 k”

= 307 = 48.9/
M., 1350 k7

which is consistent with the development length tests conducted on specimens FR360-1 and
FR360-2.

This relationship can become a powerful design tool to predict the development of
pretensioned strands, however, its use is limited to simply supported beams where moment
distribution is approximately linear (point loads) and in cases where web shear cracking will
not control. However, these limitations may not be too severe given that moment
distributions are approximately linear in most simple spans, especially near the support of
a beam. A requirement could by written so that the cracking moment, M, could not be
exceeded within the transfer zone:

MCZ> LCVU

This equation has the advantage of removing the confusion over the location of the
critical section. Using this expression defines the critical section as the point nearest the
support where flexural cracking will occur. Consider a simply supported beam. Near the
end regions, shear is approximately constant and the critical section, or the distance from
the support where flexural cracking will occur is given by the relation: Mer / vy 1n order for
the strand anchorage to be developed, this distance must be greater than the transfer length,
L. Rearranging terms gives the equation in the form above.

8.3.2 Development of Design Guidelines Fully Bonded Strands. To ensure
development of pretensioned strand, cracking must be prevented in the transfer zone of the
strands. Two types of cracking are prominent in causing pretensioned anchorage failure,
web shear cracking and flexural cracking. This section is divided into two parts, the first to
develop design guidelines if web shear cracking will not occur; and the second to develop
design guidelines given the possibility that web shear cracking will occur.

8.3.2.1 Development Length Requirements for V., > V.. To begin the discussion,

the design cases where V,, would exceed V, are numerous. This might be a rectangular
beam, or an I-shaped beam with a moderately long span. Recommended design guidelines
for this case are described in the section above where development length is related to M,
the applied shear, V, and the transfer length, L. The following expression would serve to
prevent flexural cracking in the transfer zone of fully bonded pretensioned strands and is
recommended for design:

M_> LYV

cr t'u

Using this expression, strand development would be inadequate if the applied shear
were large enough to cause flexural cracks to form in the transfer zone. Some safety is built
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into the expression in that the expression assumes that the transfer zone begins at the
support. However, in real beams, the end of the pretensioned beam may extend beyond the
support for some distance.

8.3.2.2 Development Length Requirements for V., < V.. This case represents most

designs cases where development of the strands should be a real concern. From the testing
program, many bond failures occurred as a result of web shear cracking. Failures were both
sudden and violent, providing very little warning before collapse.

To prevent bond failures due to web cracking, one alternative would be to require
that V, be greater than V,. If this were a requirement, anchorage failures due to web shear
cracking would be eliminated. Interestingly, this requirement suggests the reintroduction
of end blocks. While end blocks may be considered an option by the engineer, other
options are available. Another suggestion is to place additional shear reinforcement to
control cracking in the webs of pretensioned beams. In that case, horizontal shear
reinforcement is required in addition to vertical reinforcement to resist the applied shear.
Also, shear reinforcement would be required to extend through the transfer zomes of
pretensioned strands.

150 in

In several cases, the n |
occurrence of web shear cracking = ' -630
did not immediately form failure — == —
mechanisms. Failures occurred

40

_after increased loading. In these

cases, the anchorage of = +315

pretensioned strands were _ _

generally protected by the ' R=175 k 22,3";1‘-’2?{ Eeslgfoi;.'fir%%nﬁsi - 96 kips 1.0 kip = 4.45 kN
widening of the bottom flange or " 80% of 815 Kips roms zadmm
by mﬂd reinforcernent placed il'l Vertical Reinforcement: (2) #3's @ 4"o.c.

the web. The bottom flanges

and mild shear reinforcement Fyjgyre 87a Truss Model of Shear Load at Flexural

provided a limited amount of Ultimate Full-Sized Girder Tests
protection to the pretensioned

strand that allowed the
pretensioned strand to develop anchorage to resist load. However, under increased loading
crack widths grew and pretensioned bond failure resulted.

In the full sized Type C girders, mild shear reinforcement was placed both
longitudinally and vertically. The mild steel was designed to carry large percentages of the
ultimate shear load. In Girder DZ2450-1, horizontal shear reinforcement was designed to
resist 15% of V, (Figure 7.6). In Girder DZ2450-2, horizontal shear was designed to carry
30% of V, (Figure 7.7). Shear loads for design of the reinforcement were obtained by
considering a truss mechanism at an angle of 30°. Figure 8.7a compares the ultimate shear
forces given by a truss model with the capacity of shear steel provided.
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In both girders, DZ2450-1 and 2, the shear strength of the vertical shear reinforce-
ment, V, excéeded the ultimate shear load, V,. During repeated loading, web shear crack
widths did not increase. Additionally, only small increases in crack width were measured
at ultimate loading. Web shear cracks were present at failure in each specimen, however,
the shear reinforcement controlled crack widths and prevented the cracks from propagating
into the bottom flange. In addition, all of the strands were placed within the bottom or top
flanges of the beam. No strands were located in the web where their anchorages would be
susceptible to web shear cracking. In this manner, web shear cracking occurred without
detrimental effects on strand anchorage. Therefore, the following design recommendations
are made to ensure strand development in the presence of web shear cracks (V,, < V,):

1. Strands should not be located in the webs of pretensioned girders, where practical.

2. Longitudinal and vertical mild shear reinforcement should be provided to ensure
shear capacity. The truss analogy is recommended for design of the shear
reinforcement, considering an angle of 30° to the horizontal. The shear reinforce-
ment should extend through the entire transfer zone plus a length equal to the depth
of the cross section. In these tests, horizontal shear reinforcement equal to 30% of
the horizontal shear force was adequate to develop bottom chord tension.

3. The development length provision from the rectangular cross sections must be
satisfied:

M. > LV,

8.4 Beams with Debonded Strands

8.4.1 Summary of Behavior. Extensive testing was performed on beams with
debonded strands. Static tests on I-shaped beams, discussed in Chapter 5, demonstrated that
flexural cracking in the transfer zone of debonded strands cause bond failure of those
strands. Similarly, web shear cracking also precipitated bond failure. In Chapter 5, an
analytical rationale was developed to predict bond failure in beams with debonded strands.
Again, bond failure is predicted by the formation of cracks in the transfer zone of

pretensioned strands.

Repeated load tests were performed on companion specimens to the statically loaded
beams. These tests are discussed in Chapter 6. Repeated loads were found to have no
significant effects on strand development or the behavior of beams with debonded strands.
Overall, repeated loads did not affect the behavior of pretensioned beams, although some
small variations in behavior were observed.

Full-sized composite bridge girders were built and tested in the final phase of the
project. Of the three beams, two were made with debonded strands while the third was
constructed with draped strands. These beams and the tests are described in Chapter 7.

—
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These specimens were also subjected to repeated loads. Debonded strand patterns were
desigried so that the debond/transfer zones would not be affected by flexural cracking
(Figure 7.5). This simply means that debonding was confined to the end regions of the
beam. The beams were designed so that they would crack from the influence of web shear,
but web shear cracks were controlled with horizontal and vertical shear reinforcement to
prevent crack propagation into the bottom flanges of the girders. The behavior of girders
with debonded strands matched closely the behavior of the girder with draped strands and
confirmed that rational design guidelines could be developed for the use of debonded
strands. These design recommendations are presented in the next section.

8.4.2 Development of Design
Guidelines. Just as in the case of fully
bonded strands, debonded strands failed
in bond when cracks propagated
through or very near their transfer
zones. Therefore, to prevent bond
failure, debonded strand patterns should
be designed so that the debond/transfer
zones would not be affected by flexural
cracking. Figure 7.5 shows that the
debond/transfer zomne
(L,+L, = 121 inches) is contained
within regions of the beam where the
cracking moment, M, exceeds the
applied moment.

In general, the design
recommendation is to design the beam
so that cracking should not occur in the
transfer zone of any pretensioned
strand, either debonded or fully bonded.
Application of these ideas into design
guidelines is complicated by potential
variations in the distribution of applied
moment from one design case to
another. If one considers a uniform
distribution of applied load over the
length of a simply supported beam, the
resulting moment distribution is
parabolic. Likewise, if one considers a
point load that is allowed to move
freely over the length of a simply

1. Uniform Load; M = 0.5 wx{L-X)

Maximum Moment from _ P (L—X)
2. Concentrated Load L X

Figure 8.8 Loadings for Parabolic Moment
Distributions

Moment

L 1/2 Span _9

| =
Lb+Lt<1_[_ _Mcr]
Span 2 1 1 Mu

Figure 89 Maximum Debond Length
(Applied Moment [Uniform Load]
vs. Cracking Moment)

supported beam, the plot of the maximum moment generated by that point load would also
be parabolic. These load cases are depicted in Figure 8.8. From an assumed shape of
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parabolic moment distribution over the length of a simply supported beam, an expression
for the furthest extent of debonding in pretensioned girders can be derived. This is shown
in Figure 8.9.

Figure 8.9 plots "Applied Moment" and "Cracking Moment" from the end of the beam
to the beam’s centerline. At ends of the beam, cracking moment exceed applied moment.
The cracking moment increases rapidly as the fully bonded strands transfer their prestress
force into the concrete. A second, more gradual transfer zone depicts the transfer of
prestressing force from debonded strands. The debond/transfer zone is the distance from
the end of the beam to the point where all of the debonded strands have transferred their
effective prestress force into the concrete. This point is given by the debonded length plus
one transfer length, L, +L.

The parabolic shape of the moment is described mathematically, as a function of the
beam length, x, by the relation:

M({x) = 4M, (i(;—"‘))

Combining this equation with the requirement that the cracking moment must be greater
than the applied moment at L, +L, yields an expression for the limit of the debond/transfer
zone:

Lp*tL¢ < _}_|:1_ l_Mcr ]
Span 2 M,
This expression would control the overall length of debonded strands in simply supported
pretensioned girders. For the general case, where girders may not be simply supported
and/or where pretensioned members become a structural component of a larger structural
system, the designer may be required to check several different loading combinations or
geometric arrangements and provide a design where cracking does not occur in the transfer
zones of pretensioned strands.

Recommendations for design of beams with debonded strands can be summarized
as follows:

1. For simply supported beams:

L. +L M
bt(lll- 1- cz}

Span 2 M

u

This expression would apply to simply supported highway bridge girders or
multi-span continuous bridge girders.
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2. For generalizéd geometry and loading conditions, bond failure can be prevented if

~ cracking is mot allowed to propagate through the transfer zone of pretensioned
strands.

3. If V, > V., then horizontal and vertical shear reinforcement should be provided to

prevent propagation of crack into the transfer zome of pretensioned strands
(Section 8.3.3.2).

8.4.3 Discussion of Design Procedures Inclusion of Top Strands. In developing the
designs for the test specimens, several comparisons were made with debonding patterns
recommended by computer output from PRESTRESS 14, a prestressed concrete design and
analysis program developed by and for the Bridge Division of the Texas Department of
Transportation (TXDOT). When some of the arbitrary constraints were disabled, such as
maximum debonded length and maximum debonded percentages, the computer program
suggested designs for debonded strands with extraordinarily high percentages of debonded
strands and with debonded lengths stretching far into the mid-regions of the pretensioned
girders.

In subsequent hand calculations, the number and length of debonded strands was
reduced - by locating a small percentage of prestressing strands in the top flanges of
pretensioned beams. This simple procedure provided debonded patterns with far less
requirements for number of debonded strands and also dramatically reduced the required
length of debonding.

Debonding Reduces Presiress Force, F,
and Eccentricity, e.

The effects of two top strands are
illustrated in Figure 8.10. In this figure, the
eccentricity of the prestress force is reduced as
the strands are debonded. This effect works
concurrently with a reduction in prestress force
to reduce end stresses to within allowable
limits. Consequently, the overall debonding
requirements are reduced when top strands are e
added to the strand pattern. If top strands are Secton & Sodeed
not included in the strand pattern, eccentricity
does not change appreciably and a greater
percentage of strands must be debonded.

Figure 8.10 Change in Eccentricity
From Two Top Strands
Used With Debonded

Two top strands improve the design of Strands

pretensioned girders by:

L. Significantly reducing the number of debonded strands required to control end
stresses. In fact, in many standard span lengths, neither debonding nor draping was
required.
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2. Significantly reducing the
length of debonding.
. TABLE 8.1
Reducing the length of
debonding has a positive Cross Section Properties
effect on overall beam Type C Girder with Composite Slab
performgnce in addition Type C Girder w/ Composite Deck Slab
to ensuring that debonded
strands will remain Area (in) 495 970
anchored in the end v, (in) 17.09 30.33
regions and effective in 1 (in) 82,620 262,460
resisting externally ~
applied load. S, () 4833 8654
S (i) 3605 -
3. Eliminates strands in the w (kips per foot) 05155 1135
web and allows placement
of mild reinforcement in Euap = 08 Bean

the web. This provides
the required margin of safety if web shear cracks develop in the transfer zone of
pretensioned strands.

8.4.3.1 Design Example No. 1A: 60’ Span with Two Top Strands. This design is
based upon a 60’-0" span, with girders spaced 6.8 feet apart. Half inch diameter strands
were spaced at 2 inch centers. Cross section properties are given in Table 8.1.

The number of strands required is given by satisfying the allowable stress requirement for
the bottom fiber tension at midspan. The prestress force required is given by the equation:

MDL MLL
+ ==+ == g 6,/f7
Sy S/b ¢

where F,, is the effective prestress force after losses, A is the area of a Type C girder, S, is
the bottom fiber section modulus for a Type C girder, S, is the bottom fiber section
modulus for the composite girder and f, is the concrete cylinder strength.

Dead load moment, My, and live load moment, M;; are given by the following
expressions:

o
My = 223353 X607 _ 510 3k-ft
8

and

M,, = 806.5k-ft x 1.28 X % = 638.2k-ft
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j The live load moment of 806.5 k-ft is taken from Appendix A of the AASHTO specifica-
tions, -8/ 11 is the distribution factor based on girder spacing and 1.28 is the impact load
factor.

Solving the equation above, assuming that eccentricity, ¢ = 11.0 inches, £, = 6000

psi and £, is 160 ksi (24.48 kips per 0.5 inch diameter strand), the effective prestress force

: required for this design is 392.6 kips. Dividing the required prestress force by the force per
strand gives the number of strands required:

392.6 k

) N =
24.48 k/strand

= 16.04 strands= use 18 strands

The strand pattern and the midspan stresses Example 1A: Two Tép Strands

are given in Figure 8.11. | 82in i

-0.418_

<1.597

Next the allowable stresses at transfer
, must be checked. For this design, checks made
at the ends of the beam are sufficient. Just
after release of the tendoms, the effective
prestress force is assumed to be 180 ksi or
27.54 }dps per strand. The effective prestress Rl Acd Sressee @
force is represented by F;. The stresses at the
J top of the cross section are given by:

+0.312

Figure 8.11 Service Load Stresses at
: Midspan, 60°-0 Span

£, = —Fsi[%-—s?;] = +0.431 ksi < 0.503 ksi = 7.5\/f3ci'

The allowable tension is given by AASHTO as 7.5(f,;. Concrete strength at release is
assumed to be 4500 psi. The stresses at the bottom of the cross section are given by:

fb=—F

S

i[%+_%}= -2.070 ksi > -2.700 ksi = 0.6 £/,

The top and bottom stresses at the ends of the pretensioned beam are given in
Figure 8.12. Both the top stress and the bottom stress at the ends of the pretensioned girder
are within the allowable stresses. Therefore, no debonding is required for this specimen.

8.4.3.2 Design Example 1B: 60’-0" Span with No Top Strands. In this design
example, all of the parameters are held constant from the previous example. The span

remains 60 foot, the girder is a Texas Type C with girders spaced at 6.8 feet. Cross
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§ectiqnal properties are  assumed to be
identical. The only difference is that this g |
girder is designed without any top strands. i

.

. The number of strands is determined by
satisfying the allowable stress requirement at
the bottom fiber, midspan of the girder. Dead
load moment and live load moments are the |
same. In-this case, the mumber of strands e giah O et (%
r§ququd 1s 16 and the stresses at midspan are
given m Figure 8.13. As can be seen, this
strand pattern without top strands also satisfies
the stress requirements at midspan. However,
concrete  stresses at the ends of the
pretensioned girder are shown in Figure 8.14. The top stress at the end of the girder is
+0.862 ksi which exceeds the allowable stress of +0.503 ksi. In this case, either debonding
or draping is required.

Figure 8.12 Concrete Stresses at
: Release at End of Girder

The number of debonded strands required for this design is given by:

0.503
= [1-——= = . — =
N, ( 0_862)16 6.66 = Use N, = 8

This design case requires that one half of the strands, or eight out of sixteen strands, must
be 'debonded. The strands must remain debonded until the flexural moment from the self
weight .of the beam, M, as a function of x, is large enough to overcome some of the
pretensioned stresses at release. This is expressed in equation form:

M. (x .
£, = 'Fsi[%-?e} M) 503ksi
t 4

Solution of this equation yields the required debonded length, L, = 8.06 feet, or nearly
100 inches.

Comparison of these two examples clearly demonstrate the advantages of placing 2
small percentage of the pretensioned force in the top of the cross section. This is especially
true CQnsidering the weakening effects that reduced prestress can have on resistance to shear
cracking and to flexural cracking (Sections 5.4.3 and 5.4.4). In the case of Example 1A
where two strands were placed in the top of the cross section, no debonding was required.
Yet when these two top strands were omitted, 50% of the strands required debonding and
the debonded length extended 8.06 feet into the span, or nearly 14% of the span length.
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Example 1B: No Top Strands

82in

) 82in
i 0418 |‘ - Debonding Required
: 7" +0.862 > +0.503
1214 )

7.25"
7.25"

2
+0.198 2198
Texas Type C St @ Texas Type C
w/ Comp. Siab Midspan (ks) w/ Comp. Siab resses & [k
Figure 8.13 Service Load Stresses at Concrete Stresses at

Figure 8.14

Midspan, 60’-0 Span Release at End of Girder

8.4.3.3 Example 2A; 80°-0" Span with Two Top Strands. A similar design example
was carried out for a span of 80 feet using the same cross section as used before. The cross
section properties are given in Table 8.1. For this example, however, the concrete strengths
were assumed to be 8000 psi at 28 days and 6000 psi at release. Table 8.2 gives the number
of debonded strands required and the debonded lengths required.

In comparing the two
designs for 80’ spans, the design
where two top strands were

TABLE 8.2

included require only eight Comparison of Debonding Requirements;
debonded strands whereas the With and Without Top Strands
girder without top strands Design Case |  Number of Number of Debonded
required that 18 out of 28 Strands, N Debonded Length
strands be debonded. Likewise, Strands, N, &)
if two top strands are included in 60’ Span w/o 16 8 .06
the strand pattern, the debonded Top Strands
length is significantly reduced, 60' Span with 18 . .
from 13.47 feet to 5.33 feet. Two Top
. Strands

In summary, the purpose 80’ Span w/o 28 18 13.47
of debonding strands is to allow Top Strands
for straight strand patterns and SO’TSpanTwith 30 8 5.33

. [ - wo OP .
to eliminate draping. By Strands

incorporating two top strands

Concrete strength @ 28 days, f', = 6000 psi for
60’ Spans; f'. = 8000 psi for 80’ Spans. Release
strengths are 75% of 28 day strengths.

into the design of pretensioned L
girders, the number and the
length of debonded strands can
be significantly reduced. These actions strengthen the beam’s resistance to web shear
cracking and to flexural cracking when compared to debonding as an alternative. Also, by
including two top strands in the design, a greater percentage of designs will not require
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debonding nor draping. For those beams that do requlre debonding, their performance will
be significantly improved.

8.4.4 Development of Design Criteria for Beams with Debonded Strands. Design
criteria should have one goal: to prevent cracking in the debond/transfer zone of all
pretensioned strands. In beams with debonded strands, spans will normally be long enough
where flexural cracking should control the design in a majority of cases. In those cases,
debonding should be limited to the end regions of simply supported beams where flexural
cracking will not occur. The expression given above and repeated here defines a limit for
debonding:

Lb+Lt < _}_ 1 - 1- MCI
Span 2 u

M., and M, are already calculated to fulfill other requirements for AASHTO and ACI code
provisions.

Generally, for highway bridge girders, the ratio of M., to M, falls between 0.55 and
0.6. Substituting this ratio into the equation above yields a general rule of thumb for the
length of debonding:

L,+L <= 0.16-Span

This expression provides a rough guideline for the maximum debonded length of strands in
simply supported beams, representing the majority of pretensioned girder bridges.

One important behavioral characteristic makes this rule practical. In some cases,
flexural cracking did extend into the transfer zone of debonded strands, the ultimate failure
mode was still flexural failure. These cases were, in general, tests where flexural cracking
was present only at the extreme region of the transfer zone. In these cases, some slippage
of debonded strands did occur. However, small losses in tension in the debonded strands,
if they represented only a small percentage of the total number of strands, was supported
by increases in tension. Tension was developed in fully bonded strands that were unaffected
by the cracking. In these cases, bond failures did not result in violent and sudden failures.
Therefore, it is acceptable to allow the debonded lengths to extend to the point where
flexural cracking will occur.

Given the presence of debonding, web shear cracking also requires checking. Similar
rules from the fully bonded design case should be applied to beams with debonded strands.
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8.5 Design Recommendations for Development of Pretensioned Strands in Simply
" Supported Girders: ‘

For beams with all strands fully bonded to the ends of the member, the following
recommendations should be followed:

1. M, > LV,

2. Ifv, >V, then:
Vertical and longitudinal mild steel shear reinforcement should be provided
so that web shear cracks are prevented from disturbing the transfer zone of

pretensioned strands.

3. Transfer length shall be taken as: c
L= "/ 2 * d,

For beams where all strands are not fully bonded to the ends of the member
(debonded strands), the following requirements should be met:

1.

L. +L M
b ot 1[1_ 1-Ller

Span 2 M,

Note: For I-shaped composite girders, this requirement suggests that:
L, + L, <= 0.16- Span

2. If V, > V,, then shear reinforcement should be provided as described in
Section 8.3.2.2 and recommendation #2 above.

3. Debond terminations should be staggered. Termination points should be
evenly distributed throughout the debond/transfer zone. Debonding should
be terminated as gravity moments reduce stresses from pretensioning to within
the allowable stresses.

Additionally, to these requirements should be added the strong recommendations that:

4, No more than 33% of the strands should be debonded.

5. At least 6% of the total prestressing force should be included in the top
flange of the pretensioned beam.e concrete strengths were assumed to be

8000 psi at 28 days and 6000 psi at release. Table 8.2 gives the number of
debonded strands required and the debonded lengths required.






CHAPTER 9
CONCLUSIONS

9.1 Recommendation for 0.6 inch Diameter Strands

The 0.6 inch diameter strands are recommended for use in pretensioned members,
without restriction, and subject to the same design provisions of other strand sizes. Flexural
behavior of concrete beams pretensioned with 0.6 inch diameter strands closely resembled
the behavior of beams containing 0.5 inch diameter strands. The measured transfer lengths
and the concrete strain profiles on specimens containing 0.6 inch strands were similar to
transfer lengths and strain profiles of specimens containing 0.5 inch strands. Transfer length
tests and development tests demonstrated the ability of the 0.6 inch strand to anchor its
pretensioned force in the concrete without significant changes in design or fabrication.
Furthermore, 0.6 inch strands can be used on 2.0 inch spacings.

9.2  General Conclusion from Development Length Testing

These tests have demonstrated that anchorage failure of pretensioned strands is
prevented if cracking does mnot occur in the transfer zone of pretensioned strands.
Therefore, to prevent anchorage failures, beams should be designed so that no concrete
cracks will propagate through the transfer zone of a pretensioned strand. This observation
is comprehensive for all sizes of pretensioned strand, for all pretensioned applications, and
for both fully bonded strands and debonded strands.

9.3 Recommended Design Guidelines
Design recommendations are given in Section 8.5.

9.4  General Conclusions for Transfer Length

1. The design recommendation for transfer length is f../2*d,, which is approximately 40
inches for 0.5 inch strands. The average measured transfer length for 0.5 inch fully

bonded strands was 34.9 inches with a standard deviation of 12.1 inches.

2. The design recommendation is approximately 48 inches for 0.6 inch strands. The
average measured transfer length for 0.6 inch strands was 39.0 inches with a standard
deviation of 8.2 inches.

3. The data demonstrated characteristic scatter. Measured transfer lengths were
considerably longer in specimens where lubricants contaminated strand surfaces.
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9.6

Larger AASHTO-type specimens demonstrated significantly shorter transfer lengths
than the smaller "transfer length prisms." This is significant because much of the past
and concurrent research was conducted on small rectangular prisms.

Higher concrete strengths at release resulted in shorter transfer lengths. However,
from these data, it is not possible to develop any quantitative assessment of the
relationship between concrete strength and transfer length.

Transverse, or confining reinforcement had little or no effect on transfer length in
these tests. However, transverse reinforcement must still be required in order to
ensure safety for those specimens that do crack upon release.

In specimens where 0.6 inch strands were placed on 2 inch spacing, no splitting
cracks were observed nor was transfer length adversely affected. The 2.25 inch
spacing of 0.6 inch strands had no effect on transfer length.

General Conclusions for Development Length (Fully Bonded Beams)

Current code provisions (AASHTO 9-32) do not reflect actual beam behavior. In
many design cases, the pretensioned strand can be developed in shorter distances
than required by the code. On the other hand, many designs using current
requirements may be unsafe.

Sudden and violent bond failures occurred when web shear cracking propagated
through the web of I-shaped beams and into the bottom flanges where pretensioned
strands were anchored. Web shear cracking was followed by strand slips and
subsequent shear/bond failures. These failures were sudden and quite explosive. For
this reason, bond failures initiated by web shear cracking should be prevented by
providing both horizontal and vertical shear reinforcement.

Flexural cracking and web cracking influence the development length; thus the
loading pattern and cross sectional shape influence the required development length
for a given beam. The design recommendation in Section 8.5 reflects these
considerations.

Behavior of Beams with Debonded Strands; Static Tests

The formation of flexural cracking in the transfer zone of debonded strands caused

slip of the debonded strands and bond failure.

Bond did not fail in beams that did not crack in the debond/transfer zone.

Pretensioned strands displayed the capacity to develop additional bond stresses even
after initial strand slips had occurred. In many cases, the bond stresses developed
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after initial strand slips were sufficient to develop strand anchorage and preserve the
flexural resistance of the beam.

Web shear cracking in the transfer zone of debonded strands caused strand slips and
bond failure. Web shear cracking resnlted in sndden and violent collapse of the
pretensioned member because all of the strands were affected. Unlike cases of
flexural cracking, the beam did not demonstrate additional bond capacity after shear
cracks formed in the anchorage zones.

All debonding should be staggered. Staggering the debond terminations allows for
greater precompression in the debond/transfer zones, preventing adverse behavior
due to reduced shear capacity or reduced cracking moment. Staggered debond
lengths should be determined by the minimum debonding required.

The occurrence of strand slips do not constitute bond failures by themselves; instead,
bond failures are accompanied by a reduction in capacity and/or a reduction in
ductility.

Bond failures were accurately predicted by the formation of cracking in the
debond/transfer zone of debonded strands. Bond failures can be accurately
predicted by developing rational predictions of cracking in pretensioned girders.

Conclusions from Repeated Load Tests on Beams with Debonded Strands

Overall structural behavior and beam performance were unaffected by repeated
loading.

Some bond deterioration was caused by repeated loadings at service load. Bond
deterioration was evidenced by small increases in strand end slips.

Strand slips, if present, stabilized over time for all repeated load tests.

Strands that experienced significant slips were able to develop anchorage stresses to
resist large intermediate static overloads.

Overall beam performance and behavior of the repeated load tests matched very
closely the beam behaviors and failure modes of companion tests in the static test
series.

Conclusions from Full-Sized Girder Tests
Girder tests demonstrated that the behavioral principles predicting cracking and

subsequent bond failure can be used to design full-sized bridge girders. From these
tests, design guidelines were developed for full sized bridge girders.
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Strand slips occurred only when cracks propagated across the transfer zone of a
pretensioned strand.

The behavior of girders with debonded strands was similar to that of the companion
girder containing draped strands as discussed in Section 7.5.




APPENDIX A
STRAIN PROFILES AND TRANSFER
' LENGTH MEASUREMENTS

This appendix contains the strain profiles of each transfer length specimen. Also
shown for each specimen is its measured transfer length, using the method of analysis
dscribed in the text.
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APPENDIX B
MATERIAL PROPERTIES

Load versus strain curves for the prestressing strand are given in Figure B1. These
data were supplied by the manufacturer, Florida Wire and Cable Company. Strand from
three different reels was used. Transfer length specimens and the FAS50 series
development length beams were made with strand from Reel Number 734601. The FR350

and DB850 series used strand from Reel Number 815663. All of the 0.6 inch strand came
from Reel Number 742251.

Concrete Strengths are given in Figures B2 through B18. Specimens made with each
cast are noted. The casting date is also given in the upper right hand corner of each graph.
The shaded areas denote the range of dates the specimens were tested.
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APPENDIX C
LOAD VERSUS DEFLECTION AND END
SLIPS FOR STATIC FLEXURAL TESTS

This Appendix contains the load versus deflection curves for all of the statically
o loaded development length tests. These tests include AASHTO-type beams, Specimen
ol numbers FAS550-1 through 4 and FA460-1 through 3, 5, and 6, and rectangular beams,
LA Specimen numbers FR350-1 and 2 and FR360-1 and 2. End Slips are plotted on the same
graphs to illustrate the relationship between cracking and strand slips. Overall beam
a behavior is demonstrated in these curves. End slips are related to web shear cracking in the
L case of I-shaped AASHTO-type beams. Significant cracking is noted on the load deflection

) curves.
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APPENDIX E
GLOSSARY OF TERMS

Area of prestressing steel
Strand diameter
Modulus of elasticity for prestressing strand

Modulus of rupture, or the tensile strength of concrete at the bottom fiber of

a flexural member; f, = 7.5Jf..

Effective prestress after all prestress losses
Prestress afer transfer before time dependent losses
Debonded length (length of blanketing)
Development length '

Embedment length

Transfer length

Cracking Moment

Nominal Moment, or the calculated moment capacity
Service load moment

Ultimate Moment, usually refers to failure moment
Number of strands

Number of cycles

Number of blanketed strands

Average bond stress

Bond stress

Maximum bond stress

Shear strength of concrete

Web cracking shear of a concrete member

Shear strength at shear failure
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