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PREFACE

This report is the first report in a series which summarizes an investigation of the
effect of improved bonding of external tendons on the behavior of precast segmental box
girder bridges with external tendons. This report gives a state-of-the-art overview of the
available tendon force transfer in external tendon bridges due to the method of attachment
or bonding of the tendons to the box girders at intermediate points or deviators. This report
presents the results of a series of detailed deviator tests in which full-size grouted tendons
were pulled through typical curved deviators, and outlines design procedures and
recommendations based on those tests.

The work is part of research project 3-5-89-1209 entitled "Effect of Improved bonding
of External Tendons and the Use of Supplemental Continuous Bonded Tendons in External
Post-Tensioned Bridges." The research was conducted by the Phil M. Ferguson Structural
Engineering Laboratory as part of the overall research programs of the Center for
Transportation Research of The University of Texas at Austin. The work was sponsored
jointly by the Texas State Department of Highways and Public Transportation and the
Federal Highway Administrations under an agreement with The University of Texas at
Austin and the State Department of Highways and Public Transportation.

Liaison with the State Department of Highways and Public Transportation was
maintained through the contact representative, Mr. Alan Matejowsky, who provided a great
deal of insight and advice on segmental technology.

This portion of the overall study was co-directed by John E. Breen, who holds the
Nasser I. Al-Rashid Chair in Civil Engineering, and Michael E. Kreger, Associate Professor
of Civil Engineering. The development of the deviator pullout testing rig and the
supervision of bonded deviator tests were the direct responsibility of Brock J. Radloff,
Assistant Research Engineer. The studies on improved bonding techniques for the large
model and on bonding characteristics of tendons done during demolition of the large model
were the joint responsibility of Mr. Radloff and Azez Hindi, Assistant Research Engineer.
Development of this report and the tendon bond-slip design recommendations were the
direct responsibility of Mr. Radloff. This report is based on his M.S. thesis (Ref. 53).
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SUMMARY

This report is the first in a series outlining a major study of techniques for improving
the ductility and strength of post-tensioned concrete box girder bridges through improved
bonding of external tendons. It presents a detailed state-of-the-art report concerning
bonding of tendons through cement grouting. More importantly, it presents the results of
a series of realistic pullout tests for tendons grouted in curved deviator pipes typical of
modern segmental technology. Six specimens were tested with varying deviation angles and
ratio of prestressing tendon area to duct cross-sectional areas. Detailed measurements and
observation of overall behavior led to a very good understanding of the bond-slip
relationship for the tendons in the local region of the curved deviator.

In addition to the full-scale direct tension bond stress-slip tests of full-scale deviator
specimens, two additional test series are reported. The first is a series of residual tension
load tests in which the state of stress of tendons discretely bonded at multiple points was
investigated by selective cutting between bonding points and measuring the residual load
patterns. The second is a series of eighteen tests evaluating different materials and
procedures for remedial bonding of tendons at pass through locations.

The tests reported herein provide the basis for formulations of a general bond stress-
slip model for tendons grouted through steel deviator ducts which is useful for computer
based calculations of the behavior of discretely bonded tendons in externally post-tensioned
bridges. In addition, friction loss coefficients for curved ducts were verified and efficient
techniques for remedial bonding of external tendons at diaphragm pass through locations
were developed.






IMPLEMENTATION

This report provides a detailed background and specific recommendations for
considering friction losses and bond stress - slip relationships for external tendons in the
curved deviator regions of segmentally constructed box girder bridges. It provides specific
information and design constants for evaluating tendon stress and improving ductility useful
in design and analysis of these key connection regions for the external post-tensioning
systems for bridges. The primary use of this report will be to provide specific design
information for bridge design level engineers in assessing the behavior of the local tendon
connection and its effect on overall bridge behavior. The results of this study are given in
forms of friction coefficients, ultimate bond stresses, and a suggested bond stress - slip
relation for typical curved deviator section. These values can be used in determining actual
effective tendon stresses and in evaluating the deformation and strength capacity of
overloaded bridges. The values presented are applicable to straight or curved deviator ducts
and would be conservative for tendons grouted in the center of straight ducts.
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CHAPTER 1

Introduction

1.1 Background

Post-tensioned concrete box-girders are used extensively in the U.S. for the
construction of medium to moderately long-span highway bridges. These structures are
constructed rapidly and economically using the balanced cantilever or span-by-span erection
methods with prefabricated or cast-in- place box-girder segments. The economic advantages
of segmental box-girder construction are reflected by the number of these structures that
have been built in the U.S. since the technology was developed in the 1970°s [1]. An
important development in U.S. box-girder construction, within the last decade, is the use
of external post-tensioning tendons (tendons external to the concrete cross-section), as
compared to traditional internal tendons which are located in ducts within the webs or
flanges. For segmental precast box-girder construction, the internal tendon ducts caused
severe congestion within the concrete cross-section and misalignment problems at segment
joints [2]. Furthermore, the possibility of corroded tendons caused great concern,
especially since the tendons which were cast into the concrete could not be inspected or
replaced. External tendons were seen as a way of reducing the congestion, speeding and
simplifying the construction process for the precasting and erection of the segments, and
providing a means to inspect and replace the tendons in cases of unforseen corrosion or
damage. Several impressive externally post-tensioned concrete box-girder bridges have been
built in the U.S. since the first structure, the Long Key Bridge, was completed in 1980.
The Texas State Department of Highways and Public Transportation is currently
constructing several miles of elevated highway in San Antonio using a segmental precast
box-girder with external tendons (the low cost alternate bid by the contractor).

Internal post-tensioning refers to the placement of tendons in ducts which are
embedded within the webs and flanges of the box-girder section.  After the precast
segments are assembled (or after the concrete is placed and cured) the tendons are pulled
through the ducts and stressed. The tendons are cement grouted after post-tensioning. The
grout bonds the tendon to the duct and concrete section along the full length of the tendon,
and provides corrosion protection for the tendon.

External post-tensioning consists of tendons which are relocated from the webs and
flanges of the concrete section and are placed within the void of the box-girder. In order
to achieve the required tendon profile, tendons are passed through deviation devices
(deviators) cast monolithically with the concrete box sections at discrete points along the
span length. A common form of deviator is a small block or saddle located at the junction
of the web and the flange of the box section. Tendons are typically anchored in thick, full-
depth diaphragms over the piers and generally overlap at the same location for continuity.
The concept of external post-tensioning is clearly illustrated in the cutaway view of Long
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Figure 1.2 Typical segment and deviator detail (from Ref. 29).

Key Bridge in Fig. 1.1. For U.S. construction practice, the tendons are connected to the
concrete box section at the anchorage and deviation locations only. Between these points
of attachment, the tendons are enclosed in high density polyethylene (HDPE) sheathing.
At the deviation locations, the tendons are passed through curved steel deviator pipes which
are embedded in the deviation blocks and are connected to the HDPE tubing (Fig. 1.2).
After stressing and anchoring, the tendon is cement grouted along its entire length. The
grout bonds the tendon to the deviator pipe and concrete section at the deviation and
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anchorage locations, and provides corrosion protection. The details outlined above apply
to U.S. construction of non-replaceable tendons only. A review of replaceable tendons, as
used in Europe, is provided later in this chapter. External tendons are considered
unbonded since most of the tendon length is not attached to the concrete section and strains
in the tendon are independent of strains in the adjacent concrete section.

1.2 Advantages and Disadvantages of External Post-Tensioning

Powell [2] presented a comprehensive review of the advantages and disadvantages
of external prestressing. The following is a brief summary of Powell’s observations.

Advantages

1) Concrete section is free of ducts:
a) Thinner web sections can be used.

b) The segment reinforcing cages can be assembled rapidly since placement and
positioning of the ducts is no longer necessary and interference of the ducts with
the reinforcement is eliminated. Segments can be standardized and fabricated
more efficiently.

¢) Reduced congestion in the cross-section results in easier placement of concrete and
better consolidation.

2) Access to the external tendon ducts is improved. This simplifies installation and
grouting procedures and allows for tendon inspection and possible replacement.
Furthermore, it is relatively simple to make provisions in the original design for
adding supplementary tendons to counteract increased live loads or excessive stress
losses in the original tendons.

3) Prestress losses due to friction are reduced. Losses from curvature friction are about
the same as for internal tendons. However, wobble effects are effectively eliminated.

4) Conventional fatigue is significantly reduced since the unbonded tendon undergoes very
little stress variation under service loads.

5) Corrosion protection for the continuous external tendon duct is more effective than for
internal ducts which are discontinuous at segment joints. Furthermore, cracks in the
superstructure do not have any consequences for the corrosion of the tendons.

6) Misalignment of internal tendon ducts at segment joints is eliminated.
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Shorter-span segmental bridges can be constructed very rapidly using the span-by-span
erection method.

Disadvantages

1

2)

3)

4)

5)

6)

For a closed box-girder section, the external tendon eccentricities are limited to the
inside surface of the top and bottom flanges. The limited eccentricity reduces the
flexural efficiency of the box-girder section for both service and ultimate loads.

For an external tendon which is attached to the concrete section at the ends of the span
only, the tendon strains at a given cross-section are not a function of the concrete
strain at the level of the tendon. Consequently, tendon elongations must be
determined from the deformation of the structure as a whole. Since strains in the
unbonded tendon are distributed, theoretically, over the entire tendon length, stresses
in the tendon at ultimate do not increase significantly over stressing levels. When the
crushing strain is reached in the concrete at the critical section, the tendon stress is
low, resulting in reduced flexural strength. Furthermore, for unbonded construction,
flexural rotations which are concentrated at initial crack locations (or joint locations)
result in premature crushing of the concrete and reduced ductility. These disadvantages
are often theoretical, however, since tendon sizes are usually governed by service-level
stress conditions, rather than ultimate conditions.

Tendon forces are transferred to the structure at deviation and anchorage locations
only. Proper detailing for the diffusion of high local forces at these locations is critical
since the failure of one of these elements could be catastrophic.

Misaligned deviation devices can lead to concentrated stress points on the external
tendons and the possibility of fretting fatigue failure.

Unrestrained external tendons can vibrate under the passage of live load.

External tendons are vulnerable to the effects of fire and vehicle impact.

1.3 Flexural Behavior of External Tendon Girders

Externally post-tensioned girders have two ranges of behavior [3]. Up to the point

of cracking of the cross section (or joint opening), the load deflection response of the
structure is linear. After cracking, plastic hinges form at the critical joints and the structure
behaves as a mechanism. The ultimate flexural strength is reached when the critical
concrete hinge approaches its rotational capacity [4]. Since the ultimate state is reached by
crushing of the concrete rather than by yielding of the reinforcement, the external tendon
girder may fail in a non-ductile manner.



5

1.3.1 Before Cracking.  For an unbonded system, where the tendon is attached to
the concrete at the end anchorages only, the tendon strain is not compatible with the strain
in the adjacent concrete section. If friction between the tendon and duct is neglected,
tendon strain is constant over the length between the anchorage points. The increase in
tendon strain during loading can therefore be calculated from the total tendon elongation
over the entire tendon length. This leads to relatively small increases in tendon stress under
the application of service live loads.

1.3.2 After Cracking or Joint Opening. In a segmental externally post-tensioned
girder, a dry segment joint will begin to open when the initial precompression in the bottom
flange is reduced to zero. At this point the girder begins to hinge at this critical section.
If the segments are considered as rigid bodies, the tendon elongation can be calculated
from the rotation or opening of the segments (or hinge) at the critical joint [4]. The
increase in tendon stress can also be determined by considering the unbonded length of the
tendon on either side of the hinge location. The ultimate flexural strength of the girder is
then governed by the rotational capacity of the concrete at the hinge location. Bonding the
tendons at discrete points along the span length (ie. at deviation locations) would reduce the
unbonded length, and yield higher tendon stresses at critical sections and greater ultimate
flexural strength for the girder.

1.3.3 Comparison between Bonded and Unbonded Systems. Beams with external
tendons exhibit lower ultimate strength and reduced ductility when compared to beams with
fully bonded reinforcement. Figure 1.3 shows a theoretical moment deflection curve for a
simple monolithic beam model with bonded internal tendons. It also shows test results for
the same member with a combination of internal bonded tendons and external unbonded
tendons, as well as results for unbonded tendons alone. This comparison illustrates the
reduced strength and possible loss of ductility for the unbonded external tendon case. Other
experimental studies have confirmed this trend [5,6,7].

As outlined above, flexural rotations in members with unbonded reinforcement are
concentrated at a few large initial crack (or joint opening) locations and the ultimate
strength is governed by the rotational capacity of the concrete at these locations. Early
compressive failure at the top flange is typical (see Fig. 1.4). For segmental bridges, the
absence of normal reinforcement across the open joints worsens the condition. Stresses in
the unbonded tendons do not approach yield and consequently do not have a significant
effect on the ultimate strength.

In a fully bonded system, before cracking or joint opening, the change in tendon
strain is assumed to be the same as the change in the concrete section strain at the level of
the tendon. After cracking, the tendon is fully bonded to the concrete on either side of the
crack location and tendon stress increases result from the elongation related to the crack
opening. This leads to large numbers of small, well distributed cracks, increased tendon
stresses, higher ultimate strength, and improved ductility. The ultimate flexural strength
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of the beam with bonded tendons is primarily controlled by the tendon properties and not
by the concrete.

800 4

————

r —l Da
: b 100% IRTEHNAL
600 -

INTERNAL TENDONS
THEORETICAL MONCLITHIC SENAVIOR

= o8
a ]
2 W/4 % MIEANAL
s ¥ b $3% EXTERMAL
w [/ A | Y ] PRSI g3
& 400 -4 MIXED TENDONS
=
z
z .
&7 ‘D 100% EXTEANAL
=] . B
= e
200 EXTERNAL TENDONS

0 1 1 1
2 3 4 5 6

MEASURED MIDSPAN DEFLECTION ( inches )

o
-

Notes:
Midspan Moment = dead load moment + applied load moment
Measured midspan deflection = deflection due to applied load only

- —# —- Monolithic, bonded internal tendons (theoretical)

——— Segmental, external tendons, dry joints, cement grouted ducts
—-— Segmental, external tendons, dry joints, grease-injected ducts
——=§, tal, mixed tendons, dry joints, cement grouted ducts

Figure 1.3 Reduced strength and ductility for external tendon case (from Ref. 2).

1.4 External Tendon - Deviator Details

1.4.1 Deviators.  The deviators are the critical element in an externally prestressed
girder since, other than at anchorage locations, it is the only point of positive attachment
of the external tendon to the concrete section (for U.S. practice). There are four primary
types of deviators: (1) the diaphragm (see Fig. 1.5), (2) the stiffener or rib (see Fig. 1.6),
(3) the saddle or block (see Fig. 1.7), and (4) prefabricated saddles (see Fig 1.8). The first
three types are cast monolithically with the box-girder section and contain curved steel ducts
which provide a pathway for the external tendon. The prefabricated saddles take various
forms and are installed after the box section is cast. For cases where the external tendon
geometry interferes with rib and diaphragm deviators, or intermediate diaphragms,
blockouts are provided to permit the tendon to pass through freely (termed "pass-through”
locations).

1.4.2 Bonded vs. Unbonded External Prestressing.  External prestressing tendon-duct
systems that have been developed within the last ten years can be divided into two main
classes:
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Figure 1.4 Reduced efficiency for unbonded tendons (adapted from Ref. 2).

Section Seclivn

Figure 1.5 Typical shapes for diaphragm deviators (from Ref. 2).

- External prestressing bonded to the superstructure at a minimum number of points
- Unbonded external prestressing

Bonded external pre-stressing is used widely for bridges in the United States, while in
Europe the majority of external tendon structures use unbonded external prestressing.
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Mixed prestressing systems, which combine the use of
bonded internal prestressing and external prestressing,
are also widely used.

U.S. practice consists of bonding the external
tendons at the end anchorages and at deviators within the
span. Rigid steel ducts are embedded in the deviator
blocks and are connected to HDPE (high density poly-
ethylene) sheathing (see Fig. 1.9). The tendon is placed
and grouted in the traditional manner and is bonded
through the length of the deviator pipe by the cement
grout.

In Europe, several methods of unbonded external

prestressing have been used, all of which permit rela-
tively simple replacement of the external tendons without
demolition to the superstructure. Traditionally, non
adhering tendon ducts were injected with grease or
paraffin wax instead of cement grout. While this method
is still used, the most common current French practice,
as outlined by Jartoux and Lacroix [8], consists of
continuous HDPE sheathing which is cement grouted.
At the deviation and anchorage locations, the tendon
is passed through the steel deviation pipes in a double
duct arrangement (see Figs. 1.10 and 1.11). A new
form of external tendon system has recently been
developed from unbonded monostrand systems which
are frequently used in building construction [8]. The
tendon consists of wax coated mono-strands in in-
dividual HDPE sheaths, also placed within a larger
HDPE duct (see Fig. 1.12). The duct is cement
grouted prior to stressing the strands. The grout fills
the voids and ensures proper spacing between the
individual strand sheaths. This prevents potentially
damaging contact stresses between the mono-strands
at the deviation locations. The mono-strands are
stressed individually and are replaceable. This system
has the following advantages: (1) large tendons can be
stressed with single strand jacks, (2) reduced friction
at deviation points, and (3) better environmental
protection [8].

pass-through

deviatiors

Section

Figure 1.6  Typical shape for
rib deviator
(adapted from
REf. 2).

Swdeview Elevation

A

{ T i

Side view Elevation

Side View Elevation

Figure 1.7  Typical shapes for

1.4.3 Bond and Slip of Tendons at Deviators.
The ultimate flexural strength and ductility of an

deviator blocks (from
Ref. 2).
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Figure 1.9 Duct-sheathing attachment. (from Ref. 2).

external tendon girder can be improved by bonding the tendon to the concrete section at
a number of discrete points along the span length (ie. partially bonded external prestres-
sing). Bonding the tendon at deviator locations will reduce the unbonded length of the
tendon and yield higher tendon stresses at critical moment sections, thereby increasing the
flexural strength of the girder. Bonding at discrete points along the span will also distribute
flexural deformations and improve ductility. However, in order for stresses in the external
tendon to increase as anticipated, the tendon must remain bonded through the deviator
during ultimate load conditions. For bonded external prestressing (US practice), this means
that the stress differential in the tendon (difference in tendon stress on each side of the
deviator) must be resisted by the bond of the cement grout through the deviator. This bond
mechanism will be investigated in this report for curved and straight deviator pipes, using
tendons which are stressed prior to grouting.

The slip of the tendon through the deviator duct is another important factor which
affects the overall flexural behavior of an external tendon girder. The stresses developed
in the external tendons depend not only upon the girder deformation between successive
deviators, but also upon the slip of the tendons at these locations (see Fig. 1.13). Two basic
assumptions can be used to obtain bounds for the solution. First, it can be assumed that
the tendons slip freely at all deviators. This will yield the longest free length for the tendon,
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Figure 1.10 "Double duct" for replace-
able tendons (from Ref. 2).

small tendon stress increases, and a lower
bound estimate for the ultimate strength. The
second assumption that can be made is that the
tendons do not slip relative to the deviator. In
this case an upper bound to the ultimate
strength will be obtained. The actual behavior
of a girder with discretely bonded external
prestressing, however, lies between these two
extremes and can only be determined by con-
sidering the bond-slip relationship of the
grouted tendons. This report will investigate
this relationship for cement grouted tendons.
For unbonded external prestressing, such as
the French double duct system, the effect of
friction and slip between the tendon duct and
steel deviation pipe must be considered.

1.4.4 Remedial Bonding of External

Tendons. This report is part of a larger study which included an investigation of the
effects of improved bonding of external tendons for externally post-tensioned bridges. The
research was conducted at Ferguson Structural Engineering Laboratory under the spon-

sorship of the Texas State Department of
Highways and Public Transportation and the
Federal Highway Administration. The scope of
this investigation included the testing of a
quarter-scale model of a three-span externally
post-tensioned precast segmental box-girder
bridge. The tendons in this structure were
bonded at all diaphragm locations where the
tendons were deviated (ie. by cement grouting).
At all other diaphragm locations, the tendons
were simply passed through the diaphragms.
This setup was intended to model the tendon
pass-through locations which occur in existing
structures as outlined previously. Part of the

Figure 1.11

External

Continuous Cement-Grouted
Polyethylene Tube

Rigid Metz21 Duct
(Bent to Radius R)

"Double duct" configuration
at deviators (from Ref. 2).

investigation described herein consists of a preliminary satellite study to evaluate methods
for bonding the external tendons at these diaphragm pass-through locations.

1.5 Objectives of Research

The primary objectives of this study are:
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1) To determine the level of effective bond
stress that can be developed through
curved and straight deviators using
current U.S. grouting procedures for
bonded external tendons.

2) To establish a bond-slip relationship for
grouted multi-strand tendons which can
be used in a finite element program for
the modelling of external tendon
bridges.

3) To recommend limits for the effective
bond stresses that can be developed
through a deviator, and to recommend g g of mdivicualy
methods for remedial bonding of exter-  sreased andplastic.
nal tendons at diaphragm pass-through ~ “"**"™**"*"* ——— -
locations.

PE pipe

A secondary objective is to determine the
coefficient of angular friction associated with
galvanized steel deviator pipes.

1.6 SCOpe Cement grout ————- - — —

To fulfill the goals outlined above, Figure 1.12 Tendon consisting of HDPE
three series of tests were performed. The first sheathed monostrands,
series consisted of direct tension bond-slip tests grouted before stressing
of six full scale tendon-deviator specimens. (from Ref. 8).

The principal variables investigated were the

deviation angles of the curved ducts and the ratio of prestressing tendon area to duct cross-
sectional area. The second series involved the testing of a dismantled span of the box-girder
bridge model outlined above. The tests consisted of successively cutting the external ten-
dons and monitoring the stress differences across the diaphragm locations where the tendons
were bonded. These tests are outlined in Chapter 3, Section 3.2. The final series consisted
of testing various epoxy resin materials for the bonding of tendons at pass-through locations.

This report is organized as follows: Chapter 2 contains a review of pertinent
literature on the general bond characteristics of prestressed strand, and more specifically,
the bond-slip relationship of cement-grouted multi-strand tendons in steel ducts. Chapter
3 covers the experimental program and also includes test results. Test results are evaluated
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fmd discussed in glhapter 4. Conclusions and general recommendations are summarized
in Chapter 5. This report is based on the thesis of the senior author (53).
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Figure 1.13 Deformation of external tendon (from Ref. 42).



CHAPTER 2

Literature Review and Background Information

2.1 Introduction

The ability of reinforced concrete to support load depends primarily upon the
intimate linkage between the concrete and reinforcing steel. Effective transfer of force
between the two materials is achieved by shear stresses (bond stresses) which act at the
interface between the bar and the concrete and by bearing of the concrete on the lugs of
the bar. Given its fundamental importance to many aspects of reinforced concrete behavior,
a great deal of research effort has been expended investigating this bond mechanism for
normal reinforcing steel and concrete. With the introduction of prestressed concrete, and
particularly pretensioned concrete which depends totally on bond for strand anchorage,
considerable research emphasis has also been placed upon the bond characteristics of
various types of prestressing steels. Recent developments in partial prestressing have also
made the bond performance of grouted post-tensioning tendons an important consideration.
This chapter provides background information on the bond characteristics of seven-wire
prestressing strand. It specifically focuses on experimental results related to strand pullout
tests and the bond-slip relationship of cement grouted multi-strand tendons in steel ducts.

2.2 Bond Characteristics of Prestressing Strand

22.1 General. In a pretensioned member, two aspects of bond between the
prestressing steel and the concrete must be considered. The first relates to the transfer of
the prestressing force from the strand to the concrete over a certain distance from the ends
of the member. The mechanism which accomplishes this function is known as transfer bond,
and the length over which the strand force is transferred is defined as the prestress transfer
length. In a pretensioned flexural member, the prestressing steel also serves a second
function similar to that of ordinary reinforcement in concrete. That is, it develops bond
stresses as a result of loads applied externally to the member. For a fully prestressed
concrete member in an uncracked condition, these stresses are negligible. However, if
flexural cracking occurs, the strand stress increases above the effective prestress level, and
high flexural bond forces develop between the strand and concrete in the vicinity of the
cracks (for a bonded strand).

A similar situation exists for a segmental post-tensioned bridge with discretely bonded
external tendons. For a segmental structure with dry joints between segments, flexural
bond stresses are developed between the external tendon and the grout throughout the
length of a deviator pipe after the initial precompression in the extreme segment fibers is
reduced to zero (decompression load) and the dry segment joints begin to open. Similarly,
for a segmental structure with epoxied joints, these bond stresses develop after the cracking

13
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tensile stress is exceeded and the cracks begin to open. For loads less than the
decompression or cracking loads, the tendon stress increases are negligible (see Section
2.2.3) [3,6]). Beyond these load levels, however, the tendon stresses increase as shown in
Fig. 2.1. Initially, the increased loads and moments are resisted primarily by an increase
in the internal lever arm between the tensile force in the tendon and the compressive force
in the concrete section. When the concrete compressive stresses are concentrated in the top
flange of the concrete section, additional moments at the section must be resisted by
increased tendon forces (see point C in Fig. 2.1) [3]. If the segments are considered as rigid
bodies, the tendon elongations can be determined from the rotation of the segments at the
joint. The tendon stress increases can also be calculated by considering the unbonded
length of the tendon on either side of the joint location and the increase in moment at a
particular section. At ultimate load, tendon stress differences developed across the
deviators are resisted by flexural bond stresses between the strand and grout at deviator
locations (for U.S. practice).

There are three main factors which contribute to bond between prestressing strand
and concrete: adhesion, friction, and mechanical resistance. The first component,
adhesion, can only be present if no slip has taken place between the steel and concrete.
For example, in the prestress transfer zone of a pretensioned girder, the reduction in steel
strain does not equal the compressive strain in the concrete at the same section [9]. Since
there is relative movement, or slip, between the steel and concrete, adhesion is destroyed
and cannot contribute to prestress transfer bond. Transfer bond is primarily due to a
mechanical interlock (Hoyer effect) and friction. The Hoyer effect occurs as stress in the
pretensioned strand is released. At the now unstressed end of the tendon, the diameter of
the strand increases due to the Poisson effect, and a high radial pressure is exerted on the
surrounding concrete. This produces a "wedging" action and high frictional resistance in the
transfer zone. In addition, some degree of mechanical resistance is developed as the strand
slips in the transfer zone and the pitch of the strand changes with respect to the surrounding
helical impression in the concrete [10].

Flexural bond stresses develop away from the transfer zone for beams which have
been loaded to cracking, as outlined above. High local bond stresses in the vicinity of
cracks cause slip to occur over a small portion of the strand length adjacent to the crack
(see Fig. 2.2). This slip destroys adhesion between the strand and concrete and reduces the
maximum available bond stress [9]. As slip progresses from the center of the beam to the
end, adhesion is eliminated and the remaining bond is provided by friction and mechanical
resistance [10].

Flexural bond stresses occur in a pretensioned member when the prestressing steel
and the concrete are loaded in tension. For a strand loaded in tension, it would be
expected that the radial contraction associated with elongation would reduce the frictional
resistance developed between the strand and concrete. The strand elongation, however,
changes the pitch of the helical wires with respect to the impression in the concrete and
causes increased normal and frictional forces which tend to compensate for the effect of the
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contraction [11]. The center wire of the seven
wire strand is held in position by lateral pressure
exerted by the exterior wires which tend to
straighten under tension. As the strand pitch
changes, it also provides a means of mechanical
interlock which prevents the strand from
unscrewing as it slips through the concrete.
However, in comparison to deformed reinforcing
bars, which have ribs or lugs, the helical wire
pattern of the strand does not provide positive
mechanical resistance.

2.2.2 Physical Characteristics of the Bond
Mechanism.  The results of many experimental
investigations have shown that the bond
mechanism between prestressing strand and
concrete (or grout) is extremely complex and
influenced by a number of variables. Among the

Local Bond Stress /\

Concrete Stress

\_

LocalM

most fundamental, the following can be cited:

)

2)

3)

Concrete (or grout) consolidation around l/

the strand surface. Stocker and Sozen Figure 22  Distribution of stress
studied the effect of concrete consistency and local slip along
on bond performance of seven-wire strand cracked element.

[12]. A constant concrete strength was used

and slump was varied by changing the fine and coarse aggregate ratios. The high
slump concrete achieved the greatest bond strength. It was concluded that the
favorable bond characteristics developed by the high slump concrete could be
attributed to higher compressive shrinkage stresses which caused increased contact
stresses on the strands. The effect of concrete settlement and bleeding on bond
strength was also studied. Specimens were cast with concrete depth below the
strands varying from -30 inches. Using the two-inch depth as a reference, the
average bond stress was reduced by approximately 35% for concrete depths greater
than ten inches. Anderson and Anderson also concluded that the primary cause of
poor bond performance was inadequate concrete consolidation and bleeding [13].

Surface condition of the strand. Test results indicate that flexural and transfer bond
performance of rusted strand is up to 30% better than that of strand with a clean
bright surface [9,10]. Strands coated with oil do not exhibit any significant reduction
in transfer or flexural bond performance [13].

Concrete (or grout) strength.  Among the available body of research data,
conclusions about the effect of concrete strength on bond are inconsistent. The most
comprehensive study was carried out by Karr et al. [14]. It was concluded that
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concrete strength had practically no influence on transfer length for strand sizes up
to 1/2 inch diameter (with concrete strengths varying from 1660 to 5000 psi). These
results were confirmed by other studies of beam flexural bond and pullout tests
[9,11]. On the other hand, the strand pullout test results of Stocker and Sozen [12]
demonstrated a 10% increase in bond strength for each 1000 psi increase in concrete
strength (for strengths varying from 2400-5000 psi). Assuming that concrete (or
grout) strength does not vary significantly, however, it appears that the effect of
concrete strength on bond performance may be ignored.

Strand size. Results of studies by Salmons [11] and Stocker and Sozen [12] have
shown that average pullout bond stresses are not affected by variations in strand size
from 1/4 to 1/2 inch diameter. Hanson and Karr [10] concluded that strand size had
a considerable influence on average transfer bond stresses. In another report,
transfer bond stresses for 0.6 inch diameter strand were found to be on average 20%
greater than those obtained for strand sizes of 1/2 inch diameter or less [14].

Concrete/Grout confinement. Factors which influence the degree of confinement
of concrete surrounding the strand, such as the amount of confining reinforcement,
strand spacing, and concrete cover, have a significant impact on the bond stresses
since they influence the cracking of concrete or grout around the strand. For the
tests described in this report, the strands were grouted within rigid steel ducts which
were considered to provide optimal confinement.

Rate of loading. Test results for strand released suddenly by flame or saw cutting,
as compared to slow release, have shown up to a 20% reduction in transfer bond
strength for 1/2 inch diameter strand and a 30% reduction for 0.6 inch diameter
strand [14]. Reinhardt [15] found that the loading rate did not significantly affect
pullout bond behavior of strands.

Cyclic or alternating loads. Trost et al. [16,17] conducted a very comprehensive
study of bond performance of cement grouted prestressing strands in steel ducts.
This report included results of cyclic load tests of four-0.6 inch diameter strand
bundles as shown in Fig. 2.3. The cyclic loads were applied by stressing the tendon
to a specified displacement (at the live end) and then unloading to the initial
undisplaced position. This load cycle was repeated five times for each level of
displacement. Figure 2.3 shows the bond stress values obtained at each level of
displacement for each of the five load cycles. By comparing the average monotonic
loading results (dashed line), to the cyclic response (solid lines), it can be seen that
significant deterioration in bond capacity takes place even during the first load
reversal. Furthermore, for large slips, the bond stress approaches a constant value
associated with internal friction, independent of the number of cycles. Similar
results have been obtained for normal reinforcement [18]. The question arises as to
whether or not tendons bonded at deviators of externally post-tensioned bridges will
be subjected to cyclic loads. This question is investigated in Section 2.2.3. As
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outlined in Section 2.2.3, external tendon stress reversals are negligible for loads
below either the joint or crack opening loads, or the factored design load (for both
discretely bonded and unbonded external prestressing). Furthermore, tendons do
not slip at deviators for the same load levels (see Section 2.2.3). Consequently,
cyclic loading was not considered for the tests described in this report.

Strand Slip. Bond stresses occur wherever strains in the concrete and steel are not

equal over a particular length of strand. After local loss of adhesion, the strain
differential gives rise to relative local movement, or slip, between the steel and
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Figure 2.4 Strand slip due to differential strain (from Ref. 20).

concrete (Fig. 2.4). A unique relationship exists between local bond stress and local
slip at every point along the embedded strand. Therefore, bond stress is always
associated with slip. Furthermore, the magnitude of slip has been shown to have a
significant influence on bond stress [16,17,19,20,21,22]. A bond-slip relationship for
grouted multi-strand tendons is covered in Section 2.6.
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2.2.3 Cyclic Loads. For normal design live loads, tension variations will occur in
external tendons at deviators of externally post-tensioned bridges. In general, a differential
in tendon stress (the difference in tendon stress on each side of the deviator) is developed
as the live load is applied. The deviator is also subjected to alternating tension (from the
difference in tendon stresses) as the liveload passes from one side of the deviator to the
other. The increases in tendon stresses are negligible, however, for total loads up to the
joint or crack opening loads (for both unbonded or discretely bonded external prestressing).
Recent bridge model tests at The University of Texas investigated the strength and ductility
of a three-span externally post-tensioned bridge model with both unbonded and discretely
bonded external tendons [3,6]. At the critical joint location, tendon stress increases ranged
from 3 to 4 ksi above initial stress levels for loads up to the factored design dead load plus
live load. Maximum increases of only 3 ksi were measured at the decompression load level
in a dry-jointed span. In addition, the external tendons did not slip at the deviators for the
same load levels (for the unbonded tendon case, this means that the friction developed
between the strand and duct was sufficient to prevent slip). It is important to note that the
1983 AASHTO factored design load includes a factor of safety of approximately 1.6 to 2.0,
depending upon the relative ratio of dead load moments to live load plus impact moments.
ie.

Design Load =1.3xDL+1.3x1.67x(L+I)
where DL

dead load

L+I

live load plus impact

For short spans where the live load constitutes a large portion of the total load, the factor
of safety is higher, while for long spans it would be lower. For normal unfactored service
loads, tendon stress increases ranged from only 1 to 2 ksi in the bridge model tests. This
means that for deviators located near the center of a simple span (the location of maximum
live load moment and tendon stress increase) an alternating tendon stress increase of at
most 2 ksi would occur as the live load vehicle passed from one side of the deviator location
to the other. Although the bridge model results may not cover every design case, it appears
that significant stress increases (and reversals) can only occur for very extreme overloads.

Despite the insignificant stress increases outlined above, the possibility of tendon
fatigue may still exist for cyclic loading. Small ranges of tendon stress, combined with
minimal tendon slip through the ducts, may potentially result in fretting fatigue failure at
the deviator locations. Alternating loads may also cause progressive damage to the grout
at the deviator. A parallel study is currently being conducted at Ferguson Laboratory to
explore these topics.

For extreme overloads the external tendon will be subjected to significant tension
loading at the deviator locations. For this ultimate case, however, a single load cycle is
appropriate.
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2.3 Previous Studies of Single-Strand Specimens

2.3.1 Introduction. One objective of this investigation was to provide data applicable
to the specific flexural bond conditions which exist between the external tendon and deviator
during ultimate loading (these bond conditions are outlined in detail in Section 3.1.2).
Previous research for this specific case is limited. Fortunately, however, pullout tests of
straight cement-grouted tendons (or strands) in steel ducts model the deviator bond
conditions quite closely. Pullout test results for strands in concrete blocks are also pertinent.
This section focuses primarily on the results of pullout tests of initially untensioned single-
strand specimens which are bonded directly in concrete blocks or grouted inside steel
conduits, Essential results from other single-strand tests with different bond conditions are
also included for comparison. Single-strand tests represent an upper bound on the bond
performance and are therefore important for evaluating test results of multi-strand cases.
Pullout tests for multi-strand tendons in steel ducts are outlined in Section 2.4. Unless
otherwise noted, 270 ksi seven-wire strand will hereafter be referred to simply as strand.
First, a brief review of pullout test specimen response is presented.

Embedment Length

|~ Unloaded End

Dislacement Pullout Force

»

|
~
| «——

Reactive Force

.

Loaded End

Displacement

Figure 2.5 Typical pullout specimen.

2.3.2 Pullout Tests. In a typical bond pullout test, the strand (or bar) is embedded
in a concrete block as shown in Fig. 2.5. The concrete block is held in place by a reaction
plate at the end of the specimen where the strand is loaded. Tests with normal
reinforcement have shown that confining effects of the reactive compression force can have
a significant influence on the pullout response. Various specimens and testing arrangements
have been developed to eliminate this effect (see Fig. 2.6). Since the strand is in tension
and the concrete is in compression, high differential strains cause slip at the loaded end for
low load levels or even immediately upon loading in most cases. Relative slip is commonly
measured at the loaded end (or live end) and at the unloaded end (dead end). Slip is
initiated at the loaded end and progresses towards the unloaded end as the tension load is
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increased. General slip is defined as the point where slip on the unloaded end of the strand
is sufficient to produce a measurable reading.

Test results are usually presented in terms of pullout force and loaded end slip. A
problem arises, however, in the interpretation of these results. Stocker and Sozen [12]
have shown that the distribution of differential strain, and corresponding slip, between the
steel and the concrete is not linear along the bonded length. Furthermore, in general, the
local bond stress (bond force per unit bonded area) is a non-linear function of local slip.
Since the slip varies along the bonded length, the bond stress distribution is non-linear as
is the distribution of the steel stress. In general, the variation in bond (and steel) stress is
most pronounced for long embedment lengths and low load levels. For higher loads, and
shorter bonded lengths, the stress distribution tends to become more uniform. In order to
interpret test results when only pullout force and loaded end slip are measured, the
distribution of bond stress and slip along the bonded length must be known or assumed.
Most test results assume either a constant bond stress or a stress which varies from a
maximum value at the loaded end to zero at the unloaded end (see Fig. 2.7). The overall
bond-slip relationship, obtained in this manner, does not represent the true local bond-slip
behavior but is only be valid for the assumed stress distribution and specific bonded length
that is used (since the magnitude of the loaded end slip is the integration of the differential
strain over the bonded length). Care must be taken when comparing test results based upon
different bonded lengths or assumed stress distributions [12]. Furthermore, since bond
stress generally increases with increasing slip (up to the point of maximum bond stress), it
is important to know the value of slip for which the bond stress is quoted. The bond-slip

Bearing Area
for )
Reactive Reactive Force
T Force Y
-———I ort Q
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Reactive Force

e

i
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Figure 2.6 Modified pullout specimens.

response of grouted multi-strand tendons is outlined in Section 2.6.



In order to investigate the true local bond-
slip relationship, very short (1 inch) bond lengths
have been used for pullout specimens [12,23].
Testing short lengths assures essentially uniform
slip and a constant bond stress which approaches
the maximum bond that can be obtained. For
longer embedments, the average bond stress is
based on high adhesion stresses over a portion of
the length, and lower stresses over portions where
slip has occurred. Consequently, pullout tests on
long strands give only the average bond stress and
slip at the strand extremities. Specimens with long
embedment lengths will yield lower average bond
stresses than short bond specimens [19].

The drawback of the normal pullout test is
that compression in the concrete prevents
transverse tension cracking from occurring around
the strand. This cracking has been shown to
reduce the average bond stress that can be
developed [19,24]. For tests of strands grouted in
steel ducts, however, the duct isolates the bond
region from the concrete and limits the
compression that can be transmitted to the grout
block around the strand. This compression is
limited by the shear that can be transferred at the
concrete-to-duct interface.

When interpreting the results of pullout
tests it is necessary to determine the interfacial
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bond area of the prestressing strands or tendons. One method uses an equivalent strand (or
tendon) diameter based on the strand (or tendon) area, as outlined below.

U=p L

€

where d, = equivalent strand (or tendon) diameter
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Pe = equivalent strand (or tendon) perimeter (circumference)
U = equivalent bond area

A = prestressing steel area

L = bonded length

For a 1/2 inch (nominal) diameter strand for example, the equivalent strand diameter is
0.44". For single strands, bond areas calculated using this method are approximately 40%
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Figure 2.8  Ratio of actual bond circumference to equivalent circumference (from Ref.
17).

less than the actual interfacial areas (see. Fig 2.8). Trost [16,17] used "actual" bond areas
based on calculations which are outlined in Appendix A. Bond areas based on the nominal
strand diameter typically yield values between these two extremes.

2.3.3 Bumnett and Anis. Burnett and Anis [25] performed pullout tests of initially
untensioned 3/8 inch diameter prestressing strands which were anchored in uncracked
concrete and grout blocks (see Fig. 2.9). Based on test results of single-strand specimens
of constant grout quality and strand size, a pullout force-pullout displacement behavioral
model was developed as shown in Fig. 2.10. The six behavioral modes shown in the figure
are based upon varying embedment lengths. For long embedment lengths (I, > 150 d,),
failure occurs by rupture of the strand without significant pullout displacement and prior to
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Figure 2.10 Pullout force vs. displacement by Burnett (from Ref. 25).

the initiation of general slip (Model 1). As embedment length decreases, relatively stable
continuous pullout occurs after overall slip is initiated. The maximum pullout force is
achieved at a pullout displacement equal to one-sixth of the strand pitch. This displacement,
at point M, is independent of the strand embedment length and grout quality.

From stress measurements along the strand, it was observed that at the point of

overall slip (point I), the

distribution of tensile stress was essentially linear along the

embedment length. Since the steel stress decreased linearly from the loaded end, the bond
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stress was considered to be constant along the strand length engaged in resisting pullout (at
the point of overall slip). By assuming the nominal bond stress to be proportional to the
square root of the concrete cylinder strength, f, and the interfacial bond area, (I.p,),
proportional to (1.d,), the following equation was proposed for the pre-slip pullout force,
F.

F=Kl pyf.

where K = 25 for 3/8 inch 270 ksi strand
1, = embedded length of strand
Py = nominal perimeter of 7-wire strand
d, = nominal strand diameter

The nominal strand perimeter was noted to be equal to 4/3 d,. This value appears to have
been quoted in error. The test results indicate that the nominal strand perimeter was taken
as 4/3(nd,). This appears to be an estimate of the actual strand perimeter (see Fig. 2.8).

For the 30 inch embedment length, with a constant bond stress distribution and a
nominal strand surface area based on the nominal strand diameter, the 3/8 inch single-
strand test results indicate an average nominal interfacial bond stress of 0.47 ksi at the onset
of general slip and a maximum value of 0.60 ksi. These values are compared to other
research results in Section 2.3.9.

2.3.4 Salmons and McCrate.  Salmons and McCrate investigated the use of
untensioned prestressing strands as normal anchorage reinforcement between precast
elements [11]. The bond behavior was studied to establish the load-embedment and load-
deformation characteristics of the strand. Pullout tests were conducted for single, straight,
1/2 inch diameter strands with embedment lengths ranging from 5 to 45 inches (with three
specimens for each length). In order to minimize compression effects in the concrete
surrounding the single strands, and to eliminate confining effects of reactive forces on the
loaded face, a special test specimen was developed (see Fig. 2.11). For single-strand
pullout tests, strand displacement (slip) was measured at the loaded and unloaded end of
each specimen. Since displacements were found to be dependent upon duration of the load,
a closed loop hydraulic system was used to maintain a constant load while the displacements
stabilized. Both initial and stable slip readings were obtained.

Test data was presented in terms of applied steel stress versus loaded end slip for
varying embedment lengths and strand end conditions as shown in Fig. 2.12. Curves in the
figure are based upon a polynomial fit of the bond pullout data only (all other failure modes
were not included). The points shown at 4, 5, 10, 16, 20 inch etc, indicate the point where
general slip commenced for the various embedment lengths. It was concluded that the
relationship between loaded-end steel stress and slip was independent of the embedment
length. For longer embedment lengths, however, the value of stress at general slip
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Figure 2.12 Steel stress vs. slip for Salmons and McCrate (from Ref. 11).

increased. Furthermore, the influence of strand diameter and concrete strength were also
studied and shown to have a negligible effect when steel stress and slip were considered.
The test data was also evaluated in terms of the nominal bond stress. The results in this
case were much less meaningful than those based on loaded-end steel stress.

Strand test results were compared to pullout tests of high strength deformed
reinforcing bars. Ferguson et al. [24] tested bars with yield strengths greater than 100 ksi
which were enclosed in steel spirals. The steel stress-slip relationship of straight 1/2 inch
diameter strand was shown to be similar to a #14 bar.

Based on the mean results of the 1/2 inch diameter strand tests for the 30 inch
embedment the nominal bond stress was calculated to be 0.35 ksi at the point of general slip
with a maximum value of 0.64 ksi. These values are also shown in Section 2.3.9.

23.5 Naus. Naus conducted pull-out tests of 1/2 inch diameter single strand
specimens grouted inside 1-1/4 inch diameter smooth metal conduit [26]. The principal
variables investigated were the level of prestressing (50, 60, and 70% of ultimate strand

strength) and the type of grout material (shrinkage-compensating cement, polymer-silica
cement, and commercial grout).

The straight strand conduit was cast in a concrete block which was contained within
an outer six inch diameter cast iron pipe. The outer pipe was used as a mold during
concreting and prevented concrete splitting during testing. Test specimen fabrication
included: (1) placing three previously cast concrete blocks in a stressing bed, (2) positioning
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the strand in the center of the conduit, (3)
stressing the strand, and (4) grouting the
strand. Seven days after grouting, strand
tension was released and the strand was cut
on ecither end of the specimen.
Consequently, strand ends were unstressed
during testing. Strand displacement was
measured at the loaded end where a
reaction plate was placed against the face
of the specimen. The load-slip test results [
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level. No explanation was given for this Figure 2.13 Load vs. slip for conventional

effect. However, the release of the higher grout [from Naus (Ref. 26)].
prestress prior to testing could have caused

the greatest slip and subsequent damage to the adhesion developed by the grout. Despite
this, the higher prestress should have also produced increased radial stresses and frictional
forces.

The test results indicated that:

1) The bond developed by the polymer silica cement grout was superior to that
developed by the other grout mixtures for all levels of prestressing.

2) Both conventional grout and shrinkage compensating cement grout exhibited
a reduction in bond strength for increasing levels of prestress.

Since slip was not measured at the unloaded end of the specimen, it is difficult to
calculate a nominal bond stress value at the point of general slip. The test results do
indicate a maximum bond stress value of 0.45 ksi (using the nominal area of the strand and
the uniform stress distribution outlined previously).

2.3.6 Schupack and Mizuma.  Schupack and Mizuma investigated the bond
characteristics of high strength, helically grooved, prestressing bars which are commonly
used in Japan [27]. Pullout tests were conducted on 9.2 mm diameter helically grooved bars,
and results were compared to tests of "equivalent" 250 ksi seven-wire strands (3/8 " or 7/16"
diameter). The test specimens consisted of a single bar, or strand, embedded in a concrete
cylinder as shown in Fig. 2.14. Displacement was measured at the unloaded end only.
Based on the results of three tests for each strand size, the nominal interfacial bond stress,
at general slip, was calculated to be 0.35 ksi for the 7/16" diameter strand and 0.44 ksi for
the 3/8" strand. Maximum bond stresses were 1.01 ksi and 1.34 ksi (for the 7/16" and 3/8"
diameter strands respectively). Bond stresses reported by the researchers were based on the
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actual calculated interfacial area. The values noted above have been adjusted to nominal
surface area for comparison. These results were compared to pullout tests at the University
of Illinois [12] for 7/16" diameter, 270 ksi strands. Based on an equivalent bond length,
bond stresses for the Illinois tests were on average 0.41 ksi at the point of general slip, with
a maximum value of 0.60 ksi (for tests which were stopped at 0.01 " tail-end slip). The
values at general slip compare very favorably. These bond stresses are summarized in
Section 2.3.9.

2.3.7 Stocker and Sozen.  Stocker and Sozen conducted a very comprehensive
investigation of bond characteristics of prestressing strand in concrete [12]. The
experimental program included simple pull-out tests of single-strand specimens with bonded
lengths varying from 1.0 to 20 inches. Slip was measured at the unloaded end (tail-end) for
bonded lengths less than two inches, and at both ends for longer lengths. Short bond
lengths were used to investigate the local bond-slip relationship of the strand. Testing short
bond lengths assured essentially uniform slip and a constant bond stress distribution.
Average bond stress results for longer specimens, however, resulted in approximately the
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Figure 2.15 Unit bond force vs. tail-end slip for different bonded lengths [from Stocker
and Sozen (Ref. 12)].

same unit bond force, or bond force per unit length (see Fig. 2.15). The left axis of the
logarithmic slip scale does not indicate zero slip. It represents the smallest displacement
that could be measured as slip progressed. The bond-slip relationship is essentially bi-linear
up to a tail end displacement of 0.15 inch as shown in Fig 2.16. The average bond stresses
for these tests have been outlined above (ie. Illinois tests).

2.3.8 Tests by VSL International. At the request of VSL, Rostasy [28] conducted
pullout tests of single 0.6 inch diameter strands embedded in concrete. The test specimens
were similar to those used by Trost et al. However, the strands were not placed in steel
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conduits (see Section 2.4.2). The following formula was proposed for the bond stress:

T,=0.09xp,,

where T, =  concrete bond stress in kg/cm?
28 day concrete cylinder strength in kg/cm®
(1kg/cm’= 98.06 KPa = 14.22 psi)

=
3
|

For example, for 5000 psi concrete, a bond stress of 0.45 ksi is obtained. This
equation was based on a conservative lower bound estimate of the bond stress since the
values were to be used in design. Consequently, the bond stress values obtained from the
formula correspond closely to the general slip condition which is also a lower bound
estimate of the ultimate bond capacity.

2.3.9 Summary. The single strand results for monotonic pullout tests are summarized
in Table 2.1. The bond stresses are based on a uniform stress distribution along the bonded
length. The nominal strand diameter was used to calculate the nominal perimeter and bond
surface area.

A number of observations can be made regarding the test results presented in the
table. Despite the wide variety of test conditions, (ie. bonded lengths and strand sizes)
bond stress values are very uniform for the general slip case. The bond stresses at general
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Table 2.1 Single Strand Bond Performance

Strand Bond Cog\:;eut: or BondatStress Maximum
Source Size !.ength Strength General slip Bond St.ress
(inches) (inches) (si) (ksi) (ksi)
Burnett/Anis 3/8 30 3780 0.47 o.éo
Salmons/McCrate 1/2 30 6010 0.35 0.64
Naus 1/2 29 - . 0.45
spipama | 0| g | wm | own | o
Stocker/Sozen 7/16 3-20 5280 0.41(3) 0.6(3)(4)
Osborne (2) 3/8 24 5830 - 0.43(3)
Braverman (2) 3/8 12 - - 1.19(5)
VSL 0.6 - 5000 0.45 -

(1) Test results adjusted from "actual" bond area to nominal.

(2) Tests outlined in Section 2.4.

(3) Test results based on an estimate of the actual stand perimeter (4/3 nominal). Results adjusted to nominal perimeter.
(4) Test stopped at 0.1" tail-end slip.

(5) Maximum bond stress achieved at large slip (0.6")

slip vary by at most 14% from the mean value of 0.41 ksi (coefficient of variation of 0.125).
The maximum bond stress values are influenced to a greater extent by the bonded length.
In general, the tests with shorter bonded lengths (ie. Schupack/Mizuma and Braverman)
exhibit higher ultimate bond stresses (as expected). If these two cases are not considered,
the remaining maximum bond stress values compare very favorably. The results also
indicate considerable reserve bond stress beyond the point of general slip for all cases. This
reserve capacity is due to the mechanical bond resistance developed by the strand after
general slip has occurred. This is an extremely important characteristic of strand bond
performance (in contrast to smooth wires). It suggests that relatively stable pullout can be
achieved with sufficient warning of distress. However, this observed characteristic may not
be valid for cyclic loads.

2.4 Previous Studies of Multi-Strand Tendons

2.4.1 Introduction. The most direct way to investigate the bond performance of
multi-strand tendons is to test full-scale specimens. Although these tests are more difficult
and expensive than single-strand tests, they are the only way to evaluate the complex bond
conditions which exist for various types of tendons and stee!l ducts. In general, for a single-
strand pullout test, bond failure will occur at the strand-grout interface. For a multi-strand
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tendon, on the other hand, failure may also occur at the duct-grout surface, depending
upon the ratio of the tendon to duct areas and type of duct that is tested. Furthermore,
the bond performance is also influenced to a greater extent by the geometry, compactness,
and location of the tendon in the duct. For curved tendons, the tight grouping of strands
and lateral pressure due to curvature may also reduce the ability of the grout to penetrate
the grouping. This section presents the results of pullout tests of initially untensioned
tendons which were grouted in steel ducts.

2.4.2 Trost. Trost investigated the bond performance of initially untensioned
prestressing tendons which were cement grouted in straight corrugated steel ducts [16,17].
This study included pullout tests of four different seven-wire strand tendons ranging from
3 to 19 strands, as outlined in Table 2.2.

Grouted
Duct

4.5" Series B
5.25" Series A

11.6"

Test Series A&B Test Series C

Figure 2.17 Pullout specimens tested by Trost (from Ref. 17).

Figure 2.18 Steel duct detail for tests by Trost (from REf. 17).

Test specimens and duct details are shown in Figs. 2.17 and 2.18. The loading
apparatus for test series A and B is shown in Fig. 2.19. This apparatus was capable of both
monotonic and cyclic loading. The results reported here are for the monotonic case only.
For series A and B, slip was measured at the loaded and unloaded ends of the specimen.
For test series C, specimens were anchored by a reaction plate and the tendon was pulled



Table 2.2 Tendon Tests by Trost
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Test A9 A-10 C4 B
Series
Strand 2400
Pattern @

e 200

Strands/Size 406" 406" 19-0.6" 306"

Steel Area 0.864 0.864 4.104 0.648
(i)
Equivalent Steel 1.05 1.05 228 0.908
Diameter(in)
Equivalent Bond 33 33 7.16 285
Circumference(in)
Actual Bond 6.3 7.56 14.36 455
Circumference(1)
(in)
Bonded 525 525 11.6 45
Length(in)
Equivalent Bond 173 17.3 83.1 13.0
Area (i)
Actual Bond 331 39.7 166.7 20.5
Area(ir?) (1)

Number of Tests 4 4 3 1
Duct Diameter 1.77/1.96 1.77/1.96 3.54/3.85 15711
(inside /outside)

(in)
Steel Area/ 35 35 41 33
Duct Area - %
Test Tendon in Tendon Tendon in Tendon in
Details Center of Duct Against Duct Center of Duct Center of Duct
Wall

(1) Actual bond perimeter is based on approximate calculation outlined in Appendix A.
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Figure 2.19 Test apparatus for Series A & B [from Trost (Ref. 17)].
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through the grout by a moving grip as shown in Fig. 2.20. Tendon slip was measured at the
unloaded end of the specimen only for test series C. For all cases, specimens were loaded
at a rate of 2.0 Kn per second and the tests were stopped when slip at the unloaded end
reached 2 mm (0.08").

Load-slip responses for test series A are shown in Fig. 2.21. Trost concluded that
bond developed by the tendon against the duct wall was on average 68% of the value
obtained for tests with the tendon in the center of the duct. The eccentric tendon also
exhibited greater slip. In both cases, relatively stable pullout occurred. Bond stresses
shown in the figures are based on a uniform bond stress distribution using the calculated
"actual” bond areas (see Appendix A). These results are also shown in Table 2.3.

Table 2.3 Test Results for Trost

Average | Average Bond Stress Average Bond
Stress at 0.5mm
Test Grout at 0.1mm unloaded unloaded end slip
Strength end slip (1) o
(psi) (ksi) oo
A9
(4-0.6") 8090 064 0.81
A-10
C4
(19-0.6" 5180 0.52
B 1.20
(3-0.6) 7370 0.81

(1) Based on "actual" calculated bond area (see Appendix A)
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Figure 220 Test apparatus for series C [from Trost (Ref. 17)].
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The results of test series C are shown in Fig. 2.22. For these tests, the mode of
failure is of particular interest. At relatively insignificant unloaded- end displacements (0.1-
0.3 mm), bursting cracks formed in the grout and the bond failed suddenly (for all three
tests). Stable pullout could not be achieved.

T 4\ (MN/m?2)
8,0
grout strength B¢ = 30 MN/m?2
7,0
6,0 ERE——
1= L ———— " "series [
5,0 —
I”’
‘f
4,0 ""—"" ]
! F I
3,0 T 1T L ===
{ N e i ndant (i |
[N 5 ot R B |
20 1 1
-I'
1,0 i
b4 Al {mm)
ol 02 03 04 05 1,0

Series IV 19-0.6" Strands
Fpu=1770 Mpa (257 ksi)

Figure 2.22 Grouted tendon bond-slip performance under monotonic loading for test
series C-IV [from Trost (Ref. 17)].

2.4.3 Osborne. Osborne conducted 13 pullout tests of unstressed 3/8 inch strand
bundles grouted inside straight 2 inch diameter steel pipes [29]. The principal variable
investigated was the ratio of the tendon area to the duct area. Tendons were composed of
1,3,5,7, and 11 strands with corresponding tendon areas ranging from 3 to 30 percent of
the duct cross-sectional area. The tendons were positioned in the center of the ducts for
all tests. Slip of a single strand was measured at the top (loaded end) and middle of the
specimen using slip wires attached to the strand and at the unloaded end using a dial gauge.
Test results were presented in terms of nominal bond stress and unloaded end slip.
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Osborne observed that the maximum bond stress between the strand and the grout
was obtained for a ratio of tendon area to duct area of approximately 0.14. When the
tendon area exceeded 18 percent of the duct area (ie. 7 and 11 strand tendons), bond
failure occurred between the duct and the grout and the bond stress was reduced
significantly (the grout pulled away from the duct surface). Maximum bond stresses for the
three and five strand tendons were 0.52 ksi and 0.69 ksi respectively. These stresses were
based on tendon perimeters which were taken to be 4/3 of the nominal value (an estimate
of the actual bond area).

2.4.4 Braverman. Braverman [30] conducted pullout tests similar to those of
Osborne. Tendons containing 1, 3, and 5-3/8 inch strands were tested in 1-1/2 inch
diameter smooth ducts with a 12 inch embedment length. The tendon areas correspond to
5, 14, and 24% of the duct cross-sectional area. Strand instrumentation was similar to
Osborne’s tests.

For the three strand case, the maximum bond stress was 1.1 ksi (average of two
tests). This stress was calculated using tendon bond areas based on the nominal strand
perimeter multiplied by the number of strands (ie. without consideration of strand bundling).
The five strand tendon failed at the duct-grout interface at a significantly reduced load.

2.4.5 Related Tests. Private engineering firms have conducted specific bond pullout
and load transfer tests of large tendons grouted in steel or plastic ducts. These tests are
required prior to the use of the tendons in grouted rock anchors, nuclear containment
structures or large bridges. Some of these tests are briefly outlined below.

a) Test by Shupack and Johnston [31]. The bond development length of a curved post-
tensioning tendon was investigated. The tendon, containing 54-1/2 inch strands,
was positioned in a flexible 5-1/2 inch diameter duct which was cast inside a curved
concrete beam. After stressing and grouting, the tendon stress was released and the
bond transfer length was determined by measuring the change in concrete strain
along the tendon. The transfer length was approximately 10 feet. The average bond
stress, corresponding to this transfer length, has been calculated to be 0.19 ksi [28].
This stress was based on a very conservative estimate of the bond area. (ie. the
equivalent strand perimeter multiplied by the number of strands). Examination of
cut tendon sections indicated good grout penetration.

b) Test by Losinger (VSL International) [32]. A pullout test was conducted for a rock
anchor containing 52-0.6 inch strands. The tendon was grouted inside a straight 273
mm (10.7") diameter smooth steel tube with a bonded length of 10m (32.8 ft). The
duct was cast in a concrete block which covered only 4m (13.1 ft.) of the pipe length.
At aload of 874 tonnes (1926 kips), the tendon elongated by 1/2 inch and the grout
block displaced one inch out of the steel pipe. Considering the failure mode, the
average bond stress obtained at the duct-grout interface is calculated to be 0.15 ksi.
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During testing, strain gauges were used to monitor stresses in 10 of the 52 strands.
The maximum stress variation in the gauged strands was 7%.

c) Tests by VSL [28]. Under the supervision of Rostasy, VSL conducted a pullout test
of a tendon containing 16-1/2 inch strands. The tendon was grouted within a ribbed
polyethylene duct (3.15" 1.D./3.75" O.D.). At a load of 225 tonnes (496 kips) the
grout failed. The bond stress was calculated to be 0.22 ksi (using a conservative
bond area equal to the equivalent strand perimeter multiplied by the number of
strands). The bond developed at the ribbed duct interface was 0.46 ksi. It was
concluded that the polyethylene pipe could effectively transfer the prestress force to
the concrete section. VSL had similar tests conducted in the United States for the
Sunshine Skyway Bridge [33]. From these and other tests it was concluded that
transfer of bond force at the duct interface was rarely a problem, except possibly for
smooth steel pipes.

2.5 Limitations of Previous Research

Previous studies outlined above have not completely addressed three particular
aspects of the bond conditions which exist between external tendons and deviator pipes.
First, these tendons are commonly bonded at the deviators through curved rather than
straight steel ducts. The adequacy of the bond mechanism for curved ducts has not been
investigated in previous studies. In addition, no pullout tests have been conducted on
tendons which have been stressed prior to grouting. Although transfer bond and beam
flexural bond tests model this aspect quite accurately, these tests are typically conducted
on single strands embedded in concrete only. Very few transfer bond tests have been
conducted for multi-strand tendons stressed prior to grouting in steel ducts [similar to
Reference 31]. For curved steel ducts, this aspect may be important since the stressed
tendon will impose radial forces through the duct which could affect the bond transfer
mechanism. In addition, for tendons stressed prior to grouting, the ability of the grout to
penetrate the compressed strand bundle is a concern which has not been investigated.
Finally, other than tests of small tendons conducted by Trost, previous studies have used
strands or tendons which are positioned in the center of the straight duct rather than
adjacent to the duct wall. For the case where the tendon is adjacent to the duct wall in the
curved regions of the deviator, the bond conditions are more adverse. The tests described
herein are a preliminary investigation of these specific bond conditions which exist at
deviators.

2.6 Bond-Slip Relationship of Grouted Multi-strand Tendons

2.6.1 Background. The local bond stress and local slip between steel and concrete
is of fundamental importance for many aspects of the behavior of reinforced or prestressed
concrete elements. The majority of the research in this area has focused on normal
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reinforcement in reinforced concrete [22,34,35,36]. The available body of research for
prestressing strand is much more limited. As outlined in Sections 2.3 and 2.4, most studies
have investigated pullout bond performance of strands (or tendons) rather than local bond-
slip behavior. Applied force and slip measurements of pullout tests do not represent the
true local bond-slip relationship of the strand (see Section 2.3.2). These results are valid
only for the bonded length that was tested and provide averaged bond-slip behavior. The
study by Stocker and Sozen [12], however, is one exception (see Section 2.3.7). They
investigated the local bond-slip relationship of single strands in concrete by testing short
. bonded lengths (which assured essentially uniform slip and a constant bond stress
distribution). Evans and Johnston [37] also studied the local bond-slip performance of
individual prestressing wires. A preliminary bond-slip relationship was developed for 2, S,
and 7 mm wires based on results of transfer bond tests where wire slip was measured using
X-Ray techniques (see Fig. 2.23).
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Figure 2.23 Bond-slip relationship for smooth 7mm prestressing wires (from Ref. 37).

The limited data available has been used to verify that bond-slip behavior of a multi-
strand tendon takes the same qualitative form as that of a normal reinforcing bar. Martins
[38] proposed a bond-slip model for grouted multi-strand tendons which was based on the
type used for normal reinforcement. The characteristic numerical values of the relationship,
however, were taken from pullout tests of multi-strand tendons. This model is outlined
below. Consequently, the lack of specific information has made it necessary to use the
results of pullout tests, using various bonded lengths, to establish the bond-slip behavior
of multi-strand tendons.

2.6.2 Theoretical Bond-Slip Relationships. A number of different local bond-slip
relationships have been proposed for normal reinforcement under monotonic loading.
Tassios and Koroneos [39] suggested the multi-linear relationship shown in Fig 2.24. The
descending portion of the curve represents the point where sufficient slip has occurred to
rupture the bond. For ribbed bars, a residual bond stress is maintained after slip.
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Figure 2.24 General form of bond-slip model proposed by Tassios (from Ref. 39).
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Figure 2.25 Bond slip model for normal reinforcement proposed by Yankelevsky (from
Ref. 40).

Yankelevsky [40] presented a bond-slip model of the form shown in Fig. 2.25. The model
was used for a finite element representation of experimental monotonic pullout tests of #38
reinforcing bars. Values of loaded end stress and slip predicted by the model compared
very well with experimental results.

Giuriani investigated the local bond-slip behavior of ribbed bars [22]. Figure 2.26
shows the results of his pullout tests of specimens with short bonded lengths for relatively
large values of slip. The C.E.B recently proposed the bond-slip relation shown in Fig. 2.27
for normal reinforcement [41].
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Figure 2.26 Bond-slip behavior of ribbed bars [from Giuriani (Ref. 22)].
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Figure 2.27 Proposed bond-slip relationship for reinforcing bar under monotonic loading
[from C.E.B. (Ref. 41)].

2.6.3 Bond-Slip Model for Grouted Multi-Strand Tendons. After studying a number
of different models, including those outlined above, Martins proposed the bond-slip
relation for grouted multi-strand tendons shown in Fig. 2.28 [38]. The general form of this
relationship was based not only on the models cited above, but also, more importantly,
on the results of Trost’s [17] alternating tension pullout tests of tendons containing 4-0.6"
strands. These cyclic tests were described briefly in Section 2.2.2 and the tendon
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Figure 2.28 Proposed bond-slip relationship for grouted multistrand tendons in steel ducts
[from Martins (Ref. 38)].

arrangements are the same as test Series A-9 and A-10 which are shown in Table 2.2. As
illustrated in Fig. 2.29, the cyclic response has the same form as the proposed monotonic
responses outlined above. Once the general form of the relationship was determined,
Martins concluded that the only numerical results that could be found in the literature for
this type of response were those of Trost. Consequently, the approximate numerical values
shown in Table 2.4 were taken essentially from the experimental results of Trost (see Fig.
2.29). Ultimate shear values at t, were increased by comparing the cyclic response (solid
lines) to the monotonic response (dashed line). The value of bond stress at t,, however,
appears to be greater than the values obtained from the monotonic tests. Foure and
Martins [42] used an identical idealization for modelling the tendon slip and ultimate
flexural behavior of externally post-tensioned bridges.

The following is a brief summary of the bond-slip model outlined above: (1) The
values of tendon slip are based on Trost’s measurements of loaded end slip for cyclically
loaded specimens with a bonded length of 5.25 inches. (2) The degrading bond response
is based on a cyclic load test. As shown in Fig, 2.29, the monotonic response is much more
stable than the cyclic response. However, the cyclic response values are conservative. (3)
Bond stresses at t, were assumed to be greater than cyclic response values.
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Figure 229 Grouted tendon bond-slip performance under alternating tension [from Trost
(Ref. 17)].



Table 2.4 Parameters for Establishing the Bond-
Slip Relationship of Grouted Multi-
Strand Tendons (From Ref, 38)
T ——— ]
Parameter | Good Conditions of | Nomal Conditions
Injection (1) of Injection (2}
Y
$ 0.005-0.030 mm 0.02-0.035 mm
(0.0002-0.0012 in) (0.0008-0.0014 in)
Ty 0.8-1.7 MPa 0.6-1.5 MPa
(0.12-0.25 ksi) {0.09-0.22 ksi)
S 0.08-0.1 mm 0.07-0.1 mm
{0.0035-0.004 in} (0.0028-0.004 in}
T, 3.5-3.8 MPa 2.7-2.8 MPa
{0.51-0.55 ksi) {0.39-0.41 ksi)
5 0.14-0.18 mm 0.09-0.15 mm
(0.006-0.007 in) {0.0035-0.006 in}
T 5.3-7.8 MPa 3.9-4.6 MPa
(0.77-1.13 ksi) {0.56-0.67 ksi)
8 0.28-0.4 mm 0.215-0.3 mm
{0.01-0.016 in) {0.008-0.012 in)
T, 1.1 MPa 1.0 MPa
{0.16 ksi} {0.15 ksi)
{1 Tendon centered in the middle of the duct {see

Test Series A-9in Table 2.2). Grout surrounding
all the strands.

@) Eccentric tendon in the duct. Difficult to inject
grout around all the strands adjacent to the duct
wall. (see Test Series A-10 in Table 2.2).
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CHAPTER 3

Experimental Program and Test Results

3.1 Tendon-Deviator Tests

3.1.1 Introduction.  This test series consisted of modified monotonic pullout tests
of multi-strand tendons grouted in curved and straight, smooth steel ducts. The tendons
were positioned against the duct wall and were stressed prior to grouting. Full-scale
specimens were used to provide an accurate representation of the specific bond conditions
at the deviator. The tendon bond stress-slip behavior was investigated for three angles of
tendon deviation and two ratios of prestressing tendon area to duct cross-sectional area.
The primary objectives of the test program were to determine the level of effective bond
stress developed through the deviator and to establish the bond-slip performance of the
tendon. A secondary objective was to determine frictional losses through curved ducts
during stressing of the tendon.

3.1.2 General Information. The bond mechanism between an external tendon and
a deviator duct is influenced by the following factors (including those discussed in Chapter
2):

1) Ratio of prestressing tendon area to duct cross-sectional area.

2) Tendon radius and duct deviation angle.

3) Location of the tendon in the duct (ie. in the center of the duct or adjacent to
the duct wall).

4) Bonded length of the tendon.

5) Type of duct and duct surface properties.

6) Degree of strand entanglement through the duct (see definition outlined below).

7) Tendon stress level prior to grouting.

8) Type of grout and grout strength.

Strands are considered to be entangled when they do not run parallel to one another
through the duct. Entanglement may consist of strands either crossing one another or
spiralling around the tendon bundle. During post-tensioning in long-span structures, strands

in a tendon are usually pulled through the duct as a group. For large tendons it is difficult
to keep the strands parallel as they are threaded through the duct.

49
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Since the number of specimens which could be tested in this series was limited, only
two factors were chosen as variables to be investigated. The remaining factors were either
held constant or kept within an acceptable range of variation.

The principal variables investigated were: 1) the deviation angle of the curved ducts
and, 2) the ratio of prestressing tendon area to duct cross-sectional area. The limited
number of tests did not permit a complete evaluation of these test variables. Nevertheless,
the tests did investigate specific tendon bond conditions at deviators typical of those in
existing U.S. structures. As detailed below, a total of six specimens were tested with tendon
deviations of 0, 6, and 12 degrees and ratios of tendon area to duct area of 0.145 and 0.25.
The following section provides background information on the design and development of
the test specimens.

3.1.3 Development of Test Specimens

3.1.3.1 Survey of Existing U.S. Structures. A number of external tendon bridges
were reviewed to determine typical tendon-deviator dimensions. Three specific bridges,
which provided a good representation of the range of dimensions found in existing U.S.
structures, were investigated in detail. The pertinent tendon-deviator details of these
prototype structures are shown in Table 3.1. The full scale specimens used in the tests were
based primarily on these representative prototypes.

As shown in Table 3.1, the maximum tendon deviation angle is approximately ten
degrees and the ratio of tendon prestressing steel area to duct cross-sectional area ranges
from 0.20 to 0.33. The longitudinal dimension of the deviation blocks (ie. bonded length)
typically varies from 15-36 inches. For all structures, actual steel duct radii were usually
much greater than specified minimum values. The minimum duct radius was used only
rarely for extreme deviation angles. For example, the Long Key and Seven Mile bridges
used ducts with radii ranging from 7-20 feet or more (depending on the deviation angle of
the tendons).

3.1.3.2 Variables Considered.

a) Duct and Tendon Size.  The minimum duct cross-sectional area for a multiple-
strand post-tensioning tendon is specified as two times the area of the tendon [43,44]. For
external tendon structures, however, it is common practice to use duct areas of 2-1/2 to
3 times the tendon area [2]. For the tests described here, 3 inch nominal diameter (3-1/2"
O.D. - 3.068" I.D.) duct pipe was donated by Prescon Corporation of San Antonio. This
galvanized steel pipe was prebent to specified deviation angles and radii (galvanized pipe
is also commonly used in existing structures). Since the pipe diameter was set, it was only
necessary to select tendon sizes using available 1/2 inch diameter strand. After considering
the ratios of tendon area to duct area for the existing structures outlined above, and
limitations of the test apparatus, the tendons shown in Table 3.2 were selected.



Table 3.1 Prototype Bridge Details

Long Key Bridge San Antonio Y Project Seven Mile Bridge
Maximum Vertical 8.2 48 95
Tendon Deviation
Angle (deg)(1)
Tendon 1/ 19-1/2" strands/ 19-0.6"/ 19-1/2"/
Duct 1 3-3/8" (1.D.)(3) 4.03" (I.D.)(2) 4.03" (LD.)
Ratio of Area: 0.325 0.324 0.23
Tendon 1/ Duct 1
Tendon 2/ 12-1/2%/ 12:0.6"/ 27-1/2"/
Duct 2 3-3/8" (1.D.)(3) 355" (LD.)(4) 4.03" (LD.)
Ratio of Area: 0.205 0.263 032
Tendon 2/ Duct 2
Tendon 3/ _ 9-0.6"/ -
Duct 3 355" (1.D.)
Ratio of Area: _ 0.197 _
Tendon 3/Duct 3
Minimum Radius of 6 ft. - 7 in. 10 ft. 6 ft. - 7 in.
Curvature
Deviator Block 16-20 36 15
Length (in)
(1) Combined effect of vertical and horizontal deviation would not change these values significantly.

(2) 4" Nominal Schedule 40 Pipe - LD.= 4.026"

(3) Design drawings indicate 3-3/8" pipe which is not readily available for Schedule 40. 3-1/2" LD. pipe or Schedule
80 pipe probably used.

(4) 3-1/2" Nominal Schedule 40 Pipe - LD.= 3.548"

The 12 strand tendon provided a ratio of tendon area to duct area which was
approximately in the middle of the range of values obtained for existing structures.
Furthermore, this tendon size was compatible with existing hardware. The second tendon,
although outside the range of existing tendon-duct area ratios, was selected to obtain a
prestressing steel area sufficiently different from that of Tendon A.

b) Tendon Deviation Angle.  Rigid metal deviator ducts are bent to a radius
compatible with the geometry of the external tendon profile. In order to ensure that the
tendon does not bear on the edge of the deviator pipe at the face of the deviator block, the
duct is bent to a radius which provides a larger deviation angle than that of the tendon. The
difference between the tendon and duct deviation angle is typically one or two degrees [2].
Tendon deviation angles of 0, 6.0, and 12.0 degrees were selected to be used with available
ducts with deviation angles of 0, 8.0, and 13.5 degrees, respectively. This provided a
minimum "overbend" of 1.5 degrees. These deviation angles also cover the range of values
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Table 3.2 Tendon Sizes for Test Specimens

Parameter Tendon A Tendon B
Tendon Size 12-1/2" strands 7-1/2" strands
Tendon Area (ir?) 1.836 1.071
Duct LD. (in) 3.068 3.068
Duct Area (irf ) 7.393 7.393
Tendon Area/ 0.25 0.145
Duct Area

in existing structures and were compatible with available hardware. Only vertical tendon
deviations were used in the tests. The combined effect of vertical and horizontal deviations
can always be resolved to a single principal deviation in a given plane.
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Figure 3.1 Deviator Block Details.

As shown in Fig. 3.1 (see
Section 3.1.33), tendons were
horizontal on one side of the
deviator block, while on the other
face the tendons were deviated at
the required angle. This was the
most common detail used in the
existing bridges. The duct overbend
was placed on the deviated side of
the block. On the other side of the
block, the duct projected out
horizontally to match the horizontal
tendon.

¢) Duct Radius of
Curvature. Neither AASHTO nor
PTI specify a minimum radius of
curvature for post-tensioning ducts
[43,4445]. For U.S. practice, a
minimum radius of 10 feet has been
recommended for external tendons
at deviators (for tendon sizes up to
19-0.6" diameter strands) [2]. The
French Federal Transportation
Administration specifies a minimum
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external duct radius of 3.0 meters (9.8 feet) for small tendons, and 4.0 meters (13.1 feet)
for larger tendons (ie. more than 19-0.6"diameter strands) [2]. For design, the duct radius
is selected to achieve the required deviation angle (plus overbend) within the length of the
deviator block. For a deviator of constant length, this means that duct radius must vary to
achieve different deviation angles. For the 8.0, and 13.5 degree ducts used in the tests, the
pre-bent duct radii were 18 ft.- 6 in. and 9 ft.- 6 in. respectively (the ducts were bent on
circular curves). As outlined below, these values were compatible with the constant length
of the deviator block used in the tests.

d) Deviator Length (Bonded Length).  Using the duct radii and tendon deviation

angles outlined above, the required deviator length was calculated using the following
geometric relationship:

L=2Rsin(6/2)

where R = Radius of curvature of duct
L = Deviator block length (approximately equal to duct length for small
deviation angles)
6 = Deviation angle of tendon (degrees)

For the specified tendon deviation angle of 6.0 degrees and R= 18.5 feet, the
calculated deviator length is 23.2 inches. Similarly, using the 12.0 degree angle and R= 9.5
feet, the length is 23.8 inches. A deviator length of 24.0 inches was selected to satisfy the
geometric requirements of the existing ducts. To keep the bonded length of the tendon
equal for all tests, the duct radius necessarily had to vary to obtain different deviation
angles. This was considered to be acceptable since the most important test criteria was a
constant bonded length.

It is important to note that the 24 inch bonded length was not ideal for determining
the bond stress-slip behavior of the tendons. A shorter specimen would have resulted in a
more uniform bond stress and slip distribution along the length of the tendon. This could
not be avoided, however, since a shorter bonded length would have required a very small
duct radius. For example, for a bonded length of 12 inches (similar to the 19-0.6" strand
tendon tests by Trost [17] outlined in Section 2.4.2), and a deviation angle of 12 degrees,
the required duct radius would be 4 ft.-8 in. For this case, the radius and bonded length
would not represent typical values for existing structures. Furthermore, it may be difficult
to fabricate full-scale specimens with these sharp curvatures without buckling the smooth
duct surface. The longer bonded length was selected to provide a more realistic model of
existing structures. This also made it possible to use the duct material that was supplied.
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e) Level of Prestress. ' When external tendon ducts are grouted in post-tensioned
bridges, the maximum tendon stress level is 70% of the ultimate strength of the strands (ie.
after jacking and release). The stress level varies along the tendon length due to friction
losses. For the tests described herein, the tendons were stressed to 50% of ultimate
strength prior to grouting. This stress level is discussed in Section 3.1.8.

f) Location of Tendon in the Duct.  For the curved deviator specimens outlined
below, the tendon was compressed against the top side of the duct after stressing. The
lateral pressure due to tendon curvature resulted in a very tight strand grouping. For the
straight specimens, the tendon was also located near the top of the duct. In this case,
however, the strand bundle was not compressed against the duct because minimal contact
pressure existed between the tendon and duct surface.

3.1.3.3 Description of Test Specimens. Dimensions and details of the concrete
deviator block specimens are shown in Fig. 3.1. Test specimen details are summarized in
Table 3.3.

Table 3.3 Test Specimen Details

Specimen No. Tendon Tendon Tendon Area/ Bonded
Deviation Size Duct Area Length
Angle (deg) (in.)
1A-12-17 12.0 12-1/2" 0.25 24
1B-7-12 12.0 7-1/2" 0.145 24
2A-12-6° 6.0 12-1/2" 0.25 24
2B-7-6 6.0 7-1/2" 0.145 24
3A-12-¢F 0 12-1/2" 0.25 24
3B-7-¢ 0 7-1/2" 0.145 24

The test specimens are designated by a label that includes the number of strands (7
or 12) and deviation angle for the tendon (0, 6, or 12 degrees). For example, Test 1A-12-
12° refers to the specimen with 12 strands and a 12 degree deviation angle (the A
designation also indicates a 12 strand tendon as shown in Table 3.2.

3.1.4 Materials

3.1.4.1 Prestressing Strand. Seven-wire low relaxation strand with a nominal
diameter of 1/2 inch was used for all multi-strand tendons. The strand conformed to ASTM
A416 specifications (stress-relieved strand) and had a specified minimum ultimate strength
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of 270 ksi. Two spools of strand and all associated hardware were donated by Prescon
Corporation of San Antonio, Texas. The mill reports for the strand indicated a modulus
of elasticity of 28,400 ksi. An effective elastic modulus was determined by performing a
tension test on a sample of strand with strain gauges mounted on all six exterior wires [47].
Test results indicated an elastic modulus of 28,000 ksi. This value was used to provide a
calibration between electronically measured strains and strand stresses. Only clean bright
strand with negligible rust was used in the test specimens.

3.1.4.2 Duct.  Three inch nominal diameter Schedule 40 steel pipe (3-1/2" O.D.-
3.068" I.D.) was used for tendon ducts. The pipe was galvanized and bent to specified radii
and deviation angles (for a particular length). The pipe surface was smooth on both the
inside and outside surfaces.

3.1.4.3 Grout. 'The cement grout mix was developed from Texas State Department
of Highways and Public Transportation Standard Specifications as follows:

- 1 bag Portland Cement(94 1bs.), Type III (substituted for Type I or II)

- 5-1/2 U.S. gallons water
- 0.94 Ibs Interplast-N expansion admixture (1% of cement by weight)

To accelerate the testing schedule, high early strength cement (Type III) was substituted
for the standard Type I or II cement. This substitution is permitted by the TSDHPT, Post-
Tensioning Institute [44], and AASHTO (1983) Specifications (trial mixes are
recommended, however). The water-cement ratio for the mix design outlined above is 0.49.
This value is higher than the maximum ratio of 0.45 recommended by the Post-Tensioning
Institute and AASHTO. Two trial grout mixes indicated that a water-cement ratio of 0.48
was acceptable for the Type III cement (the lowest ratio that could be pumped effectively).
Since grout fluidity was a more important criteria than early age strength, the higher water-
cement ratio was used. Tendon grouting procedures and grout strengths are outlined in
detail in Section 3.1.6.4.

3.1.4.4 Concrete and Non-Prestressed Reinforcement. Concrete for the deviator
block specimens was supplied by a commercial concrete supplier. The mix was designed
using a maximum aggregate size of 3/8 to provide a 28-day compressive strength of 5000
psi. To reduce costs, casting was scheduled to coincide with other projects using equal or
higher design concrete strengths and the same aggregate size. This strength variation was
accepted since the deviator block concrete was overdesigned to ensure bond failure at the
tendon-grout interface. Actual concrete strengths were determined from compression tests
of 6 x 12 inch concrete cylinders. These results are presented in Table 3.4. All specimens
were cast a minimum of 28 days prior to testing.
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Table 3.4 Concrete Strengths

Specimen 28-Day Concrete
. Compressive Strength (psi)*
1A-12-12 7045
1B-7-12° 7045
2A-12-6° 8200
2B-7-6° 8200
3A-124° 8060
3B-7-° 8060

* Average of three cylinder tests

Non-prestressed reinforcement used in the concrete deviator block specimens is
shown in Fig. 3.2. Normal reinforcement for the concrete deviator block was designed to
accommodate forces induced by tendon stressing and during load testing. Excessive
reinforcement was provided to eliminate the possibility of deviator block failure, or
significant displacements, prior to bond failure between the tendon and the grout. ASTM
A615 Grade 60 reinforcement was used throughout.
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Figure 3.2 Deviator Block Reinforcement Details.
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3.1.5 Fabrication of Deviator Block Specimens.

3.1.5.1 General.  This section covers the fabrication of the deviator block specimen.
Tendon stressing and grouting procedures are outlined in Section 3.1.6.

Figure 3.3 Deviator Block Formwork. Figure 3.4 Typical End Section.

3.1.5.2 Formwork and Concreting.  Two forms were used for rapid construction of
the block specimens. Figure 3.3 shows one form prior to placing the end section over the
duct. A typical end section, with a hole to accommodate the duct, is also shown in Fig.
3.4. The duct was tied to all transverse ties and was attached to the forms at the ends to
prevent it from shifting during concrete placement. Extreme care was taken to ensure that
the duct was placed with the correct vertical and horizontal alignment. Ends of the ducts
were also covered to prevent contamination of the interior bond surface. After the forms
were closed and sealed, the concrete was placed. Concrete was delivered from the truck
using a bucket hoisted by an overhead crane, and was vibrated in three equal lifts to avoid
consolidation problems. Two specimens were cast at the same time as six 6 x 12 inch test
cylinders. About two hours after concrete placement, the forms were covered with wet
burlap which and plastic sheets which were kept in place for approximately 24 hours.
Formwork was usually stripped the day after casting.
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3.1.6 Test Setup

The test setup was developed from an existing prestress bed located on the elevated
testing slab at FSEL. The bed consisted of two bulkheads which were located at the north
and south ends of the test slab, as shown in Fig. 3.5. The bulkheads were anchored to the
test slab, and compression struts were located between the two ends to create a self
reacting frame. As shown in Fig. 3.6, a 500-ton stressing ram was positioned at the south
end of the bed.

3.1.6.1 General Layout.  The test setup was constructed by placing two reaction
frames within the prestressing bed near the north bulkhead, as shown in Figure 3.7. The
reaction frames were used to provide longitudinal (ie.North-South) restraint for the deviator
specimens during stressing and testing. As shown in Figure 3.8, the south reaction frame
consisted of two beams which were anchored to the test floor with four 3-inch diameter
bolts. The bolts were post-tensioned to the test floor. The north reaction beam was
positioned to provide support between the north bulkhead and the deviator block. Potential
transverse (ie. East-West) and torsional forces were negligible. However, the wide reaction
beams on the north and south ends of the specimen provided effective transverse and
torsional restraint in any case. The deviator specimen was prevented from overturning by
the longitudinal reaction frames and the hold-down beam (which also provided vertical
restraint). The existing bulkheads were used to anchor the tendons as outlined below.

Figure 3.5 Existing Prestress Bed.
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Figure 3.6 500-Ton Stressing Ram at South End of Bed.

A large steel frame was located at the north bulkhead as illustrated in Fig. 3.7. Each
tendon was anchored at the frame using a steel plate and Freyssinet type multi-strand
anchor which was bolted to the extreme north edge (see Fig. 3.9). The north anchorage
detail is also shown in Fig. 3.10. The anchorage device was positioned along the centerline
of the prestress bed. As indicated in Fig. 3.7, tendons were deviated on the north side of
the deviator block only. The required deviation angles were achieved by changing the
location of the anchorage plate on the end frame. Beveled pipe sections were also
fabricated and welded to the anchor plates to accommodate the required angles. At the
south end, the tendons was horizontal and was anchored at a plate near the south bulkhead
as shown in Fig. 3.11. A large 27-KS Freyssinet type anchor head was used to distribute
forces over the anchor plate. The stressing operation also took place at this end. After the
tendon was preloaded (see Section 3.1.6.3), the south anchor plate was displaced using four
1-3/4 inch diameter rods which were connected to the stressing ram as shown in Fig. 3.12.

3.1.6.2 Safety.  One of the concerns governing the design of the test setup was the
safety of the testing personnel. Since the energy stored in the stressed tendon presented a
potentially dangerous situation, several specific measures were taken to mitigate possible
dangers. A system was designed to contain the tendon in the event that a strand was to
break. The external tendon was enclosed in a 3-1/2 inch diameter high strength
polyethylene pipe. The pipe was anchored to the test floor using steel cables which were
looped around the pipe (see Fig. 3.13). Large concrete barriers were positioned behind the
north anchor zone. The bulkhead provided effective containment at the south end. Finally,
and most importantly, the strands were stressed to only 50% of their ultimate strength (this
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Figure 3.7 General View of Test Set-Up.

stress level is discussed in Sections 3.1.6.3
and 3.1.6.5).

3.1.6.3 Tendon Stressing Procedure.
Prior to stressing the strands, the deviator
block was placed in the test frame and the
duct was positioned accurately along the
centerline of the prestressing bed using a
survey instrument. The prestressing
operation was accomplished in two stages.
In the first stage, strands were stressed
individually to an initial preload level of 1.5
kips (9.8 ksi) per strand. The strands were
pulled through the anchorages and deviator
duct one at a time. The preload was
applied with a mono-strand ram at the
south anchor plate using a special stressing
chair. The anchor wedges were then driven
into the anchor head with a 2 - Ib. hammer
prior to inserting the next strand. This was
done to prevent strand entanglement and
binding in the curved region of the

Figure 3.8  Post-Tensioning Anchor Bolts
for South Reaction Frame.

deviator. Since strand entanglement has been shown to influence friction (and bond) at the
deviator [46], care was taken to place the strands parallel to one another. Strands on the
top of the tendon bundle were stressed first while bottom strands were stressed last. This
stressing procedure was especially critical since the strands were compressed along the top
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of the curved duct after preloading (for the
curved duct cases). By stressing the strands
from the "top down", entanglement and
binding were eliminated. @ A similar
technique was used by Hoang in tendon-
deviator friction tests [46]. Hoang tested
the friction of the polyethylene duct against
the rigid steel duct through the deviator
region (ie. French double duct system).
The tendon was not bonded to the deviator
duct in these tests. The application of the
preload was used to ensure uniform initial
tension in all strands and to seat the
wedges. This also provided taut strands for
application of strain gauges and an epoxy
collar which was formed around the strand
(see Section 3.1.7). Preload tension was
monitored with a pressure transducer which
was connected to the mono-strand ram.
For Test 1A-12-12° the preload was also
checked by strain gauges which were
applied prior to initial stressing (see Section
3.1.7). For the remaining tests, gauges
were placed after the preload was applied.

Figure 3.9 Tendon Anchorage at North
End.

Prior to the second stressing stage, five strain gauges were attached on both sides
of the deviator block to five different strands of the tendon (see Section 3.1.7). In the
second stage of stressing, all strands were tensioned together to a total stress of 135 ksi
(0.5£,,) using the 500 ton ram at the south (live) end of the prestressing bed. The total
stress was the sum of the preload stress and the second stage stress. After tensioning, the
end plate that was used to pull the strands was secured with locknuts. During stressing,
applied load and tendon tension were monitored as follows: (1) using a pressure transducer
and strain indicator box calibrated with the 500 ton Ram, (2) with strain gauge readings
from a Hewlett-Packard/IBM PC data acquisition system (see Section 3.1.7), and (3)
measuring strand elongations (ie. movement of the live-end anchor plate (after stressing
only)). By comparing these values it was determined that large u