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PREFACE

This is the final report in a series which summarizes the
detailed investigation of the effects and control of tensile
stresses in the anchorage zones of post-tensioned girders. The first
report in the series summarizes the state-of-the-art and presents a
three-dimensional finite element andlysis procedure which is of great
use in understanding the development of these tensile stresses. The
second report in this series summarizes an extensive series of model
and full-scale physical tests which were performed to document the
problem and further explore the effect of variables. This third and
final report in the series draws on the analytical and experimental
results presented in the first two reports. It uses these results
to develop design procedures and suggested AASHTO specification pro-
visions to control the problem. This report also contains several
examples to illustrate the application of the design criteria and

procedures.

This work is a part of Research Project 3-5-77-208, entitled
"Design Criteria for Post-Tensioned Anchorage Zone Bursting Stresses.'
The studies described were conducted at the Phil M. Ferguson Struc-
tural Engineering Laboratory as a part of the overall research pro-
gram of the Center for Transportation Research, Bureau of Engineer-
ing Research of the University of Texas at Austin. The work was
sponsored jointly by the Texas Department of Highways and Public
Transportation and the Federal Highway Administration under an agree-
ment with The University of Texas at Austin and the Texas Department

of Highways and Public Transportation.

Liaison with the Texas Department of Highways and Public
Transportation was maintained through the contact representative Mr.

Alan Matejowsky, the Area IV committee chairman Mr. Robert L. Reed and
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the contact representative for the Federal Highway Administration.
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The University of Texas at Austin, who gave a great deal of assistance
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analytical phase. Special thanks are also extended tc Messrs.
Wanderlan Paes-Filho and John Sladek, Assistant Research Engineers,

at the Phil M. Ferguson Structural Engineering Laboratory, who made
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SUMMARY

Several large thin-webbed box girders, with post-tensioned
anchorage zones designed in accordance with AASHTO and ACI require-
ments, have experienced large cracks along the tendon path in the
anchorage zones at the design stressing load. Cracking of this nature
provides a path for penetration of moisture and salts and thus pre-
sents a potential corrosion and frost damage threat. 1In addition,
such cracking negates a major reason for the use of prestressed con-

crete, the minimization of service load cracking.

This report summarizes the major design-related observations
and conclusions from an extensive analytical and experimental pro-
gram which studied anchorage zone behavior of post-tensioned box
girders. The experimental program investigated the primary variables
affecting the formation of the tendon path crack: tendon inclinationn
and eccentricity, section height and width, tensile splitting strength
of the concrete, anchor width and geometry, and the effect of sup~-
plementary anchorage zone reinforcement, both active and passive. An
extensive series of three~dimensional linear elastic finite element
computer analyses was used to generalize these results and develop a
failure theory to explain tendon path crack initiation based upon
specified peak spalling strains at the edge of the anchorage. The
theory agreed well with the experimental data over a wide spectrum of

variables.

Experimental data from the prototype tests revealed an
interesting additional failure mechanism due to "multistrand” effects.
Sections with significant curvature in the tendon profile and with
multiple strands in the same duct generated large lateral splitting
forces at the point of minimum radius of curvature due to the flat-
tening out of these multiple strands in the tendon within the con-
fines of the duct. A method of designing reinforcement to resist this

effect was presented.



A new design procedure is suggested for control of tendon
path cracking and suggested code provisions are furnished. Emphasis
is placed on methods of designing the section to remain uncracked at
the maximum temporary post-tensioning load. Various reinforcing
schemes for the anchorage zone proper (both active and passive) were
investigated and a general reinforcement design procedure was
developed. The concept of limit state design of the anchorage zone

is discussed and load factors are developed with respect to cracking

and ultimate load.
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IMPLEMENTATION

This report summarizes the most important findings of an
extensive experimental and analytical investigation of tension
stresses in the anchorage zones of thin post-tensioned concrete
structures. Specific suggestions for AASHTO Specification changes
are presented along with a general design methodology for eliminating

or controlling the occurrence of this cracking.

The study shows that current AASHTO provisions are
ineffective, misleading, and incomplete. Adoption of the suggested
specifications and design criteria amd procedures will lessen the
owner or designer reliance on the supplier of the anchorage system
to provide correct anchorage zone hardware and details of supple-
mentary reinforcement. The designer or constructor is given a pro-
cedure to more realistically evaluate the acceptability of a proposed
anchorage system. The present AASHTO Specification places great
reliance on the anchorage supplier and creates substantial conflict
of interest and division of responsibility in case of subsequent

problems due to the detailing provisions.

Comparative study of various details indicate that use of
spirals or transverse prestressing can greatly improve anchorage
behavior and capacity. Substantial economies can result from the
relaxation of some present requirements which are shown to be grossly
conservative, while improved performance will result if cracking is
eliminated or minimized by use of the improved detailing provisions

suggested.
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CHAPTER 1

INTRODUCTION

1.1 Problems in Thin Web Post-Tensioned
Structures

Current trends in bridge construction show increased

utilization of precast and prestressed concrete.

A number of problems have occurred in post-tensioned
applications in both the bridge and the building field which indi-
cate that the design procedures and design criteria for post-
tensioned anchorage zone tensile stresses need further examination
and refinement [1]. Substantial cracking along the tendon path has
been experienced in a precast segmental bridge in Texas [3] (see
Fig. 1.1) and in a cast-in-place box girder bridge reported by
Dilger and Ghali [4]. In both of these bridges the cable profiles
had significant curvature, inclination, and eccentricity in and near
the anchorage zones. 1In the case of the Texas bridge, there was some
concern over the possible effects of the anchorage hardware geometry.
Similar cracking was reported in construction of the Olympic Stadium
in Montreal and in post-tensioned slab structures and other thin web
applications. Significant anchorage zone cracking was experienced
in preliminary tests for a major lightweight concrete bridge in
California which indicated lightweight concrete may be even more

vulnerable.

The cracking which occurred in these anchorage regions was
controlled by auxiliary reinforcement and the member strength was not
appreciably reduced. However harmless these cracks may appear, they
provide a path for penetration of moisture and salts and thus present

potential corrosion and frost damage threats. The formation of these
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Resident engineer pointing to tendon
path crack




cracks negates one of the major factors leading to the choice of

prestressed concrete, the minimization of service load cracking.

Major and contradictory changes have taken place in the
AASHTO, ACI, and PCI design specifications for anchorage zones in
recent years, based more on the results of field experience and pro-
prietary data than on published analyses or test procedures. Cur-
rent design recommendations [4,5], while vague, seem both conserva-
tive and workable for many applications where massive end blocks
with large cover can be used with relatively straight or gently
curving tendons in cast-in-place post-tensioned construction. How-
ever, they do not give sufficient guidance for the wide range of
thin web post-tensioned applications currently in use teday, or the
many new applications being suggested as the industry develops.
Thus, this study of the development and control of critical anchor-
age zone tensile stresses was undertaken. Its goal was to provide
more specific guidance to bridge design and construction personnel
regarding the behavior of anchorage systems so that they could bet-
ter assess the performance of a post-tensioning system without having

to rely wholly on the recommendations of the hardware supplier.

1.2 The Anchorage Zone Stress State

1.2.1 The Nature of Anchorage Zone Stresses. Application of

linear, elastic theory shows that if a concentrated load is applied
through a bearing plate across the width of a finite rectangular
block, compressive and tensile stresses are set up, as shown in Fig.
1.2. Two important tension fields are shown in this figure: those
acting along the line of the load, and those acting on or near the
end face at points removed from the load. The two tensile stress
zones are generally called:

(1) Bursting Stress--located along the line of loading, normal

to it, and away from the point of loading.

(2) Spalling Stress--located aleng the loading surface, parallel
to it and away from the point of loading.
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In dealing with a specific post-tensioned anchorage, the load must be
applied over a finite area. The compressive stress immediately under

the anchor is called:
(3) Bearing Stress--The load divided by the net bearing area.

An extensive literature study presented in Ref. 1 shows that the
pfecise role that each of these three stresses plays in the behavior
of the anchorage zone has not been fully understood. No method has
been proposed to predict the cracking loads. Little information is
available on efficiency of reinforcement for controlling cracking

caused by these tensile stresses.

1.2.1.1 Bursting Stress. Distress in the anchorage zone is
signalled by the sudden formation of a crack along the line of the
load. The load at which this occurs depends not only on the size of
the loaded area in relation to the geometry of the loaded surface
but additionally on the geometry of the surface itself, i.e., the
eccentricity, inclination, and curvature of the tendon. In addition,
the shape of the anchorage device as well as the action of supple-

mental reinforcement affect the load at which crack formation occurs.

St. Venant's principle applied to a member subjected to a
concentrated load P as in Fig. 1.3 (a) states that a section at a dis-
tance approximately equal to the depth of the section from the applied
load should exhibit an essentially uniform normal stress distribution.
The longitudinal stress distribution within the zone ABCD is not
uniform and cannot be analyzed by the usual laws of strength of
materials. In fact, the distribution of stresses on Section EE’ is
completely discontinuous, with very high stresses at points near the
applied load P and practically zero stress at all other points. This
zone of disturbance is called the lead-in zone. Fig. 1.5(b) is a
free body of the upper part of the lead-in zone. Equilibrium of
horizontal forces requires the shear stress 1. Transverse stresses
fx are required for equilibrium of moments about M. Finally, the

vertical equilibrium of forces requires the transverse stress
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distribution resultant to be equal to zero. Therefore, tensile and
compressive transverse stresses must occur within the lead-in zone.
However, these equilibrium considerations are not sufficient for the
determination of the transverse stress distribution. Various ana-
lytical approaches to the solution of the stress distribution in the

anchorage zone were discussed in detail in the first report in this

series [1].

In actual anchorage practice, the load acts over a finite
area with a reasonably large radius. For this case the classical
elasticity analysis indicates that the stresses are relatively small.
These stresses are plotted for a constant load P in Fig. 1.4 for
various values of a’/a, where 2a denotes the section breadth and 2a’
denotes the anchor breadth. Standard design practice in many coun-
tries has been to provide massive reinforcement for the total
resultant tensile force obtained by integrating the area under curves
such as those shown in Figs. 1.5 and 1.6. Experience gained from
anchorage zone cracking problems with the Texas bridge at Corpus
Christi [3], in which the anchorage zones were reinforced based on a
similar set of experimentally derived bursting curves [8] indicated
that design based solely upon such consideration of bursting

stresses may be unconservative.

1.2.1.2 Spalling Stress. The spalling tensile stresses are
maximum at the loaded surface and decrease rapidly away from the
surface (see Fig. 1.2). The total spalling tensile force is thus
relatively small. 1In contrast to the attention paid to bursting
stresses, the spalling stresses have scmetimes been neglected or
dismissed because they are so localized. However, the peak spalling
stress can be very high, indeed much higher in almost every practical
anchorage application examined by the authors than the bursting
stresses. This takes on great significance since in the currently
reported experimental program cracking occurred along the tendon

path with calculated bursting stresses far below the tensile
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strength of the concrete. Like bursting stresses, the spalling
stress distribution is greatly affected by the geometric variables
such as eccentricity, inclination, and proportions of the section.
Most of the previous research on post-tensioned anchorage zones has
been limited to analysis for straight tendons and has been interpreted
in the context of the role of the bursting stresses. The advent of
comprehensive finite element programs in the last decade allowed

more realistic modeling for specimens with complex geometries. The
results of these analyses reported in Refs. 1 and 2 indicate a key

role of spalling stresses in crack formation.

1.2.1.3 Bearing Stress. The maximum compressive stress
developed by a post-tensioning system occurs beneath the anchor. In
the case of a flat plate, or bearing-type anchor, the average bearing
stress is equal to the post-tensioning load divided by the net area
of the anchor defined as the projected plate area minus the tendon
duct area. Current design specifications in the United States, while
specifying the need to examine bursting and spalling stresses, usu-
ally phrase their strictest recommendations in terms of allowable
bearing stress. Most European specifications permit significantly
higher allowable bearing stresses in post-tensioned design [9].
Whether this apparent over-conservatism in the American codes is

justified has been a question much pondered but under-researched.

1.2.1.4 Additional Considerations. 1In addition to the
geometric effects such as inclination, eccentricity, width, and
bearing area, the effects of friction and normal forces along the
tendon duct for curved tendons (see Fig. 1.7), the effect of anchor
hardware geometry (see Fig. 1.8) and other externally applied loads
such as lateral post-tensioning must all be considered to fully

grasp the anchorage zone stress state.
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1.3 Overview of the Project

1.3.1 Objectives. The overall research program was broken
into six interactive phases which constitute its specific objectives.
These were:

(1) To document the state-of-the-art based on an extensive
literature study of all analytical, experimental, and
design-related papers and reports concerning anchorage
zone stresses for post-tensioned applications.

The results of this survey were presented in detail in the first
report [1].

(2) Tc survey the wide range of post-tensioning anchorage
systems currently available in the United States and to
make a classification according to general anchorage
principles, sizes, and shapes.

Figure 1.8 shows the three distinct types of anchorages in use.

These are the bearing or plate-type anchor, the cone or wedge anchor,
and a 'bell" shaped anchor. There are also three basic schemes used
in making up the tendon. These use either 250 or 270 ksi 7 wire
strand tendons where the load is locked off using conical chucks,

240 ksi wire where the load is locked off by ''button-heading' the

ends of the wire, or 160-170 ksi bars, smooth or deformed. The
latter uses a heavy duty nut which conveniently screws down once the
post-tensioning load has been applied. Bar type tendons cannot be
used where a sharp curvature is required and wire type tendons usu-
ally require specialized anchorage procedures in the field. For

these reasons the 7 wire strand tendons have been widely used in post-
tensioned applications. While theoretically the anchorage zone cannot
detect whether it is being loaded by strand, wire, or bar, the overall
performance of anchorage in regions where significant curvature of

the tendon is required has shown that cracking can occur at locations
well removed from the immediate anchorage area [2]. This effect
occurs primarily for multiple strand tendons, but can occur for

single strand tendons as well, and is discussed in this report.
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(3) To survey present and projected tendon path and anchorage

zone characteristics in post-tensioned bridge

applications.
A detailed examination of available bridge plans for several segmental
projects both in the United States and Europe was reported on in
Ref. 1. 1In many cases tendons are curved, inclined at anchors, and
have significant eccentricity. These characteristics and their
effects on the anchorage zone are illustrated in Fig. 1.7. There is
a current trend to anchor out of the web for speed of construction.
This technique uses side '"blisters'" in the interior of the box section
to anchor the tendon. Aside from moving the anchorage away from the
congestion at the end of the web section, this method often does not
eliminate the above factors and in fact may give rise to an addi-
tional out-of-plane curvature effect.

(4) To study systematically by both analytical and

experimental procedures, the development of critical

tensile stresses in the anchorage zone for typical

applications using representative anchorage systems.
In essence this was the core of the project. 1In this phase the
principal variables, inclination, cover (width), eccentricity, bear-
ing areas, and anchorage type were examined using both accurate 1/4-
scale models and full-scale prototype specimens in the laboratory,
as reported in the second report of this series [2]. A parallel
effort was initiated to predict stress distributions in the physical
specimens through the use of two- or three-dimensional static, linear
elastic finite element programs. As primary emphasis was placed on
developing a behavioral mode for first cracking, the linear elastic
assumption proved to be sufficiently accurate. The development and
calibration of the analytical programs are detailed in the first

report of this series [l].
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(5) To evaluate the efficiency of various active and passive
reinforcement in anchorage zones, including spirals,
conventional reinforcing bars, and lateral prestressing.

This objective was an outgrowth of the experimental program but dealt
with crack control rather than the behavioral mechanism by which the
crack was initiated. If the cracking load could be altered and the
ultimate load enhanced by the addition of reinforcement, then major
design interest focuses on the most efficient scheme for placement of
this reinforcement. Placement was the primary question concerning
passive reinforcement. With lateral prestressing, or active rein-
forcement, a powerful new option was opened. This was due to the fact
that the stress field in the anchorage zone could be significantly
altered by the addition of a transverse compressive force. Experi-
mental results were reported in the previous report of this series
[2]. Detailed design recommendations are given herein.

(6) To develop recommendations for specific design criteria
for post-tensioned anchorage zone tensile stresses.

Based upon experimental and analytic data these recommendations can

be broken down into two categories:

(a) If the structure is to be located in a highly corrosive
environment where not even minor cracking can be tolerated, what is
the maximum permissible stressing load, given the geometry of the

anchorage zone?

(b) Given rigid geometric conditions and required load, what
is an "acceptable' crack and how can this be controlled through an

active or passive reinforcing scheme?

In either case the structure must be capable of performing satisfac-
torily under service load conditions and with an adequate factor of
safety under failure conditions. The design recommendations and

examples based on this investigation are contained in this report.






CHAPTER 2

ANCHORAGE ZONE BEHAVIOR DESIGN IMPLICATIONS

2.1 Introduction

2.1.1 General. 1In the preceding report in this series [2],
detailed experimental data and photos were presented for both model
and prototype specimens. Comparisons were provided between the
analytical model [1] and the physical tests, and similitude rela-
tionships between model and prototype were developed. In this
chapter, the overall trends obtained experimentally will be sum-
marized, trends will be extrapolated using the arnalytical program

PUZGAP and design implications will be indicated.

An extensive comparison was made of experimental data and the
finite element analysis results. A semi-empirical calibration pro-
cedure provided a method by which the cracking load could be pre-
dicted with reasonable accuracy from the results of an analytical
analysis using the three-dimensional finite element program (PUZGAP).
The development of this semi-empirical method is presented in Sec.
2.2, while the actual calculations are illustrated in Sec. 2.3. Using
these procedures, cracking loads for the major geometric variables
were calculated and compared to the experimental results in Secs. 2.4
through 2.7. The solid line on each figure in those sections repre-
sents the finite element predicted cracking load. Analytical
results were extrapolated to include regions beyond the range of the

experimental data to establish design trends. Sections 2.4 through

2.7 present the observed normalized load trends causing initiation
of the tendon path cracks for the major geometric variables: cover,

inclination, bearing area, and eccentricity.

17
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Since the test specimens used to explore those effects
contained no supplementary anchorage zone reinforcement, ultimate
loads for most cases occurred at loads only nominally above the
load to cause cracking. Thus, no ultimate load conclusions should
be drawn from these tests. Since both the cracking and ultimate
load can be raised significantly through the use of supplementary
anchorage zone reinforcement, the effects of such reinforcement are
dealt with in Sec. 2.8. Major emphasis is placed on the development
of simplified multipliers which can be applied to the cracking load
of the specimen without supplementary reinforcement to predict the
expected cracking and ultimate loads for the same section with sup-
plemental reinforcement. To complete the generalization, the crack-
ing trends presented in Secs. 2.4 through 2.7 (for unreinforced sec-
tions) are reduced in Chapter 3 to a design expression through a

regression analysis of the experimental data.

2.1.2 Methods of Comparing Test Results. The cracking

behavior of the anchorage zone is very much a function of the tensile
capacity of the concrete. Two measures of this capacity are the
indirect tensile strength as measured by the split cylinder test and
the computed tensile strength based on measured compressive strength,
which is usually expressed as’<¢§2_. Since the split cylinder
strength proved to be the most accurate normalizer when comparing
model and prototype performance, it will be used in developing the
mathematical model and for comparison with test results. On the other
hand, for design applications and regulations most practicing engineers
would rather deal with a function of the compressive strength, since
this is the general control specimen used. There is a large amount of
data relating fé and fSp so that a suitable conversion factor can be

derived. This will be presented in Chapter 3.
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2.2 General Concepts of Thin Web
Anchorage Zone Failure

2.2.1 Anchorage Zone Failure. 1In spite of the many variables

investigated in the experimental program reported in detail in Ref. 2,
the post-tensioned anchors in thin web girders tended to exhibit a
generally consistent behavior in sequence of failure. The actual loads
at which various stages were reached were affected by variables such as
inclination, eccentricity, and supplementary reinforcement but the

sequence was generally the same.

The failure sequence for a plate anchor specimen with no
supplementary reinforcement is shown in photographs in Fig. 2.1 and
summarized in Fig. 2.2. The basic stages are:

(a) Initial cracking along the tendon path, beginning at a distance
about the bearing plate width in front of the anchor

(b) With increased load, the crack extends both towards the
loaded face and away from it

(c) Formation of diagonal cracks on the end face, emanating from
the four corners of the bearing plate

(d) Propagation of the diagonal cracks on the side faces
(e) A generally sudden explosive-type failure, with complete

destruction of the side face and a noticeable formation of a

cone of crushed concrete ahead of the anchor.

In specimens with no supplementary reinforcement, stages (d)
and (e) are often almost simultaneous. The main effect of the sup-
plementary anchorage zone reinforcement is to raise the initial
cracking loads and to provide a significant amount of reserve strength

between cracking and ultimate.

2.2.2 The Bearing Stress Role. As documented in the tests

reported in Ref. 2, the cracking load is fairly insensitive to

appreciable changes in the bearing area. The two full-scale tests,
FS1A and FS1B, had identical cracking loads and had differences in
normalized cracking loads of only 12 percent, despite a 73 percent

difference in anchorage bearing area. Furthermore, these tests were



(a) Tendon path crack

Fig. 2.1

b) Diagonal cracks at anchor

Failure sequence--plate anchors
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(¢) Diagonal cracks propagate

Fig. 2.1 (Continued)

(d) Ultimate failure
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(e) Cone of crushed concrete

Fig. 2.1 (Continued)
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conducted on straight tendon, concentrically loaded specimens.
Cracking loads for inclined and eccentric tendons with no supple-
mentary anchorage reinforcement are substantially less than those

for a straight concentric tendon, given identical anchors. While
bearing stress should be a factor in a design equation, results indi-
cate it should be a minor one. The factor ZJ/t, which indirectly
reflects cover as a function of the anchor width (2a’) and the web
thickness (t) is considerably more important than the factor (2a'/t)2
which reflects the bearing area. Present specifications which base
anchorage design principally on bearing stress are not only over-
conservative for straight tendon, concentric load applications, but
inapplicable and generally unconservative for inclined and eccentric
tendon situations. A more accurate general indicator of cracking

trends is thus needed.

2.2.3 The Bursting Stress Role. Since most previous research

[1] focused on a bursting stress design criterion it is important to
have a clear understanding of the bursting stress variation for all
geometric variables studied. One measure of this is the peak tensile
bursting stress developed for a given load. As the analytically com-
puted bursting and spalling stresses (strains) were in general agree=-
ment with the physical test strainmeter data it will simplify com-
parisons to use the 3D FEM analytical solution results. Reference
will be made to specific measured data where important trends were
observed. Table 2.1 provides a summary of all three-dimensional
finite element studies pertinent to the physical test program. Data
are provided for a 1 kip load. Since the solution is linear, com-
parable data for any tendon load can be obtained by multiplication

of the indicated results by the load. Values corresponding to speci-
fic test specimens at their measured cracking loads are presented

later in Sec. 2.3.

For concentric straight tendon specimens with varying

thicknesses, column Oyp in Table 2.1 indicates that the maximum



TABLE 2.1

3D-FEM SUMMARY

Maximum values at 1 kip load

Geometric Variables

Spalling Bursting
t 2a e 2a' S Strain (ug) Stress (psi) Strain (ug) Stress (psi)
(in.) (in.) (in.) (in.) (degrees) € xs U xs € xb g xb

:"4‘ 3 20 0 2 0] 5.04 19.2 2.88 6.48 *
-E’ 3 20 4 2 0] 13.72 51.2 2.8 5.76 *
85‘ 3 20 6 2 0] 16.48 123.0 2.8 4.72 *
88 3 20 8 2 0] 22.9 171.0 2.0 3.36 *

3 20 0 3 0] 3.92 19.2 2.48 5.84 *
g‘m 3 20 0] 2.625 0 4.24 16.48 2.8 6.0 *
:8 3 20 0 2.125 0 4.88 18.76 2.56 5.68 *
84#_4) 3 20 0] 2 0 5.04 19.2 2.72 6.1 *
mw 3 20 0] 1.5 0 5.84 22.0 2.48 5.3 *

1 20 0] 1 0] 10.4 39.6 8.0 20.6 *

2 20 0] 2 0] 7.6 28.8 4.0 10.1 *

3 20 0] 2 0] 5.04 19.2 2.88 6.48 *
ﬁ 4 20 0] 2 0] 4.4 18.4 2.0 4.64 *
'9‘ 5 20 0 2 0] 3.8 13.08 1.6 3.68 *
= 6 20 0] 2 0] 3.12 9.68 1.28 3.2 *

S¢



TABLE 2.1 (Continued)

Maximum values at 1 kip load

Geometric Variables

9T

Spalling Bursting
t 2a e 2a' 9 Strain (ue) Stress (psi) Strain (ue) Stress (psi)
(in.) (in.) (in.) (in.) (degrees) Exs Oxs Exb Oxb

8 3 20.5 0 2.625 0 8.04 34,0 5.02@ 13.9@ * %
ﬁ 3 20.5 0 2.625 15 40. 32 164.0 3.764@ 11.5@ *x
g 3 20.5 0 2.625 30 57.76 229.0 2,87@ 9,12@ * %
: 6.72#%# 23.9% *%
g 3 20.5 0 2.625 45 80.8 325,0 3.16@ 9.52@ **
= 8,72#%# 32.3# *%

3 20.5 0 2,625 30 24,1 94.4 1l.68@ 2.99@ **,T
= 5.52#% 19.44% **, 1
&4 3 20.5 0 2.625 30 50,24 197.6 -0.856@ ~7.04@  **,II

4.32% 13.6% ** TT

Notes:

* Tendon duct not included in FEM mesh.

** Duct, friction and normal (radial) forces included in mesh.

I 0.3 kip LPT at0.146a from loaded face.

II 0.3 kip LPT at0.780a from loaded face.

@ Peak burstinag stress (strain) at 4a' from loaded face along tendon duct.

# Peak transverse stress (strain) at point of maximum tendon curvature (not a conventional
bursting stress).
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bursting stress decreases exponentially with increasing thickness.
This is expected, and the trend is illustrated in Fig. 2.3. The
solid line in this figure represents the predicted peak bursting
stress at the model tendon design load of 25 kips (400 kips prototype)
0.8 fpu). Even at the higher loads which actually caused cracking
in the test specimens the measured peak stresses are insufficient to
explain why cracking occurred, since the tensile strength of the
concrete (which is shown on Fig. 2.3) is considerably in excess of
the highest bursting stress expected or measured. For example, in
the first line of the table with t = 3 in., e = 0, 8 = 0, Table 2.1
indicates the calculated peak bursting stress at a 1 kip load to be
6.48 psi. The cracking load for the corresponding test specimen
(M2-2) was 34 kips. Thus, at cracking, the calculated peak bursting
stress is 6.48 (34) = 220 psi, as plotted on the dashed line of Fig.
2.3. This value is well below the measured tensile capacity of the
concrete for that particular specimen (fsp = 627 psi). The experi-
mentally measured values showed peak stresses at cracking based on
measured strains to be approximately 30 to 50 percent higher than
those predicted by the computer analysis, as shown in Fig. 2.3.
These values are plotted above the 3D FEM predicted values and again
clearly fall well below the measured tensile strength of the con-
crete. The observed bursting strains at cracking were generally
well below the 150 microstrain recommended by Rusch [10] as the

lowest limiting strain which would cause cracking.

The most important evidence that the bursting stress is not
the proper criteria for anchorage zone cracking behavior comes from
eccentric straight tendon tests. The survey of design methods out-
lined in Ref. 1 showed that in the widely accepted symmetrical prism
vanalogy of Guyon [7], to treat the case of an eccentric tendon, the
distance from the eccentric load centerline to the nearest face
(denoted al) is used in place of the value a (half height of the

~ section). For increasingly eccentric loads, the value a, thus

1
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becomes smaller and smaller. For a given anchor plate the depth of
the plate 2a’ remains constant. Thus for eccentric tendons the value
of 2a'/2a1 becomes larger. Since the value 2a1 essentially repre-
sents an effective section height 2a for the symmetrical prism, it can
be seen from Fig. 1.5 that for increasing eccentricities the value of
a’/a (or a'/a1 for the eccentric section) approaches 1 and the peak
bursting stress decreases. The 3D FEM analysis results and the
experimental results shown in Fig. 2.4 both indicate decreased burst-

ing strains with increased eccentricity.

The test results, however, showed that cracking load was
appreciably reduced with increasing eccentricity. Thus, there is a
direct conflict between the experimental results and the bursting
stress criteria theory. This is an extremely important statement!!

It means that if design of reinforcement for the anchorage zone is
based upon bursting stresses using the Guyon symmetrical prism analogy
or the FEM analysis, less supplementary reinforcement would be
required for loads with higher eccentricities. The experimental
results clearly indicate the cracking load is reduced with increased
eccentricity and show that there is a serious error in this logic.

The decrease in bursting stress trend with increased eccentricity pre-
dicted by Guyon appears to be qualitatively valid when compared with
finite element data (Table 2.1) and experimental data obtained in

this study. It is the correlation of calculated or measured bursting

stress with experimental cracking loads which does not agree.

For inclined tendon specimens, Table 2.1 shows that the
computed bursting stress also decreases with increases in the angle
of inclination. Figure 2.5 shows clear experimental verification
that the measured bursting stress (strain) decreased with increases in
the tendon inclination. This directly contradicts the experimentally
observed cracking trend which showed that cracking loads decrease with

increasing inclination.
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Fig. 2.4 Experimental bursting strain distribution--
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Although not a conventional bursting stress from the
elasticity definition given in Chapter 1, Table 2.1 shows that for
highly inclined multiple strand tendons (note 30, 45 degree values
specifically) the transverse tensile stress along the tendon path at
points near the region of maximum curvature begins to increase. The
two values shown in the table (labeled # in Table 2.1) represent the
3D FEM predicted transverse stress at the point of maximum curvature
developed by applying appropriate friction and normal forces along the
tendon duct. The true peak conventional 'bursting' stress occurs at
approximately a distance of 4a’ from the loaded face. These values
are marked with the symbol @ in Table 2.1 and show the general
decrease with increased inclination. The bursting stress in the
anchor region marked with @ is insufficient to cause cracking at the

loads observed experimentally.

For example specimen FS2B (30 degree tendon) cracked at a
load of 330 kips. Using the results shown in Table 2.1 and scaling
the prototype load to a quarter-scale load by (1/4)2 = 1/16 would
indicate a peak bursting stress of (330)(9.12)/16 = 187 psi, con-
siderably less than the measured 455 psi indirect tensile strength of
the concrete used in that specimen. On the other hand, the trans-
verse peak stress at the point of maximum curvature, 330 (23.9)/16 =
490 psi would probably cause cracking, and, in fact, the crack did
initiate from this location in specimen FS2B. While the conventional
bursting stress clearly i1s an inappropriate indicator of the cracking
behavior in the anchorage zone, the special case of the highly
inclined curved multiple strand tendon poses an additional mecha-
nism for crack formation. For this case the calculated transverse
tensile stress at the point of maximum curvature does agree qualita-
tively with experimentally observed cracking data. Design of
reinforcement to resist the transverse tensile stress in the region of
maximum curvature is, therefore, a requisite when dealing with

curved tendons. This is discussed in Section 2.2.5.
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Conventional bursting stress analysis is not a proper

criterion for control of anchorage zone cracking.

2.2.4 Spalling Stress Role, When the major contradiction
outlined in the previous section was noted between the predicted
bursting stress and the actual eccentric tendon cracking load trends,
a detailed examination was undertaken of the state of stress in the
anchorage zone using the three-dimensional finite element program.
Somewhat unexpectedly it was found that the computed tensile
spalling stress along the end face increased rapidly with increasing
eccentricity. The maximum value calculated was located near the
lower edge of the plate anchor. While no evidence was seen in any
test specimens of external cracks due to spalling stresses, the vari-
ation in magnitude of the computed spalling stress also correlated
with the observed wvariations in the inclined, bearing stress, and

cover series specimens.

Studies of the role of the spalling stresses in anchorage
zone behavior led to the formulation of a failure hypothesis outlined
in Sec. 2.2.5. Since the spalling stress (strain) seems to be the
best indicator of tendon path crack initiation, even though 'spalling
cracks" do not occur, a method of predicting first cracking through
the use of analytically derived spalling stresses (strains) was

developed, as outlined in Sec. 2.2.6.

2.2.5 Anchorage Failure Mechanism. Detailed comparison of

analytical and experimental data for a wide variety of variables
indicated that several key phases were common in the overall loading
behavior of plate (bearing) type anchorages. These phases suggested

a general failure mechanism which could also be adapted to cone and

bell anchors.

The key phases were:
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(1) Appearance of the longitudinal tendon path crack, usually

beginning at a distance approximately 2a’ from the loaded face.

(2) Appearance of upper and lower diagonal cracks emanating from
the corners of square anchors or of radial cracks from circular

anchors.

(3) Ultimate failure consisting of an explosive side face blow

out, usually occurring shortly after formation of the diagonal cracks.

(4) After failure a cone (pyramid) of crushed concrete was
observed beneath the anchor plate with the telltale presence of

powdered concrete along its edges indicative of a shear failure.

To further investigate the shear type failure noted in phase
(4), a study was made of both the calculated spalling tensile stress
(strain) and maximum shearing stress (strain) in the vicinity of the
anchor plate edge. The shearing stress values offered no direct cor-
relation which would explain the cracking behavicr. The spalling
stress values, however, followed a definite trend which indicates
that the following sequence is the probable mechanism leading to
anchorage zone failure for bearing plate anchors and with minor

modifications for cone and bell type anchors:

(1) Due to large friction forces developed directly beneath the
anchor plate, Poisson ratio type lateral expansion of the concrete

in this vicinity is constrained.

{2) A complex, triaxial compressive stress state is thus set up
which permits development of extremely high direct bearing stresses

(up to Bfé) beneath the plate (see Fig. 2.6a).

(3) The confining lateral forces at the edge of the plate are
reduced by the presence of the spalling tensile stress (strain). As
this reduction in lateral confining stress takes place the effect on
the state of stress would be to increase the shearing stress, as
can be seen from the increase in diameter of the Mohr's circle as

illustrated in Fig. 2.6b.
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(4) At some level of applied load the confining stress is suffi-
ciently reduced (though still in compression) that an internal shear

failure occurs along the plane of maximum shear stress.

(5) The maximum shearing stress plane occurs at an angle of 45°
counterclockwise from the primary stress Op axis and thus propagates
to form the 45° pyramidal "cone'" seen for all plate-type anchors

(see Figs. 2.le and 2.6c¢).

(6) Simultaneous with the formation of the cone, a tendon path

crack propagates from the tip of the cone, as shown in Fig. 2.6c.

(Phases 5 and 6 can be delayed by the presence of supple-
mentary anchorage zone reinforcement. This delay can be substantial
when spirals and lateral post-tensioning which enhance confinement

are used.)

(7) The cone is forced into the anchorage zone, setting up large
lateral forces which eventually produce the upper and lower diagonal

cracks.

(8) Increases in load above that required for formation of
diagonal cracks lead to ultimate explosive failure of the side

faces, bounded by the upper and lower diagonal cracks (see Fig.

2.64d).

2.2.6 Prediction of First Cracking Based on Analytical

Studies. A summary of the three-dimensional finite element

analysis findings was presented in Table 2.1. Dimensions correspond
to those of the quarter-scale specimens at a load of 1 kip. For
full-scale comparison, dimensions should be multiplied by a scale
factor SJe of 4 and the stresses and strains shown would correspond

to a load of SE or 16 kips.

As pointed out in Sec. 2.2.4, the spalling stress-strain
trends seem to be the best indirect indicator of crack initiation.

As a means of comparing the maximum tensile spalling strain, all
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values in Table 2.1 which corresponded to physical specimens were
multiplied by the respective measured cracking loads to obtain the
predicted peak spalling strain at the plate edge. These values are

presented in Table 2.2.

2.2.6.1 Straight Tendons. For straight tendon specimens the
mean tensile spalling strain at cracking was 190 Ug {(microstrain) with
a standard deviation of 18 e. A value one standard deviation below
the mean, 172 ye¢, was assumed to be a limiting spalling strain at
internal crack initiation. This value, incidentally, compares well
with Rusch's value of 150 for the lower tensile strain capacity for
concrete, although, as explained earlier, the formation of the tendon
path crack is a complex mechanism and not a simple propagation of a
spalling crack or a 'bursting' crack. Any 3D FEM analysis results for
straight tendons with calculated spalling strains greater than 172 ¢
can be viewed as a trigger threshold for formation of the tendon path

crack in specimens without supplementary anchorage zone reinforcement.

2.2.6.2 1Inclined tendons. In modeling the anchorage zone
for an inclined tendon it is usually necessary to provide a 'block
out" so that the anchorage can be positioned at the proper angle
without altering the vertical end face which must mate with successive
elements. The presence of the blockout introduces a right angle, or
so-called re-entrant corner, in the geometry at a position close to
the application point of the post-tensioning load. This gives rise
to a stress concentration at this location of approximately 6 to 7,
slightly less than that given by Peterson [11] for a loaded T-head.
Rather than attempting to determine the precise effects on the
spalling tensile strain of the change in inclination and the pres-
ence oOf the idealized perfect right angle, a different strain
threshold for inclined tendons was assumed. The average value for
inclined tendons in Table 2.2 was 1150 {l¢ (roughly 6 to 7 times that
for straight tendons) with a standard deviation of 58 pe. The

limiting value for crack initiation in the anchorage zone for



40

TABLE

3D-FEM PEAK SPALLING STRAIN AT FIRST CRACKING

e - P Corresponding
. . XS cY .
Variable ’ Specimen
XS cr £
sp ID
0 172 0.274 M2-2

e .3A 168 0.513 M7A-4
e .B6A 205 0.414 M1Aa-4
2a' 0.875¢t 165 0.244 MR1A
2a’' 0.875t 207 0.317 MI1A
2a' 0.875¢t 201 0.501 FS1B
2a' 0.71¢c 209 0.309 MR1B
2a’ 0.71t 200 0.329 MI1B

t 0.2a 183 0.292 M3-2

t 0.3a 172 0.274 M2-2

t 0.4a 210 0.334 M1-2

8 15 1109 2.08 FS2a

0 30 1191 2.61 FS5B

8 30

k 845 1.5 FS5B

60 LPT @ 0.15a

(continued)



TABLE 2 .2 (Continued)

€ P Corresponding
Variable € * P X5 cr Specimen
XS cr
sp ID
= 30
X 8 3 1444 2.56 FS5A
60" LPT @O.78a
Straight Tendon Specimens: € P = 190
Xs cr
S.D., = 18
X Pcr
s = 0.345
Sp
S.D. = 0.09
Inclined Tendon Specimens: € P = 1150
XS Cr
s.D. = 58
exs ) Pcr
£ = 2,34
sp
S.D. = 0.26
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inclined tendons was thus set at 1092 {e. A rezone technique was
necessary to refine the mesh in the vicinity of the anchor for
accurate resolution of the above values. The transition between
this value and the much smaller one for straight tendons needs fur-

ther study to adequately treat the effect of very small inclinations.

2.2.6.3 Multistrand Effect in Curved Tendons. Cracking
loads predicted from the use of the assumed critical spalling
strains assume first cracking to occur in the anchorage zone via the
mechanism discussed in Sec. 2.2.5. For the case of highly inclined,
curved multiple strand tendons the cracking load may be significantly
less due to failure initiating at the point of maximum tendon curva-
ture. This independent failure mechanism should be checked in

accordance with the theory presented in Sec. 2.2.7 and the rein-

forcement recommendations presented in Chapter 3.

2.2.7 Multistrand Side Face Failure Mechanism. For thin

web post-tensioning applications where significant tendon curva-
tures are required and multiple strand tendons are used, a second
mechanism may govern the failure of the section. Any time a loaded
tendon follows a curved path, normal and friction forces will be set
up as shown in Fig. 2.7. Equilibrium of forces in the vertical (x)

direction yields:

P sin Qg + (P + dP) sin Qg -N=90 (2.1)
2P sin 9% + dP sin Qg - N (2.2)

where N = summation of all normal components over ds. The normal

force applied to the tendon duct per unit length is thus:
p = N/ds (2.3)

Also, from small angle theory
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d d
sin —g = ARC —g 2.4)

Substituting (2.4) into (2.2) yields

2P a9 + dP a8 _ N (2.3)
2 2
But dp ggfv 0 thus
Pdg = N (2.6)

Substituting (2.3) into (2.6) yields

- pd6 _ P
p =P ds R (2.7)
where P = post-tension load (kips)

R = radius of curvature at a given point {(in.)

p = normal load on tendon duct per unit length
(kips/in.) ‘

From calculus

£§£> 2}3/2
. dz o
R = ) (2.8)

Most curved tendon profiles can be described by the equation
X = A23 + B22 + Cz + D (2.9)

Substitution into (2.8) yields

_ [t + Az 428 + %10

|6Az + 23]

R (2.10)

If the value of R is relatively small, very large normal
components of the post-tensioning force are set up which can cause

tendon path cracking at loads below those which would initiate
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cracking in the anchorage zone proper. This is more likely to occur
when the anchorage zone is well-reinforced and the point of maximum
curvature occurs well away from the anchorage and does not have sup-
plementary reinforcement. Figure 2.8 illustrates this failure
sequence which was observed in the full-scale tests, as shown in Fig.
2.9. An empirical design method to control this effect will be pre-

sented in Chapter 3.

2.3 Major Effects of Variables

In this section the measured cracking loads of the physical
test specimens reported in Ref. 2 and the predicted cracking loads
using the 3D FEM analysis with cracking criteria based on the empir-
ically based spalling strain levels developed in the preceding sec-
tion are discussed as functions of the major variables in the program.
Use of the 3D FEM procedure allows a more general comparison of the
effect of variables. As a means of nondimensionalizing the data pre-
sented in the following sections, the normalized cracking load
Pcr/fsp (which has units of square inches), is divided by the cross-

sectional area of the web--2at.

2.3.1 Cover and Thickness Effects. For most specimens in

the scale model and full-scale tests, the web thickness was a con-
stant, as was the section height. To investigate the effect of
cover, however, one model series was conducted wherein similar
anchors were used while varying the web thickness. Rather than
dealing in absolute web thickness (t = 6 in., for example), the cover
is expressed indirectly as a ratio of the width of the bearing plate
divided by the thickness (2a’/t) or expressed directly as the cover/
thickness ratio on a face (C/t = 1/2 - a’/t). Table 2.3 lists the
data pertinent to this series, while Fig. 2.10 shows the non-
dimensional cracking trends with respect to cover. The solid line,
which forms a reasonable and conservative lower bound for the experi-
mental data, was based on the three-dimensional finite element pre-

dictions discussed in Sec. 2.2.6.
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{a) UNSTRESSED TENDON

TENDON AT STRESSING LOAD

LARGE RADIAL FORCES DUE TO
"FLATTENING OUT" OF TENDON
BUNDLE INITIATE CRACKING IN
VICINITY OF SHARPEST CURVATURE

¢ {c) FAILURE

SIDE FACE RUPTURE AT
¢ POINT OF SHARPEST
CURVATURE

»~

Fig. 2.8 Multistrand failure in a curved tendon



(a) Ultimate load: 590 kips. Side face rupture at
point of maximum curvature

(b) Close up of failure zone. Vertical bar in center
has been forced outward

Fig. 2.9 Failure due to multistrand effect
in specimen FS3B

47
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TABLE 2.3

COVER EFFECTS

Cover (in?) (in?) (in?) (in?) p

Specimen Rasio Pcr Pcr Pult Pult f§? 7 c;t
- 7

2a’ /t fsp ,\/f::_ fsp ,\/E’C_ /f—c ( sp )
M1-2 0.50 68 659 68 659 9.6 0.85
M2-2 0.66 54 521 54 521 9.6 0.90
M3-2 1.00 38 365 38 368 9.6 0.95
M3-2R 1.00 39 333 41 351 8.5 0.975
MR1A 0.875 54 529 76 734 9.? 0.878
MR1B 0.71 59 573 73 706 9.7 0.959
Mla 0.875 71 677 86 815 9.5 1.154
MI1B 0.71 59 560 72 683 9.5 0.959
FS1A 0.71 55% 352% - - 6.4 0.894
FS1B 0.875 62% 328% - - 5.3 1.008

*Adjusted to 1/4 model values. Multiply above numbers by 16 to
obtain prototype values.
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The trend exhibited in Fig. 2.10 would tend to indicate that
for specimens with like values of fsp’ it would appear that sections
will crack when about the same uniform compressive stress (Pcr/Zat)
is applied, irrespective of the ratio of cover concrete (C/t). It
does not mean the absolute cracking load remains the same as cover

is increased.

Clearly the thickness of the section is an important variable.

Since the sections with like values of fSp crack when a specified
uniform compressive stress (Pcr/Zat) is reached, thicker sections
will require higher loads to achieve that specified stress. The
effect can be illustrated by factoring out the nondimensionalizing
term (2at), and plotting Pcr/fsp in Fig. 2.11. Here it can be
clearly seen that, for any given anchor size, as the thickness of

the section increases due to increased cover the cracking load also

increases significantly.

2.3.2 Inclination Effects. A summary of specimens with

inclined tendons is presented in Table 2.4. The angle of inclination
is measured from the axis normal to the end face. In general, as the
angle of inclination increases, the cracking load drops. This trend
is clearly illustrated in Fig. 2.12. The solid line was generated
from the finite element predicted cracking loads. An approximate
value for the decrease in the normalized cracking load (Pcr/ZatfS ) is
1 percent per degree of inclination as measured from the normal to

the loaded face, as shown in Fig. 2.12.

2.3.3 Bearing Area Effects. A summary of the seven specimens

which dealt with the effect of bearing area on the behavior of the
anchorage zone is presented in Table 2.5. 1In contrast to the cover

series, the width of the specimen was kept constant and the size of

the anchorage was successively reduced to obtain higher bearing
stresses for a given load. 1In general, it was observed that the
cracking load increased slightly for increases in the size of the
bearing plate, as shown in Fig. 2.13. The results of the FEM analy-

sis agree with the test data. The relative flatness of the curve
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TABLE 2.4
INCLINATION EFFECTS

Specimen  Inclination {inz) (iti%—, P (inz) v (inf}77— /£ P _/2f at

pcr/fsp Pcrf fc ult/fsp ult/ fc sp° € Cr "Tgp
PSIB* 0 62 328 6.4 1.008
MIlA 0 71 677 86 815 9.5 1.154
MI1B 0 59 560 72 683 9.5 0.959
MR1A 0 54 520 76 734 9.7 0.878
MR1B 0 59 573 73 706 9.7 0.959
FS2A* 15 51 387 - -— 7.4 0.829
FS2B* 30 45 303 - - 6.6 0.731
M1-3 30 45 468 52 535 10 0.750
MI12 30 51 411 82 659 8 0.829

*Full scale values adjusted by scale factor of 1/16.
by 16 to obtain prototype equivalents.

For comparison multiply above values
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BEARING AREA EFFECTS

TABLE 2.5

Specimen Bgzgigg Cr/fSp Pcr//gz_ Pult /fs Pult//EZj SP/VEZ_
17772
M2-2 0.44 54 521 54 521 9.6
MI1B 0.50 59 560 72 683 9.5
MR1B 0.50 59 573 73 706 9,7
FSla* 0.50 55 352 - ——— 6.4
MIlA 0.76 71 677 86 815 9.5
MR1A 0.76 54 | 520 76 734 9.7
FS1B* 0.76 62 328 -- - 5.3

*Adjusted by scale factor of 1/le.

equivalents.

Multiply above values by 16 to obtain prototype

A9
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can be seen by observing the increase in Pcr/zatfsp for dramatic
changes in Al/AZ where A1 = the area of the bearing plate and A2 =
the area concentric with and geometrically similar to the plate
(these definitions are as given in the ACI Building Code). For
instance, for Al/AZ = 1, the cracking load is 40 percent above that
for the case of Al/A2 = 0.2. Thus, the 40 percent increase in crack-

ing load corresponds to a 500 percent increase in bearing area.

It should be noted that increased Al/AZ values correspond to increased

a’ /a values which should result in decreased bursting stresses.

With slight rearranging, the ACI equation for bearing stress
after allowance for prestress losses (Sec. 18.13 ACY 318-77 Commen-

tary) yields the following formula:

_ ’ e ’
fllow = O.6fC,JA2/Al s £, (from ACT)
— _ 1
Pallow = fallow X A1 = 0-6f, VA /A; x A
for fé = 4000 psi (average, most tests), and fSp
= 8.3 Vfc (models) [A lower value of around 6. 5/f
would be more appropriate for
prototype concretes. |
Pallow/fsp = 4.57 JAZA1 (2.11)

As a comparison, these values are plotted as a broken line below the
experimental data in Fig. 2.13. Also plotted is a similar curve based

on the ACI bearing stress equation immediately after tendon anchorage

= 0.8 fé A/AZ/AI - 0.2<1.25 fé . This expression is in very

fallow
i i
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good agreement with the data trends and is quite conservative,

They follow the correct trend but are indeed conservative, especially
since the ACI formula is based on ultimate load (not cracking).
Since, with supplementary reinforcement, the cracking and ultimate
loads can be raised significantly, the ACI curve is in actuality

very conservative.

A similar examination can be made of the AASHTO Anchorage
Bearing Stress criterion of AASHTO Sec. 1.6.1.(B)(4). This allows a
post-tensioned anchorage bearing stress at service load of 3000 psi
but not to exceed 0.9 fé.. For the model series fé was about 4000
psi, 2a was 20 in. and t'was 3 in. To illustrate the effects of this

criterion in Fig. 2.13 the following procedure was used

fallow = 3000 < 0.9(000)
Pallow ~ fariow X Ay = 30004,
Again, for the models f _ = 8.3 ~/f' | so
sp c
Pallow B 3000Al

1
i
~I
N
g

—

fsp 8.3,/4000

Nondimensionalizing as in Fig. 2.13

Pal1 AL 572020 ¢

-_ 3 _1 - t—
£ 2at - > %2 Z2at Jat £ =228 2
sp 2
For 2a = 20 t =3
all 0.86 il
f 2at : A

sp 2
The AASHTO values for various Al/AZ ratios are shown on Fig. 2.13.
The AASHTO procedures become increasingly conservative as smaller

bearing plates are used in a constant thickness web and also

severely penalize small anchors in high strength concrete. The
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CEB-FIP expression (Pu = fcd A/AlA2 s 3.3 fchl) is shown in roughly
comparable terms (P = 0.67f": A/AZAI < 2.2 f(':Al) in Fig. 2.13. It is

similar to and falls in between the ACI expressions.

The general trend of the ACI and CEB expressions is much more

in agreement with the experimental and analytical results than are the
AASHTO expressions. Remembering that all experimental and analytical
data are for specimens with no supplementary anchorage zone rein-
forcement, the suggested design expressions for bearing stress for
post-tensioned anchorages could be liberalized significantly. The

AASHTO expression should be changed to reflect cover effects,
A reasonable expression would be
= 0, ’ < 1, ’
£ 8fCiA/A2/A1 33ijL
which is shown as a ''suggested" curve on Fig. 2.13.

2.3.4 Eccentricity Effects. A series of nine tests dealt

with the effect of eccentricity of the anchorage in a web. Data for
these tests are given in Table 2.6. The general trend, shown in

Fig. 2.14 indicates that increased eccentricity results in a decrease
in the cracking load. As a measure of this, an anchor located 1/3 of
the distance from the centroidal plane toward the edge will crack at a
load 25 percent below that for centroidal loading. An anchor located
2/3 of the way toward the edge will crack at a load approximately 50
percent below that for centroidal loading. The trend appears to be
fairly linear. The superimposed solid line represents the finite
element analysis predicted cracking load. If the anchor is so eccen-
tric that it is located within the flange region, these results may

not be meaningful.

2.3.5 Passive Reinforcement Effects--Spirals, Orthogonal

Grids. There are basically two reasons for adding supplementary
reinforcement to the post-tensioned anchorage zone. The most
important is to prevent complete failure in the event that cracking

should occur, and thus to ensure that the safety of the structure is



TABLE 2.6

ECCENTRICITY EFFECTS

(in?) (in?) (in?) (in?) Per
Specimen Pcr/fsp pcr/ fsp Pult/ fc’ Pult/ £’ sp/ £ 2fspat
M7A-4 .3a 46 306 52 347 6.6 0.76
M7C-4 .3a 58 508 65 572 8.7 0.96
M1A-4 .6a 36 301 36 301 8.3 0.6
M8B-4 .6a 43 475 49 537 10.8 0.716
MR1A 54 520 76 634 9.7 0.88
MR1B 59 573 73 706 9.7 0.959
M 1a 71 677 86 815 9.5 1.15
MI1B 59 560 72 683 9.5 0.959
PS1B* 62 328 - - 5.3 1.008

*Values adjusted by 1/16 to model scale.

multiply above values by sixteen.

To obtain equivalent values for prototypes

39
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unimpaired. However, in most cases, the addition of supplementary
reinforcement will also tend to raise the cracking load, due to the
confinement of the concrete. Thus, the second reason for adding
supplementary reinforcement is to increase the surface crack formation
load adding to the resistance to corrosion and to the aesthetics of

the post-tensioned application.

The reinforcing schemes tested during the rectangular model
series [2] indicated that spiral reinforcement was far superior to
conventional orthogonal or grid-type reinforcement. However, in many
cases it may be impractical to use spiral reinforcement because of
congestion in the anchorage zone. For such situations, orthogonal
reinforcement, while less efficient, will provide some increase in
the cracking load and a substantial increase in the ultimate capacity.

General trends for both types of passive reinforcement are discussed

below.

2.3.5.1 Spiral Reinforcement. Test results for spirally
reinforced specimens (summarized in Tables 2.7 and 2.8 and shown in

Fig. 2.15) indicate the following trends:

(1) For a given volumetric percentage of spiral reinforcement,
the spirals fabricated from smaller diameter bar stock (3/8 in. versus
1/2 in. for the prototype tests) were observed to perform better than
identical spirals fabricated from larger bar stock. While this trend
may not be a general rule, it indicates that for a given required
quantity of reinforcement, the most efficient means of deployment
is through the use of spirals fabricated from smaller bars at a

closer pitch, rather than from large bars at a greater pitch.

(2) Within the range investigated in the full-scale tests, long
spirals (26 in. in length affixed to the anchor) performed no better
than short spirals (13 in. in length). For the case of the inclined,
curved, multiple strand tendons, however, careful attention must be

paid to the possibility of cracking along the tendon path at the



TABLE 2.7

REINFORCEMENT EFFICIENCY SUMMARY -~

INCLINED TENDON TESTS

A B A _ B - 1 B _
Specimen Reinforcement in.) (in.) 10,000
X 100% X % X % i
Pcr/fsp Pult/fsp 00% 100% 1007% {(kips)
FS2B Contro} (Full scale) 295 _ 0 . o 0
No Reinforcement
D=8" , 4=13"
Fs3A 787 1361 9 73 88 10.6
§ =2 , 4= 3/8"
D=28" , {4 = 13" e
FS3R 636 1250 -12 96 72 18.84
g = 2" , d = 1/2"
D=28" , £ =26"
Fs4a 779 1267 8 63 75 21.2
s =2" , 4= 3/8" '
FS5A 60 kips LPT at 32" 845 —— 17 - - 8.26
FS5B 60 kips LPT at 6" 959 1599 33 66 120 8.26

{continued)
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TABLE 2.7 (Continued)

B B
A B -1 -1 G-1 af
(in2) (in2) Ac A Ac s’y
Specimen Reinforcement 10,000
P _Jf P 3 X 100% X 100% x 100% ]
o cr/ sp ult/ sp (kips)
MI2¥* Control for MI3 825 1319 0] - - 0]
D=2" , 4 =6.5"
MI3* 976 1610 18 65 95 20,2
s = 1/4", d = 13 gage
Notes:
Ac = Normalized control cracking load (no reinforcement)
A,B = Normalized specimen cracking and ultimate loads
D = Overall spiral diameter (inches)
4 = Overall length of spiral (inches)
d = bar diameter (60 ksi) used to fabricate spiral
LPT = lateral post-tensioning (active reinforcement). Distance is from loaded face.
* . 3 2 _
: Model values for Asfy/looo, Pcr/fsp’ Pult/fsp adjusted by scale factor 1/s< = 16

*%=gpecimen cracked prematurely due to multistrand effects.

A_ = The area of supplementary reinforcement which crosses perpendicularly the tendon path in the
anchorage zone. For practical purposes, the anchorage zone is assumed to extend a maximum
distance of 6a' from the primary loaded face.

All specimens had plate type anchors.
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TABLE 2.8 REINFORCEMENT EFFICIENCY SUMMARY--STRAIGHT TENDONS WITH
SPIRAL REINFORCEMENT

A B A B B
S .1 Z . 1) Z .
(in?) (in%) (Ac bo& (Ac b s
Specimen Reinforcement n mn 16—6%6
P /£ P /£ x 100% x 100% x 1007 N
cr’ Tsp ult’ “sp (kips)
Control for {(t = 0.45a)
M2R~4 421.0 421.,0 - 0 - 0
MS5A-4 , MS5B~4
D P 2" ; )& - 6"
MBA-4 * 768.0 1136.0 82 47 170 1&.5
s = 0.75", 4 =13 gage
D=2" , 1 =¢"
M5BR-4* 823.0 1184.0 95 43 181 33
g =0.75" , d = 10 gage
Control for M6A-4
Mlp-4* 3.3.0 452.8 - 40 - o
{+ = 0.3a) M&8-4
D = 2" . ,.; - 6“
M6A-4%* 736.0 1043.0 127 41 222 18.5
s =0.75" , d = 13 gage
’&D o 2" y . bn
MOB—~4* £822.0 1053 154 28 226 33

S = 0.73" , 4 = 10 gugoe

Notes:

AC = Normalized control cracking load {(no reinforcement)

A,B = Normalized specimen cracking and ultimate loads.
Same as for Table 7.5a. All values for Pcr/fsp' Pu1t/fgp and Asf have been scaled from model
data by a factor of 16. All tendons have eccentricity of .6a.

%9



TABLE 2.9

REINFORCEMENT EFFICIENCY SUMMARY -~ STRAIGHT TENDONS WITH ORTHOGONAL REINFORCEMENT

A B A B _ B _
e GTD G0 G-D g
, . (in™} {in™) c c s ¥
Specimen Reinforcement 10.000
P /f P . /f X 100% X 100% x 100% !
cr’ Tsp ult’ "sp (kips)
Control for t = 0.45a
M2B-4 421 421 - 0 - 0

M4A-4 , M4AB-4

5 - 10 gage stirrups
M4a-4 716 777 70 8.5 127 13.74
at 2" spacing

17 - 6émm stirrups
M4B-4 832 958 97 15.1 127 143.0
at 1" spacing

Control for M3A-4, M3B-4
M1lB~4 323 452 .8 - 40 - 0
t = 0.33.

11 - 6 mm stirrups
M3B-4 596 688 84 15.4 113 92.5
at 1.6" spacing

Notes:

Same as 7.5a,b.
All specimens had cone type anchors.
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TABLE 2.10
RECOMMENDED DESIGN VALUES

I.) Straight Tendon Tests

Increase in Increase in
Re inforcement B Cracking Load_ B Ultimate Load—
x (%) o) x - 20@%) x (%) o (%) x -20(%)
Spiral 141 19 103 224 2.8 21e
Orthogonal 84 11 61 106 18 71
II.) Inclined Curved Tendon Tests
Spiral (multiple 8.5 0.7 7 78 8.5 61
strand tendon)
Spiral (single 18 2.07* 14 95 9.22% 77
strand tendon)
100 psi LPT 33 3.8% 25.4 120 l1.6%* 97

(multiple
strand tendon)

*Estimates based on mean variance of other tests.
x = 20 represents the recommended % increase above the cracking load for a specimen
with no supplemental reinforcement (from Fig. 2.10-2.13 or Eq. 3.2).
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point of maximum tendon curvatures. In most practical applications
that point would be well-removed from the anchorage zone, and from
the influence of any spiral reinforcement in the anchorage zone.
While continuing anchorage zone reinforcement into the zone of maxi-
mum curvature would seem logical in such situations, calculations
which will be presented in the next chapter indicate that the rein-
forcement required to resist multistrand effects is much smaller

than that required for confinement in the anchorage zone.

(3) At first cracking, all spiral confinements tested in the
prototype specimens series maintained crack widths below the maximum

0.013 in. currently implicitly specified by ACI.

A measure of the spiral's effectiveness in delaying surface
cracking and in increasing the ultimate anchorage capacity can be
clearly seen in Fig. 2.15 and is summarized in Table 2.10. 1In
straight tendon specimens the spiral reinforcement raised the crack-
ing load by 100 percent (i.e., more than twice the cracking load)
over that witnessed in companion tests with no supplementary
anchorage zone reinforcement. Ultimate loads were increased more
than 200 percent above the cracking load for the unreinforced sec-
tion. These results would apply to both single and multiple strand
tendons. The values in Table 2.10 represent conservative results two

standard deviations below the observed mean.

For specimens with 30-degree inclined, curved, multiple
strand tendons, supplementary spiral reinforcement in the anchorage
zone raised cracking loads by only 7 percent. Part of the reason
for this was due to the fact that first cracking for the specimens
in this series occurred beyond the zone of spiral reinforcing, in
the area of maximum tendon curvature. The anticipated rise in
cracking load with the addition of the spiral is thus counterbalanced
by the tendency for cracking which occurs due to the multistrand
effects discussed in Sec. 2.2.7. However, model tests of single

strand tendons (see Table 2.10) indicate that if cracking were
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prevented in the region of maximum curvature (say, by the proper use
of spiral reinforcement in that zone), first cracking would occur in
the anchorage zone at a load approximately 14 percent above that for
a specimen without reinforcement. Figure 2.15 clearly indicates that
passive supplementary reinforcement is significantly less effective
in raising cracking loads for inclined tendon applications than for
straight tendons. However, the ultimate load can be substantially
raised by the addition of spiral reinforcement, although again not

as much as for straight tendon applications. For supplementary
spiral confinement with inclined tendons (at 30°), the ultimate loads
will be conservatively 61 percent and 77 percent above the cracking
load for the unreinforced section for multiple strand tendons and
single strand tendons, respectively. It may be possible to raise the
ultimate capacity of multiple strand tendons still further by the
addition of supplementary spiral reinforcement in the region of
maximum curvature, but no experimental verification of this is avail-
able at present. The design of such reinforcement is discussed in a
later section. For tendons inclined at angles other than 39°, it
would seem reasonable, pending further experimental study, to assume
a linear variation in the increases in cracking and ultimate loads
between the sets of values given for straight and 30° inclined

tendons.

The percentage increases stated above reflect the observed
mean less two standard deviations for each grouping. Spiral rein-
forcement is assumed to be designed in accordance with the method
described in Ref. 2 which suggests a minimum confinement similar to
an ACI column spiral. Design procedures and recommendations for
spirally reinforced anchorage zones are summarized in Chapter 3. The
method will be illustrated in an example in Chapter 3. Data for
specimens with straight tendons and a width of t = 0.45a were not
used in deriving these values as the spiral used was considered to

be of insufficient diameter for that section. Proper design of the
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spiral will yield values of AsfyflOOOO (1b) of about 20 for the
prototype used in this study. The value AS for the spiral is deter-
mined by the area of spiral steel crossing perpendicular to a hori-
zontal plane along the tendon path. Values for other applications
will depend upon spiral diameter, pitch, the post-tensioning load and
the yield strength of the spiral. Increasing the amount of spiral
steel beyond that calculated probably would not greatly modify the
percentage increases given in Table 2.10. Figure 2.16 indicates the
strength gain to be flat-topped for increasing amounts of spiral

reinforcement.

2.3.5.2 Orthogonal Reinforcement. While spiral reinforcement
is the most efficient means of providing passive reinforcement in
anchorage zones, it may not always be feasible to use it due to prob-
lems of congestion. For such cases, orthogonal reinforcement in the
form of closely spaced closed stirrups, or mats similar to those
recommended by Guyon and shown in Fig, 2.17, is an acceptable

remedial method of raising the cracking and ultimate loads.

A study dealing with widely varying amounts of passive rein-
forcement in Ref. 2 reveals that heavily reinforced specimens
exhibited only nominally higher c¢racking and ultimate loads than
those with fairly light amounts of reinforcement. This effect is

summarized in Table 2.9.

As shown in Fig. 2.15 and Table 2.10, for straight tendon
applications orthogonal reinforcement raises the cracking load by
60 percent above the observed cracking load in companion specimens
with no reinforcement. Ultimate failure occurred at loads at least
70 percent above the cracking load for the unreinforced section. No
tests were done to investigate the performance of orthogonal rein-
forcement for inclined tendon applications because the spiral was so

clearly superior.
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Mesh reinforcement immediately behind anchors

Fig. 2.17 Anchorage zone reinforcement design as per
Guyon (from Ref. 5)

Figure 2.15 shows the relative insensitivity of the anchorage
zone to massive amounts of orthogonal reinforcement, both for crack-
ing and ultimate loads. Following an initial rise both curves flatten

out.

2.3.6 Active Reinforcement Effects. For most practical .

situations, the inclusion of passive reinforcement in the form of
spirals will be the most convenient method of anchorage zone rein-
forcement. However, in situations where complete preveation of
cracking is desirable, the use of lateral prestress in the anchorage
zone offers the designer a powerful tool. Perhaps the mest important
need for the use of lateral prestressing occurs when, due to geometric
limitations or construction schedules which require stressing before
the concrete has reached its maximum tensile strength, it is not pos-
sible to provide a section which would remain uncracked at service
load using passive reinforcement. In such cases, by judicious use of

lateral prestress the cracking load can be raised significantly.

Test specimens FS5A and FS5B and the results of the

three-dimensional finite element analysis indicated the following:

(1) The optimum location for the lateral prestress load is as

close to the loaded face as is feasible, as shown in Fig. 2.18. -
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(2) For a lateral post-tension load of 60 kips (100 psi nominal
lateral precompression of the web over a length equal to one-half of
the section depth [see Fig. 2.18a] for the prototype section of this
study) placed at the optimum location, the cracking load was cobserved
to be 33 percent higher than that for an identical specimen without
supplementary reinforcement (active or passive). Cracking occurred
on a plane following the tendon path, but slightly above it and
extended from the loaded face to the web-flange junction. Crack width
measurements indicated that the crack initiated in the region of
maximum curvature where the widest cracks were observed. Thus, first
cracking appeared at a load somewhat lower than that predicted by the

program.

(3) Given that the inclined, curved, multiple strand tendon appears
to be the worst case for design, it can be seen in Fig. 2.15 that
lateral post-tensioning offers the most effective means of raising
both the cracking and ultimate loads. Although no LPT tests were
done for straight tendons, it seems reasonable to assume that its

performance relative to the spiral will be similar.

(4) As only one test was performed with the lateral
post-tensioning load at the optimum location, estimates of the
expected standard deviation were calculated from the mean variance
of the other tests dealing with reinforcement effects. By sub-
tracting twice this deviation from the observed values, the allowable
increase in cracking load shown in Table 2.10 was 25 percent above
that for the unreinforced curved tendon section. Likewise, the
ultimate load increase is 97 percent above that for the unrein-
forced section. These values pertain to the inclined, curved,

multiple strand tendon pattern.

Several additional important points should be made concerning
the implementation of lateral post-tensioning (LPT) in practical

situations. Upon first consideration it might be assumed that
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shrinkage and creep losses would be a severe deterrent to the use

of lateral post-tensioning, owing to the short length of the tendon.
For the case of a segmental bridge using precast box sections (one

of the most likely situations to need LPT), three considerations make

LPT highly practical and easy to implement:

(1) Since most segmental bridges are now built using fast-track
procedures, the precast box segments are constructed well before
they are erected. This reduces shrinkage problems to a minimum,
since nearly all losses due to shrinkage occur in the first 100 days

from the date of casting.

(2) A lateral prestress load capable of raising the cracking
load by 33 percent only required 100 psi compression across the web

section. At this pressure, creep losses are small.

(3) Losses at the LPT anchorage due to slip associated with
seating the chucks can be minimized by using a positive seating
method such as a secondary jack for pressing the wedges in before the
load is released from the stressing jack. Alternatively, threaded

bar-type tendons with lock-off nuts can be used.

Grouted tendons are recommended to prevent possible loss of
the tendon should a failure occur at the anchorage sometime after

stressing.






CHAPTER 3

DESIGN CRITERIA AND PROCEDURES

3.1 Introduction

The design engineer has two general approaches available for
the design of post-tensioned anchorage zone reinforcement. These
are:

(1) To design the section geometry and supplementary anchorage

zone reinforcement so that cracking will not occur at maximum
stressing load levels.

(2) To allow anchorage zone cracking to occur during stressing
but to provide proper reinforcement so that crack widths
at the stressing load will not exceed an allowable value
selected to minimize the possibility of water penetration
and corrosion.
In either case the anchorage ultimate load capacity must be
kept well above the cracking load to ensure adequate safety and to

give warning of structural distress well in advance of failure,

In this chapter specific methods of predicting cracking and
ultimate loads are presented based on a comprehensive regression
analysis of the test data and on the indications of the 3D-FEM
analysis procedures. A limit state design philosophy with appropri-
ate factors of safety for cracking and ultimate loads is presented.
Suggested code and commentary language is presented and several

design examples are included to illustrate the procedures suggested.

3.2 Cracking Load Prediction

A step-wise linear regression analysis considering all
geometric variables in the test program was performed using the
results [2] of the 20 tests for which no supplementary anchorage
zone reinforcement was provided. Both model and full-scale data

were included.
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Using the data from Table 3.1 a large number (approximately
50) of variable combinations were examined. The regression analysis
was performed interactively using the program STEP 01 (available at
The University of Texas at Austin) and a CDC Cyber 750/175 computer.
In this manner a large number of runs could be made efficiently and
the variables with low statistical meaning were gradually eliminated.
The primary goal of the regression study was to minimize the mean
standard error which is a measure of the difference between the
measured and calculated cracking loads, using a reasonable expression.
The resulting general cracking equation is expressed as a function of
six major variables. Elimination of any of these variables made major
and undesirable changes in the correlation. The resulting expression

is:

Hd
I

0.7928(2at)f - 9.0965 - 6.913t + 19.3894(2a")
cr Sp
(plate)

+ 33.228f - 48.762(2a’/t)’f - 4.984StE (3.1)
sp Sp Sp

0.02472976t2 - 22.891(e/2a)t + 6.2175(e/2a)t2fsp

where, as shown in Fig. 3.1:

= plate anchor cracking load in kips for section
Cr(plate) without supplementary anchorage reinforcement

e = eccentricity (in.) (always assumed positive)

2a = section height (in.)

2a’ = width and depth of bearing plate (assumed
square, in.)

t = section thickness (in.)

6 = tendon inclination at loaded face (degrees)
(always assumed positive)

fsp = split cylinder tensile strength (ksi)

For convenience in use, an equivalent form of Eq. 3.1, with

simpler coefficients, was developed as follows:



TABLE 3.1

REGRESSION ANALYSIS DATA

Case Specimen P t 2a’ f 2a e e
cr sp
1 MR1A 39 3 2.625 0.723 20.5 0 0
2 MR1B 43 3 2.125 0.725 20.5 0 0
3 MI1B 41 3 2.125 0.697 20.5 0 0
4 MI2 30 3 2.625 0.582 20.5 0 30
5 FS1a 400 12 8.5 0.451 82 0 0
6 ¥S1B 400 12 10.5 0.401 82 0 0
7 FS2B 330 12 10.5 0.455 82 0 30
8 M7A-4 15 3 2 0.327 20 3 0
9 M7C-4 32 3 2 0.548 20 3 0
10 M1Aa-4 18 3 2 0.495 20 6 0
11 M8B-4 31 3 2 0.707 20 6 0
12 M1-2 43 4 2 0.627 20 0 0
13 M2-2 34 3 2 0.627 20 0 0
14 M3-2 24 2 2 0.627 20 0 0
15 M3-2R 18 2 2 0.460 20 0 0
16 M2Aa-4 22 4.5 2 0.495 20 6 0
17 M1A-4 18 3 2 0.495 20 6 0
18 FS2A 440 12 10.5 0.532 82 0 15
19 M1-3 28 3 2 0.610 20 0 30
20 M2-3 32 4.5 2 0.637 20 0 30
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Fig. 3.1 Geometric data for Eqs. 3.1 and 3.2
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f

= t| =P (38a - 120) - ==[29 -252 (e/a)f ]
Cr(plate) 24 81 P

(3.2)

£
- lgl(e/a) -7l +39a’ + —§3[166 - 975@/t)?] - 9.1

To demonstrate the accuracy of Eq. 3.2, Table 3.2 compares
the measured experimental cracking load against the calculated value.
The mean of Pcr(test)/PCr (calculated) was 1.004 with a standard
deviation of 0.072. As an external check, Eq. 3.2 was used to cal-
culate the expected cracking loads for a number cf physical specimen
tests performed by Cooper [3] and Berezovytch [12]. The results
are shown in Table 3.3. For the 16 comparisons made of these inde-
pendent tests, the mean value of Pcr(test)/Pcr(calculated) was 1.127,
indicating a moderate conservatism in the calculated values. The
standard deviation was 0.23, which is high but not unreasonable given
the expected scatter for tests which depend heavily on the tensile

strength of concrete specimens.

Equation 3.2 can be used to predict the plate anchor load
which will cause cracking in a section without supplementary anchorage
zone reinforcement. For those sections which do have supplementary
anchorage zone reinforcement, either passive or active, the expected
increase in cracking load above that calculated from Eq. 3.2 can be
obtained by using the appropriate factor from Table 2.10. This will

be discussed further in Sec. 3.2.2.

Equation 3.2 was developed from test results for bearing or
plate-type anchors. The results from Eq. 3.2 should be modified
for "bell" and "cone'" type anchors. Test results reported in Ref.

2 indicate the following factors are appropriate:



TABLE 3.2

REGRESSION ANALYSIS RESULTS-~COMPARISON OF PREDICTED AND ACTUAL CRACKING LOADS

8

PC (test) Pcr(test)
Case Specimen Pcr(test) Pcr (Eq. 3.1) Pcr (Eq. 3.1) Pcr (Egq. 3.2) P (Eq. 3.2)
1 MR1A 39 42.5 0.9176 42.5 0.9176
2 MR1B 43 42,2 1.0189 42.2 1.0189
3 MI1B 41 41.0 1.0 41.0 1.0
4 MI2 30 31.6 0.9493 31.7 0.9464
5 Fsla 400 401.5 0.9263 400.9 0.998
3) FS1B 400 398.7 1.003 398.4 1.004
7 FS2B 330 330.5 0.998 330. 35 0.999
8 M7Aa-4 15 15.8 0.949 15.8 0.949
9 M7C-4 32 27.4 1.167 27.5 1.163
10 Mla-4 18 18.5 0.973 18.5 0.973
11 M8B-4 31 31.4 0.9873 31.4 0.9873
12 M1-2 43 42.5 1.011 42.3 1.016
13 M2-2 34 36.6 0.929 36.6 0.929
14 M3-2 24 19.7 1.21 19.85 1.21
15 M3~-2R 18 18.7 0.962 18.8 0.958
16 M2A-4 22 22.2 0.991 22.1 0.995
17 M1Aa-4 18 18.5 0.973 18.5 0.973
18 Fsaa 440 439.1 1.002 438.8 1.0027
19 M1-3 28 29.2 0.959 29.1 0.962
20 M2-3 32 29.7 1.077 29.6 1.081
X = 1.0037 X = 1.0041

Q
I
=
o
~1
N
Q
t

0.072



TABLE 3.3

EXTERNAL CHECK OF EQUATION 3.2

' P
pcr £ # , (kips) Cr(Test)
Specimen ¢ fsp t 2a 0 e 2a Pcr P (Eq. 3.2)
lme . . . . -
ki i in. in.) (degrees) (in.) (n. cr
(kips) (psi) (ksi) (in.) (in.) (deg ) (in.) ) Eq. 3.2
spiral Reinf. ., o 5480 0.707 1.67 16 28 1.5 1.42 11.52+%@ 1.09
No. 1 set 3
™ spiral Reinf
~, SPrrerTeInte 12,1 5550 0.595 1.67 16 28 1.5 1.42 10.11*@ 1.19
o No. 1 Set 4
oN
§ LPT Reinf
O eint. 661 16 1 1 16.76* 1.16
No. 1 Set 10 19.6 6830 0. 1.67 28 .5 .42 .76*@ .1
II-1 37 3160 0.365 3 36 0 0 2 38,96 0.949
o I1-2 36 3850 0.403 3 36 0 0 2 33 1.09
=
8 1I-3 40 3850 0.403 5 36 0 0 2 52 0.78
3 I1-4 44 3850 0.403 5 36 0 0 2 52 0.846
Q
e ]
2 II1I-1 40 2860 0.347 5 36 0 0 2 45 1.34
III-2 54.5 2860 0.347 5 36 0 0 2 45 1.21
(continued)

£8



TABLE 3.3 (Continued)

P £ f# Eq. 3.2 Pcr(Test)
S i cr ¢ fsp t 2a 6 e Pcr P  (Eg. 3.2)
pecinen ips si in. in. d i i cr oo
(kips) (psi) (ksi) (in.) (in.) (degrees) (in.) (in.) (kips)
IIT-4 40 28560 0.347 3 36 0 0 2 38 1.05
I1I-5 75 4470 0.434 5 36 0 0 2 57 1.31
~ IITI-6 100 4470 0.434 7 36 0 0 2 66 1.51
—
5 I1I-8 107 4315 (.426 7 36 0 0 2 &4 1.6
)
[
8 Iv-1 32 2460 0.323 3 36 0 0 2 35.4 0.904
N
o
o IV-2 32.5 2460 0.323 3 35 0 0 2 35.4 0.92
m
Iv-3 55 3535 0.386 5 36 0 0 2 50.2 1.09
* Modified to account for reinforcement as per section 3,2,2,
@ Anchor laterally eccentric in web. Effective thickness used. (As per Fig. 3.2)
# fSp for Cooper's test estimated at 8 VE7- ; 6.5 ,/f’ for Berezovytch's tests.
< c
X = 1.127
g =0.23
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Plate: P = 1.00P (3.3a)
cr r
(plate)
Bell: P = 1.08P (3.3b)
cr cr
(plate)
Cone: P = 0.61P (3.3¢)
cr ba
(plate)

3.2.1 Limitatioms. Equation 3.3, although intended for
general applications, has certain restrictions due to lack of data in

some areas. These include:

(1) Inclinations are always assumed positive, as are
eccentricities (see Fig. 3.1). Any combination of negative tendon
eccentricity (i.e., below the centroid rather than above it) with
positive tendon inclination or vice versa is not directly covered.

It is likely that in such cases the tendon would have a higher crack-
ing load than when both inclination and eccentricity are positive.
However, by using absolute values for angles and eccentricities,

Eq. 3.3 should yield conservative solutions for such problems.

(2) Thin web sections are assumed. The limits of the experimental

and computer data are for 0.05 < t/2a < 0.25.

(3) Multiple tendons anchored in the same web section are not
covered. Limited experimental evidence [2] indicates further con-

servatism is warranted.

(4) The anchorage is assumed to be square. Until further
information is available, the shorter edge distance should be used

for 2a’ when rectangular anchors are used (see Fig. 3.2d).

Although not specifically tested in this study, several
practical applications should be soluble using Eq. 3.3, and proper

consideration cf the geometry. These are:
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(a) Laterally eccentric anchors and edge anchors, particularly
in thick web sections.

(b) Multiple anchors across thick web sections.
(¢c) Rectangular anchor plates oriented such that 2a’ < 2b’.

These cases are illustrated in Fig. 3.2. Figures 3.2a through ¢
indicate that a conservative solution should be obtained by replacing
the value t in Eq. 3.2 with the value 2g which equals twice the edge
distance or the distance between the anchors. Strip type rectangular
anchors such as shown in Fig. 3.2e where 2b’ < 2a’ cannot be
accurately handled by Eq. 3.2 without further experimental or ana-
lytical investigation. However, rectangular anchors, such as shown

in Fig. 3.2d, where 2a’ < 2b’ can be conservatively designed using

Eq. 3.2.

For other complex applications, a more exact solution should
be obtained as described in Sec. 2.2.6 using a linear elastic, three-
dimensional finite element analysis, or by further experimental

investigation.

3.2.2 Effect of Supplementary Reinforcement. Cracking loads

calculated from Eq. 3.3 represent the minimum value to be expected

for a normally reiqforced section without supplementary anchorage zone
reinforcement. A substantial number of tests dealing with various
supplementary reinforcing methods indicated that cracking loads could
be raised significantly by the addition of such reinforcement

(passive or active). The expected rise in cracking load for a given
type of reinforcement was given in Table 2.10. Using these per-
centage increases and assuming a linear variation between the values
for straight and inclined tendons the cracking load for the rein-

forced anchorage zone is given by:
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or = (2.03 - 0.0326)PCr Spiral Reinforcement (3.4a)
Pér = (1.61 - 0.0198)P Orthogonal Reinforcement (3.4b)
cr
Pér = (2.37 - 0.03729)PCr Active Reinforcement (3.4¢)
where Pér = the predicted cracking load with supplemental

reinforcement (kips)
= angle of tendon inclination (degrees)

= cracking load for the section with no supplementary

cr reinforcement as calculated from Eqs. 3.3 and 3.2.

These equations are valid only for reinforcement amounts and

locations designed in accordance with Sec. 3.5.3.

3.3 Ultimate Strength Prediction

A review of the ultimate load data for specimens without sup-
plemental anchorage zone reinforcement shows a considerable amount of
scatter. Some inclined tendon models developed ultimate loads 60
percent above cracking. Most, particularly among the straight tendon
tests, exhibited very brittle behavior with an explosive failure of
the anchorage zone.occurring at a load coincident with or only
slightly above that which caused formation of the tendon path crack.
For this reason the ultimate load for an anchor with no supple-
mentary reinforcement should conservatively be equated with the
cracking load. The ultimate load, however, is substantially
increased for sections containing supplementary reinforcement in the
anchorage zone (active or passive), thus providing a desirable margin
of safety between cracking and ultimate load. The relative increase
in the ultimate load for a given supplementary anchorage zone
reinforcing method is presented in Table 2.10, Again assuming a
linear variation between the straight and inclined values from Table

2.10, the ultimate load for a given situation can be calculated as:
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Pult = (3.18 - 0.0538)PCr Spiral Reinforcement (3.5a)
P = (1.71 - 0.0178)P Orthogonal Reinforcement (3.5b)
ult cr
P = (3.89 - 0.0648)P Active Reinforcement (3.5¢c)
ult cr
where Pult = ultimate load for the supplémentary reinforced

section (kips)
= angle of tendon inclination (degrees)

= cracking load for the section with no supplementary
reinforcement as calculated from Eqs. 3.3 and 3.2

(kips).

cTr

These equations are valid only for reinforcement amounts and

locations designed in accordance with Sec. 3.5.3.

3.4 Limit State Design

In general, when a structure or structural element becomes
unfit for its intended use, it is said to have reached a limit state
[13]. Limit state design is a design process which involves identi-
fication of all possible modes of failure (limit states), determina-
tion of an acceptable level of safety against occurrence of each limit
state and consideration by the designer of the significant limit
states. Limit states for the post-tensioned anchorage zone fall into

two basic groups:

(1) Ultimate limit states which are related to the structural
collapse of part or all of the structure. Such a limit state should
have a low probability of occurrence since it may lead to loss of
life and major financial losses. Ultimate limit state for the post-

tensioned anchorage zone would be evidenced by:

(a) Explosive rupture of the anchorage zone.

(b) Complete side face blow-out of a multiple strand curved
tendon at the point of maximum curvature.
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(2) Damage limit states which are related to damage of the
structure in the form of premature or excessively wide cracks. For
the post-tensioned anchorage zone the damage limit state falls into
two categories:

(a) If the environment is a hostile one (corrosion and freeze-

thaw damage possibilities) formation of any tendon path
crack would constitute a damage limit state.

(b) If the environment is nonhostile and minor cracking can be
tolerated, the limit state would constitute the load at which
crack widths became excessive (greater than about 0.012 in.-
0.013 in. as currently implicitly specified).

Since there is less danger of loss of life in the second group, a

higher probability of occurrence can be tolerated than in the case

of the ultimate limit state.

The design philosophy for these two limit state groups is to
arrive at a best estimate of the highest load that will come onto
the structure with respect to a particular limit state. This load is
then multiplied by an appropriate factor of safety which takes into
account possibilities of overload, as well as anticipated variations
in the maximum load due to material tolerances. This new load (with
safety factor included) must be less than the best estimate of the
nominal resistance of the structure to a particular limit state
multiplied by a strength reduction factor (¢-factor) which takes into
account both the undesirability of a particular type of failure, as
well as the possibility of material and construction defects (sub-

standard concrete, e.g.). Expressed in equation form:

L) s 3.6
(® )(LF) S ¢p (3.6)
LS
where PLS = the best estimate of the highest load to come onto
the structure at a particular limit state
P = best estimate of nominal strength of structure with
nom

LS respect to a particular limit state
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L.F. = the load factor representing a factor of safety
against reaching a particular limit state.

0] = strength reduction factor--accounts for material
and construction defects and undesirability of a
particular limit state.

3.4.1 Limit State Design for Cracking. The maximum per-

missible specified temporary prestressing load to be applied to any
structure is 0.8fpu, that is to say, 80 percent of the guaranteed
ultimate tensile strength of the prestressing tendon. Thus P =
O.8fpuAS, where AS is the nominal area of the tendon. In practice,
a 10 percent overload could occur due to a jacking error such as
miscalibration, misreading or overpumping. A 15 percent margin for
error above that would constitute a reasonable factor of safety
against a damage limit state. Thus, the total load factor recom-

mended is L.F. = 1.25,

On the other side of the inequality is the cracking load from
Eq. 3.3 with appropriate modification to account for tendon geometry
and supplemental reinforcement. Since Eq. 3.3 was selected as a
lower bound prediction, the variance attached to Eq. 3.3 is rela-
tively low, and since quality control is fairly good for prestressed

construction, a @-factor of 0.90 is reasonable. Thus

(Pcr)(LF) (l.25)(0.8fpu)(AS)

= = 0.90
nom @ (0.90)

= l.lOfpuAs (3.7)

3.4.2 Limit State Design for Ultimate. In general considera-

tions of ultimate loading which may come on a structure, there is no
practical bound on the upper limit of the load due to misloading. With
prestressing forces, the tensile strength of the tendon imposes a prac-
tical upper bound. For the ultimate limit state, the nominal maxi-

mum stressing load on the structure would be the nominal ultimate
capacity of the prestressing tendon (l.OfpuAS). However, this is

not the best estimate of the highest load which could come onto the

structure. Mill reports and metallurgist recommendations indicate
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that the actual steel area for a given tendon could be as much as
2.4 percent above the nominally specified cross-sectional area.
Likewise, prestressing steel with a nominally specified ultimate
strength of 270 ksi may reach 300 ksi maximum, representing an 11.1
percent rise in strength. Both of these values constitute upper
bound limits, ones highly unlikely to occur simultaneously for all
tendons in practice. An additional consideration, hard to quantify,
is the possibility of a greater number of strands being used than the
number specified. This chance seems remote. An appropriate load
factor which would account for these effects for ultimate would seem
to be about 1.20. This is the value used by CEB-FIP for tendon
force. Given the same material and construction quality as before,
the capacity reduction factor for ultimate failure should be lower
than for cracking, as an explosive anchorage failure may have a
disastrous effect on the integrity of the overall structure. For
this brittle-type failure, a value of ¢ = 0.75, similar to that used

for spiral columns, is recommended. The design check for ultimate

is thus:
P z E;E—f—ngﬁi = 1.60f A (3.8)
nom ;. 0.75 pu s
3.4.3 Application of Limit State Philosophy. It is antici-

pated that the application of a reasonable limit state philosophy to
post-tensioned anchorage zones will be a controversial subject. A
cracking criterion based on a design tendon force of 1.10 £ uAsp’ as
suggested in Sec. 3.4.1, at first glance seems wildly conservative in
an industry which takes pride in '"load testing' every structure dur-
ing the post-tensioning process. Yet it is just this 'load-testing"
that makes the requirement so important. Almost every tendon is
loaded to approximately 0.8fpuAsp during jacking. With errors in ram
calibration, pressure gauges, and human fallibility, certainly some

are loaded beyond that point and probably more than 10 percent beyond.

The remaining difference is the 'margin of safety" which must not only



93

account for possible dimensional errors, material understrengths
and constructional bloopers like honeycombing, but must provide for
the wide variability associated with the imprecision of our knowl-

edge and the general variability of concrete tensile properties.

It is even more important to focus on the ultimate state.
The tendon can be called on to develop its full tensile capacity
if the structure is overloaded. This tensile capacity is not the
guaranteed minimum tensile strength but the actual tensile strength
based on actual (not nominal) area and actual tensile properties.
The failure of an anchecrage may be sudden, explosive, and devas-
tating. A suitable reserve should be provided. The values sug-
gested are actually less than we accept for a ductile beam failure

because of the higher confidence in the level of load.

Traditionally in the United States, a consistent design
philosophy has not been applied to the anchorage zone. These load
levels seem high when compared to what we have used. 1In the CEB-FIP
criteria they have been more realistic. They require a load factor
on prestress forces of 1.2 and resistance factors on concrete in the
anchorage zone of 1.5. Thus, the comparable ultimate load when
adjusted for variations in concrete quality control would be
equivalent to O.8fpuASp X 1.2 x1.5%x 1.10 = 1.58 fp“ASp which is very
close to the 1,60 fpuAsp recommended., Therefore, the limit states

recommended are not revolutionary but represent more of a world norm,

3.5 Design Criteria

The various factors affecting the design of post-tensioned
anchorage zones in Refs. 1 and 2 and the preceding chapters are
restated in terms of specific design criteria in this section. A
complete design may follow one of two routes; to not permit any
cracks at all to form at service loads, or, alternatively, to
permit the formation of cracks at service load but limit their
maximum widths. Both routes must satisfy the serviceability and

ultimate limit state requirements of Eqs. 3.7 and 3.8,
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3.5.1 Crack Free Design. Although in some instances such

as for interior members the formation of anchorage zone cracks at
service load levels may be acceptable, for the most part they should
not be tolerated for reasons of freeze-thaw durability or corrosion
threats and for general aesthetics. There are two means of achieving

service load level crack free anchorage zone design:

(1) To proportion the segment to remain uncracked with no
dependence on supplementary anchorage zone reinforcement using Egs.
3.3 and 3.7 while providing sufficient supplementary reinforcement

to satisfy the ultimate strength requirement of Eq. 3.8.

(2) 1f, due to geometric restrictions the section would not
remain uncracked at the service level stressing load according to
Eq. 3.3, then supplementary reinforcing, either active or passive,
should be used to raise the cracking load to a level which satisfies
the requirements of Eq. 3.7. The expected increase in cracking load
above that given by Eq. 3.3 for a given geometric configuration and
reinforcing scheme is given by Eq. 3.4. A final check must be made

to satisfy the ultimate strength requirement of Eq. 3.8.

3.5.2 Acceptable Crack Design. If for some reason the

requirements of Seetion 3.5.1 cannot be met, it is possible in some
cases to maintain service level crack widths within the general
MSHTO-ACI acceptable levels (0.013 in.) through the use of supple-
mentary reinforcenent particularly lateral prestressing. Due to
scatter in the experimental crack width data the assessment of
allowable load increases beyond cracking load is difficult. The fol-
lowing data were cobtained from examination of Tables 2.11 and 3.4 in

Ref. 2.
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X o X-g X-2g
Straight tendons with spiral
reinforcement 36%  14% 22% 8%
Inclined tendons with spiral
reinforcement 51% 26% 25% 0
Inclined tendons with 100 psi
lateral post-tensioning 25% 5% 20% 15%

where X = the mean percent increase in load above the cracking
load before crack widths begin to exceed 0.013 in.

The values for the full-scale inclined tendon specimens were
calculated from crack width data measured within a distance of 4a’
from the loaded face, thus inside the range of influence of the sup-
plemental reinforcement. Crack widths at the point of maximum tendon
curvature were generally wider at a given load, but since no sup-
plementary reinforcement was provided at that location the results
were not usable. Selectibn of one standard deviation below the mean
values implies that with adequate spirals or lateral post-tensioning,
nominal cracking loads approximately 20 percent above the cracking
loads calculated from Eq. 3.3 can be tolerated with acceptable crack
widths. Specimens with orthogonal supplementary reinforcement
exhibited unacceptably wide cracks at first cracking and thus no
increase is recommended. The more conservative use of a criterion two
standard deviations below the mean would indicate that only lateral
post-tensioning would give a useful increase in cracking load (15

percent).

Until more extensive experimental evidence is available
concerning crack width control in the anchorage zone, the above
recommendations must be considered very tentative and the prudent
designer should make every effort to use the more certain '"no crack”
design procedure of Sec. 3.5.1. Should a large overload occur on a
section designed for no cracking, an additional buffer would be
available (20 percent) before the section would experience severe

cracking distress.
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3.5.3 Design of Supplemental Reinforcement. In order to

obtain the strength increases indicated in Eqs. 3.4 and 3.5, sup-

plementary anchorage zone reinforcement must meet certain minimum

requirements.

3.5.3.1 Spiral Reinforcement. Spiral reinforcement for the
anchorage zone should be proportioned to ensure that the spiral con-
finement is sufficient to confine early cracking. In keeping with
the general philosophy of limit state design, a strength reduction
factor should be applied to the capacity carried by unconfined con-
crete. In addition, wherever a spiral is required, an arbitrary
minimum diameter of 1/4 in. is suggested so that a sturdy unit which
will hold its shape is furnished. Thus,

£, - ¢(0.85fé’)

i
> = . .
Asp = 8.2f (Ds) = 0.05s, (3.9)
/
fl 0.6fCi
ign 2 = 0. .
or for design, ASp 5 F Ds =2 0 OSSi (3.9a)
Yy
where ASP = the required cross-sectional area of the rod used to

fabricate the spiral

f = the post-tension design load divided by the area con-
1 . .
fined by the spiral

= 4P/ D2 (psi)

f' = specified compressive strength of concrete at time of
i stressing (psi)

D = overall diameter of spiral (in.)

s = pitch of spiral (longitudinal hoop spacing) (in.)
fS = the allowable stress in the spiral steel = 0.6 fy
fy = spiral yield strength

0} = 0.70 for spiral design

See Fig. 3.3a for details concerning spiral geometry.

For design of a spiral based upon Eq. 3.9a, the following

recommendations are made:
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(1) The diameter of the completed spiral, D, should be as large
as possible within the confines of the web or slab, while still
satisfying cover requirements. This recommendation is limited to thin
web applications where 0.05 < t/2a < 0.25. For tendons located near
the side face of thick web sections, the radius of the spiral should
be the edge distance less the required cover. For tendons located in
the center portions of wider webs, the spiral diameter should be the
maximum linear dimension of the anchorage projected bearing surface

(or approximately 2a’y/2 for square anchors).

(2) The spiral pitch should be as small as possible, but not less
than that required to readily pass the maximum aggregate size used in
the concrete mix. The AASHTO Bridge Specifications and ACI Building
Code recommend a minimum spiral clear distance pitch of 1 in. or

1-1/3 the maximum aggregate size for column spirals.

(3) The spiral should begin at the anchor bearing plate and the
minimum length of the spiral should be 4a’. ZLonger spirals affixed
to the anchor will not raise the cracking load significantly. The
design of spiral reinforcement in regions of tendon curvature to

control cracking due to multistrand effects is discussed in Sec.

3.5.3.4.

3.5.3.2 Orthogonal Reinforcement. For passive reinforcement
applications where spiral reinforcement cannot be used, an orthog-
onal grid of closely spaced closed stirrups or a mesh similar to
that shown in Fig. 3.3b may be substituted. Since massive amounts
of orthogonal reinforcement were shown to have little effect in
preventing cracking in the anchorage zone, the required reinforcement
can be calculated by using the same procedure and equation presented
for spiral reinforcement design in Sec. 3.5.3.1. While this may at
first appear unconservative, since it is known that orthogonal rein-
forcement is substantially inferior to the spiral, the trends pre-
sented in Fig. 2.15 clearly show that addition of substantial rein-

forcement beyond that calculated by Ey. 3.9 is nonproductive.
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The only required definition changes from those presented
in Sec. 3.5.3.1 are that the spiral diameter, D, becomes the minimum
lateral dimension of the orthogonal closed stirrup (see Fig. 3.3b).
The desired configurations for confinement are square closed stirrups,
or better, a square mesh as shown in Fig. 3.3b. The s term in Eq.
3.9a becomes stirrup spacing, rather than spiral pitch. All other

recommendations on placement remain the same as for the spiral.

3.5.3.3 Active Reinforcement. For full utilization of the
cracking and ultimate load increases recommended in Egs. 3.4 and 3.5,
active reinforcement in the form of lateral post-tensioning should be

designed as follows:

(1) LPT (Lateral Post-Tensioning) tendons should be placed as
close as possible to the loaded face and should extend throughout the

height of the web.

(2) LPT load levels should be designed to produce a minimum of 100
psi lateral precompression across the web section after losses. Con-
sidering the losses to be expected over the short development length,
initial stressing should provide between 150 and 200 psi precompres-
sion. The lateral precompression stress can be estimated as the
total lateral post-tension load divided by a nominal effective area
(at) where a is the half height of the web and t is the web thick-
ness (see Figs. 2.18 and 3.6).

(3) LPT tendons should be placed in pairs or as U stirrups with
tendons laterally equidistant from the longitudinal tendon duct

(see Fig. 2.18) to minimize lateral moments being set up in the web.

(4) LPT tendons should be grouted and should utilize the most

positive seating load lock-off mechanism available.

3.5.3.4 Reinforcement for Multistrand Effects. Although no
tests were performed in this series to investigate the most effective
control measure for multistrand cracking with curved tendons,

previous model tests [l4] have shown spiral reinforcement to be an
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efficient means of control. Until other detailed tests can be

performed, the following design method should produce a conserva-

tive solution:

(1) Given the internal diameter of the tendon duct and the num-
ber of strands to be used, make a scale drawing of the duct with all
strands placed as close as possible to the concave side of the duct
as would occur when the stressing load is applied. Draw two tangen-
tial lines from the center of the duct to the outside of the outer-

most strands as in Fig. 3.4a. This defines q.

(2) The radial force per unit length, p, as calculated from Eq.
2.7 (p = P/R) is assumed to be uniformly applied over the duct bear-
ing arc length between the two lines scribed during step 1. Q is the
equivalent uniform pressure along the loaded arc segment, as illus-

trated in Fig. 3.4b.

(3) The lateral force that would have to be resisted by spiral
reinforcing, F, as shown in Fig. 3.4c, can be calculated by a simple

equilibrium analysis from ZFy = 0 as:

o~/ 2
. (Qst dm) cos n - 2F =0
-7/ 2
a-1/2
Qsr sin a = 2F
-m1/2

Qsr(l - cos q) = 2F

_Qsr(d - cos n)
- 2

F (3.10)

where F force to be resisted by the spiral (lbs.)

O
|

= equivalent uniform pressure along the arc segment as
calculated in step 2 = 90P
Rmor
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P = design post-tension load (lbs.)

R = minimum radius of curvature of tendon at critical loca-
tion (in.)

r = tendon duct radius (in.)

s = pitch of the spiral (in.)

a = 1/2 the loaded arc angle (degree) but not greater than
90°.

If the allowable steel stress in the spiral is given by fs = 0.6 £,

then the required rod area to be used in fabricating the spiral would

be:

_F _Qr( - cos o)
ASp £ Y (3.11)
s s
Using the expression for Q above
45Ps(l - cos @) _
ASp = TORE_ > 0.05sq. in. (3.12)

The amount of spiral reinforcement needed to resist the
forces set up by the multistrand effect is not excessive. As an
example, a 45° inclined, curved tendon with a minimum radius of
curvature of 143 in. and duct inside diameter of 2-1/2 in., at a
design load of 400 kips, & = 90° (tendon duct 1/2 full), a spiral
pitch of 2 in., and an allowable steel stress of fS = O.6fy =
0.6(60) = 36 ksi (Grade 60 reinforcement) would require a spiral rod
diameter of 3/16 in. 1In this case the arbitrary minimum size of a
1/4 in. spiral would govern. The spiral hoop diameter, as previously
mentioned, should be as large as possible while meeting cover require-

ments and minimizing placement difficulties.

Spirals to control multistrand effects should be provided
throughout any region where significant lateral forces may be set up.
This may be conservatively estimated as regions where the nominal
shear stress on a horizontal plane through the cover over the tendon
would exceed the usual limiting shear diagonal tension stress of

Z/fc This would be where
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2F_ = 2¢ A/fé (Cs) (3.13)
i
where 29 Mfé = 1.7 Vfé = nominal shear strength of the concrete
i (psi)
C = minimum concrete cover on one side of the

tendon duct. (in.)
s = spiral pitch (in.)
F = lateral force equivalent to that resisted
by one leg of a spiral
Combining Eqs. 3.10 and 3.13, the spiral is required throughout those

regions where

F>F_ (3.14)
o
2¢ chi C
so Q m (3.15)
This corresponds to those regions where
R < 90P(1 - cos q) (3.16)

TaC29, ff
C.
1

This may extend along the tendon for several web thicknesses on
either side of the point of minimum radius of curvature (R). Since
the designer would use the tendon force P in his calculations, Eq.

3.16 may be written in terms of a side face cracking load, PO as

2¢A/fc CRmy.
i

Po - 90(1 - cos q) (3.17)

where the minimum value of R should be used and ¢ = 0.85.
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To check the general applicability of these expressions,
results of several of the full-scale tests may be examined using
® = 1.0 since all properties are known. For example, specimen FS2B
had a 2.5 in. ID duct with a 12 strand 1/2 in. ¢ 270 ksi tendon in a

12 in. wide web. 1In FS2B the measured PCr was 330 kips, was

Pdesign
400 kips, the minimum R was 191 in., o was 67.5°, fé was 4627 psi and

r = 1.25 in. Thus

12 - 2.5

C = 5

4.75 in.

From Eq. 3.17 with ¢ 1.0

- (2.00/4627(4.75) A9 (67.5) — 471 ki
Po 90(1 - cos 67.5) 7 Lps

Since P = 400 kips < Po no side face cracking near the point of

des
minimum radius of curvature would be expected until after anchorage
zone cracks had appeared. Similarly, use of Eq. 3.16 would indicate
RO to be 162 in. Since the minimum R was 191 in., R > RO SO no sup-
plementary spiral in the area of maximum curvature is needed. Speci-

men FS2B did crack in the anchorage zone at 330 kips and did not

experience initial-side face distress.

For FS4A, first cracking occurred at 400 kips and was
definitely due to multistrand effects. A 17 strand 1/2 in. ¢ 270
ksi tendon was used in a 12 in. wide web. The original ductwork was
removed to provide extra space so that r = 1.5 in., C = 4.5 in.,

n = 90° for this case, fé was 5200 psi and minimum R = 178 in. Thus

from Eq. 3.17 with ¢ = 1.0

_ 2/5200 (4.5)(178)m(90) _
o 90 (1 - cos 90)

363 kips
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Since P = 567 kips > P cracking would be expected to

des o initial
occur in the region of maximum curvature. The 400 kip level at
which the cracking occurred is in good agreement with Po. Equation
3.16 indicates RO to be 278 in. Since the minimum R was 178 in.,

a spiral is required in the tendon curvature zone.

In design applications the side face cracking limit state

should be checked by using P[1 from Eq. 3.7 for Po in Eq. 3.17

om Cr
with ¢ = 1.0 in that expression. In reality such a calculation is
only a crude approximation. To achieve ultimate rupture, failure

must occur on at least two radial planes connected to the duct (see
Fig. 2.8c). This would tend to raise the capacity. Likewise, the

use of the value ZJE: for the limiting shear strength of the con-
crete in this type application is a very approximate and conservative
value. However, the results indicate the use of this model is
reasonably consistent with test results. In view of the seriousness
of this type failure the provision of spiral reinforcement in areas
defined by Eqs. 3.16 and 3.17 is a prudent requirement pending further

experimental study.

3.5.4 Anchor Bearing Area. Both the experimental and the

analytical results shown in Fig. 2.13 indicated that the cracking load
is relatively insensitive to appreciable changes in bearing area and
that bearing stress should not be the primary criteria for anchorage
zone design. However, it is a useful tool in sizing anchor plates

and web thicknesses. In addition, all tests in this investigation
were short-term tests and did not reflect possible creep effects at

extremely high stressing levels.

Comparison of the results of this study with the various
specification trends indicated in Fig. 2.13 show that agreement is
much better when an increase in anchorage bearing stress is allowed
for increased concrete surrounding the anchor. Thus, AASHTO should

consider adoption of an expression similar to ACI and CEB-FIP. As
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suggested in Sec. 2.3.3, an effective bearing stress design criterion

for post-tensioned anchorages is:

£ = 0.8 £/ VA, /A =< 1.33 £’ (3.18)
b c, 271 c,
all i i
where fb = permissible concrete bearing stress under the anchor
plate of post-tensioning tendons
Al = bearing area of anchor plate
A2 = maximum area of the portion of the anchorage surface
that is geometrically similar to, and concentric with,
the area of the anchor plate
f; = compressive strength of concrete at time of initial

i prestress.

3.6 Suggested Code or Specification
Requirements

The general design criteria and recommendations contained in
Secs. 3.4 and 3.5 are difficult to reduce to simple, concise language
suitable for direct inclusion in regulations such as the AASHTO
Specifications or the ACI Building Code. The provisions are best
expressed as general performance requirements in the Specification
or Code but with accompanying commentary indicating possible ways of

satisfying the performance requirements.

Section 3.6.1 contains suggested performance requirements and
Section 3.6.2 provides more detailed commentary text to assist

designers and fabricators in meeting these requirements.

3.6.1 Code Provisions

A.0 Notation
A
ps

f
pu

[

. .2
nominal area of post-tensioning tendon (in.")

1

specified tensile strength of prestressing tendons
(psi)
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A.1 Post-Tensioned Tendon Anchorage Zones

A.1.1 Reinforcement shall be provided where required in tendon
anchorage zones to resist bursting, splittirng, and spalling
forces. Regions of abrupt change in section shall be adequately
reinforced.

A.1.2 End blocks shall be provided where required for support
bearing or for distribution of concentrated prestressing forces.

A.1.3 Post-tensioning anchorages and supporting concrete shall
be designed to resist maximum jacking forces for strength of con-
crete at time of prestressing.

A.1l.4 Post-tensioning anchorage zones shall be designed such that
the minimum load producing cracking along the tendon path shall
be at least equal to 1.10 £ A .

pu ps
A.1.5 Post-tensioning anchorage zones shall be designed such that
their minimum strength shall be at least equal to 1.60 fpuAps'
A.1.6 Supplementary anchorage zone reinforcement required for
control of cracking or development of minimum strength may con-
sist of passive reinforcement such as spirals or orthogonal
closed hoops or mats. Active reinforcement such as lateral post-
tensioning may be used.

A.1l.7 Supplementary reinforcement such as spirals shall be pro-
vided to resist web face rupture in regions of high tendon
curvature when multiple strand tendons are used.

A.1.8 Unless structural adequacy is demonstrated by comprehen-
sive tests or a more comprehensive analysis, anchorage bearing
stress at 1.1 £ A shall not exceed

pu ps

£, = 0.8f" JA < 1.33f/
b C.N/?_/Al 1.33£]
1 i
where fb = maximum concrete bearing stress under the anchor
plate of post-tensioning tendons
Al = bearing area of anchor plate
A = maximum area of the portion of the anchorage surface
2 that is geometrically similar to, and concentric
with, the area of the anchor plate.
f’ = compressive strength of concrete at time of
c

i initial prestress.
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3.6.2 Commentary

C.A.1 The general problems of anchorage of post-tensioned tendons
are significantly different from the development of pretensioned
reinforcement. Items concerning pretensioned element anchorage
zones such as now included in AASHTO Sec. 1.6.15 should be put in
a separate section.

C.A.1.1 This general performance statement alerts the user to the
fact that the actual stresses around post-tensioning anchorages
may differ substantially from those obtained by means of usual
engineering theory of strength of materials. Consideration must
be given to all factors affecting bursting, splitting, and spall-
ing stresses. A refined strength analysis should be used when-
ever possible considering both the cracking and ultimate limit
states.

C.A.1.2 Where convenient, widening of the anchorage region to
distribute the high localized forces is an effective way of
reducing bursting and spalling stresses and raising the cracking
and ultimate capacities. The effect of increased width is indi-
cated in Eq. A in Sec. A.1l.4.

C.A.1.3 1In application of all anchorage zone design the level of
prestress applied and the concrete strength at time of application
must be considered. This is particularly important with stage
prestressing.

C.A.1.4 1t is highly desirable that the anchorage zone remain
uncracked at service levels to protect this vital area from
corrosive and freeze-thaw deterioration. This can be ensured by
proportioning the anchorage zone so that the cracking load is
greater than any anticipated stressing load. 1In this propor-
tioning the anchor zone can be designed to remain crack free
without supplementary anchorage zone reinforcement by use of
Eqs. A through D, The zone can be designed to remain surface
crack free through provision of supplementary reinforcement
which will raise the level of the cracking loads as indicated by
Egs. E through G. The service load level specified 1.10 £ uA
contains allowances for jacking errors, material toleranceg,
and a margin of variability.

s

C.A.1.4.1 Cracking Loads. The cracking load for thin web
post-tensioned sections without supplementary anchorage zone
reinforcement can be determined for certain conditions as:
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P_=t E—ZR(zsa - 120) - 57126 - 252 (e/a)E, ] - Dela) - 7
f
+39a" + —2[166 - 975 @ /)] - 9.1
where PCr = cracking load in kips
e = tendon eccentricity (in.)
2a = section height (in.)

2a’ = width of anchor plate (assumed square, in.)
t = section thickness (in.)
6 = tendon inclination at loaded face (degrees)

= gplit cylinder tensile strength (ksi)

°P may be estimated as 6.5 MEC psi)

All variables are illustrated in Fig. A.1 (Fig. 3.1 in text, not
repeated). Limitations on the use of Eq. A assume

Ao o

e, B are both positive as defined in Fig. A.1l
0.05 = t/2a = 0.25

anchors are assumed square, plate type

single tendon anchored in the web.

4)

The equation can be easily extended to other practical applications
as shown in Fig. A.2 (Fig. 3.2 in text, not repeated).

For sections which do not meet the above criteria cracking
loads can be obtained using three-dimensional finite element
analysis techniques, or by comprehensive physical tests.

The cracking load can be calculated from a three-

dimensional finite element computer analysis which has been
calibrated to extensive physical tests. One such calibration
indicates:

1.

The maximum spalling strain (transverse tensile strain
parallel to the loaded face) at the anchor plate edge
must be calculated. For most cases this will require a
detailed mesh refinement in the vicinity of the anchor
plate edge following a preliminary analysis with a coarse
grid. This is particularly necessary for inclined tendon
blockouts with square corners. Anchorage zone reinforce-
ment need not be modeled for this analysis.
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2. The peak spalling strain corresponding to a load of 1 kip
should be computed. The approximate cracking load (for a
section without supplementary reinforcement) can be cal-
culated as follows:

€

cr
Fer ~ €, kip(FEM) (B)
where P PCr = cracking load (kips)
€p threshold cracking strain (He)

€ kip (FEM) = peak spalling strain at plate edge from
program with unit post-tension load of 1
kip.

Calibration studies indicate that appropriate values of
ec are 172 He for plate anchors with straight tendons

afid 1092 e for plate anchors with inclined tendons in

which a right angle blockout is used.

For other than plate bearing-type anchorages, the cracking
loads obtained from Eqs. A and B should be modified as follows:

Conical Anchor Pcr 0.61 PCr (plate) (C)

Bell Anchor P

or 1.08 PCr (plate) (D)

These coefficients apply only when the anchorages present
approximately the same proiected bearing area.

In any physical tests to determine cracking loads, the
conditions to be expected during construction of the actual
structure must be replicated as precisely as possible. These
include the effects of tendon eccentricity, inclination, curva-
ture and multiple strands, as well as anchor size, section width
and height, and supplementary reinforcement.

C.A.1.4.2 Effect or Reinforcement on Cracking --Cracking loads as
calculated from Egqs. A through D represent the minimum value to

be expected for a section with no supplementary reinforcing in

the anchorage zone. The addition of supplementary reinforcing
will raise both the cracking and ultimate load. For sections
provided with spiral, orthogonal, or active reinforcement designed
in accordance with A.1.4.6, the cracking load can be determined

as
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Spiral Reinforcement: Pér = (2.03 - 0.0326)PCr (E)
Orthogonal Reinforcement : P(':r = (1.61 - 0.0196)PCr (F)
Active Reinforcement: Pér = (2.37 - 0.03726)PCr (G)

where Pér = cracking load for the reinforced section (kips)

= angle of tendon inclination (degrees)

or - cracking load for the unreinforced section as
calculated above (kips)

C.A.1.5 The proper development of the post-tensioning force in
unbonded tendons and prior to completion of grouting in bonded
tendons is completely dependent on proper anchorage of the ten-
dons. The anchorage capacity must be greater than any antici-
pated tendon load with a reasonable factor of safety. The
capacity specified 1.60 prApS contains allowance for tendon
tolerances, actual strength range rather than guaranteed minimum
strength, and a margin of safety against the explosive type
failure which would occur if an anchorage zone failed.

The ultimate load for sections without supplementary
anchorage zone reinforcement is conservatively assumed to be
equal to the cracking load. With the addition of reinforcement
designed according to A.1.6 the ultimate load will be:

No Supplementary Reinforcement: Pult = PCr (H)
Spiral Reinforeement: Pult = (3.18 - 0.0539)Pcr (D)
Orthogonal Reinforcement: Pult - .71 - 0'0179)Pcr )
Active Reinforcement: Pult = (3.89 - 0.06408) (X)

where P

ult ultimate load for the reinforced section (kips)

angle of tendon inclination (degrees)

cracking load for the unreinforced section as
calculated above.

cr

C.A.1.6 1In order to obtain the strength increase indicated in
Egs. E through K, supplementary anchorage zone reinforcement
must meet the following minimum requirements.

C.A.1.6.1 Spiral Reinforcement--Spiral confinement must be ade-
quate to resist cracking and fully develop the anchorage. To
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ensure a sturdy unit the minimum spiral wire diameter is 1/4 in.
Minimum spiral area is

£, - 0.6f
1 c,
i
2 ———— = Ds 2 0.05 si
ASp Y s si
y
where ASp = gspiral wire cross-sectional area, in.
fl = post-tension load divided by the area confined by
the spiral = 4PymD?, psi
fé = specified concrete compressive strength at time of
i stressing, psi
D = overall diameter of spiral, in.
s = pitch of spiral, in.
fy = spiral yield strength.

In thin webs, the spiral diameter, D, should be as large as
possible while still satisfying cover requirements. In general,
the spiral diameter should be the maximum linear dimension of the
anchor projected bearing surface (the diagonal for square anchor
plates). Spiral pitch should be as small as possible but must
allow for concrete placement. The spiral should begin at the
anchor plate and have a minimum length of twice the anchor plate
depth or width, whichever is larger.

C.A.1.6.2 Orthogonal Reinforcement--While spiral reinforcement is
usually superior to orthogonal reinforcement, in some applications
an orthogonal grid of closely spaced closed stirrups or a mesh of
orthogonal bars may be used. The minimum area of bars in such
closed stirrups cr meshes should be calculated using the expres-
sion given in A.1.6.1 with the minimum lateral dimension of the
orthogonal closed stirrup or mesh substituted for D and the
stirrup spacing substituted for s,

C.A.1.6.3 Active Reinforcement--Lateral post-tensioning (LPT) is
highly effective as active reinforcement. Such reinforcement
chould be designed on the following basis:

1. 1LPT tendons should be placed as close as possible to the
loaded face and should extend throughout the height of
the web.

2. 1LPT tendons should produce a minimum lateral precompres-
sion in the anchor zone of 100 psi after losses. 1Initial
stressing should provide 150 to 200 psi. The nominal
effective area for stress calculation should be taken as
the web thickness times a length equal to half the sec-
tion height.
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3. LPT tendons should be placed in pairs equidistant from
the tendon centerline to minimize lateral moments in
the web.

4. LPT tendons should be grouted and should utilize the
most positive seating load lock-off mechanism available.

C.A.1.7 Reinforcement for Multistrand Effects--~For
post-tensioning applications with significant tendon curvatures
and with multiple strand tendons, a side face failure mechanism
may govern the failure of the section. Any time a loaded tendon
follows a curved path, normal and friction forces are set up along
the length of the duct. 1In regions of small radius of curvature
lateral forces due to the flattening out of the multi-strand ten-
don under stressing loads can cause tendon path cracking at loads
below those which would initiate cracking in the anchorage zone
proper. Such cracking will be likely if

20 A/f(’: CRm1ry
i

e =
Pdes Po 90(1 - cos a)
or
Rm-n < RO _ 90P({ - cos ay
t mac2¢ WE,
i
where Pd = P = the minimum cracking design load (1.10 £ A )
es pu ps
PO = side face cracking load
o) = strength reduction factor for shear = 0.85
fé = compressive strength of concrete at time of
i stressing, psi
C = minimum concrete cover on one side of duct
= minimum radius of curvature of tendon, in.
o = 1/2 the duct loaded arc angle, degrees (but

not more than 90°)

If Pdes 2 Py or Ryipn S Ro then supplementary reinforcement will
be required in the region where R < Rg. Since the region of
minimum radius of curvature is typically some distance removed
from the anchorage zone (and the benefit of the supplemental
reinforcement there) additional reinforcement must be provided.
This can be accomplished most efficiently through the use of
spiral reinforcement designed as follows:
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1. The radius of curvature along the tendon profile is
calculated as:

3/2
_ [l + (dx/dz)zw
R = 2 2
d"x/dz [

where x is the dependent vertical variable and
z is the longitudinal variable.

Most tendon profiles can be defined by the equation

X = Az3 + Bz2 + Cz + D

The minimum radius of curvature R can thus be calculated.

2. Given the internal diameter of the tendon duct and the
number of strands used, make a scale drawing of the duct
with all strands placed as close as possible to the con-
cave side of the duct as would occur when the stressing
load is applied. Draw two tangential lines from the
center of the duct, to the outside of the outermost
strand, as in Fig. A.3 (Fig. 3.4 in text, not repeated).
This defines . The area of spiral required is then

45Ps(l - cos 7))
sp - moaRO.6f
y

A 2 0.05 sq. in.

General spiral proportioning should follow the require-
ments in Sec. A.1.6.1. The spiral should extend through~
out those regions where R < R, but at least 2t (where

t = web thickness) to either side of the point of minimum
radius of curvature. Such spiral reinforcement designed
for multistrand cracking need not be placed in areas
where equivalent or stronger primary anchorage zone
reinforcement has already been supplied.

C.A.1.8 Bearing Stress--In many cases the adequacy of anchorage
assemblies will have been demonstrated by comprehensive tests or
analyses. However, in other cases it is desirable to have a
relatively simple method to proportion the size of bearing
plates. Comprehensive tests and analyses show the tendon
anchorage cracking load is relatively insensitive to bearing

area and bearing stress. However, the confinement provided by
concrete surrounding the bearing plate does increase the cracking
load somewhat. The value of allowable bearing stress given in
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Sec. A.1.8 reflects recent test experience and tends to be a
conservative bearing stress for use in sizing bearing plates.
The expression given represents a slight liberalization over
ACI 318-77 values and a substantial liberalization over current
AASHTOC values for anchors which do not extend fully across the
web.

3.7 Illustrations of Design Procedure

3.7.1 Example 1. Assume a preliminary design for a
post-tensioned, segmental precast box girder bridge has developed a
tendon profile and cross section as shown in Fig. 3.5. The maximum
temporary prestress in each web section is 495 kips (tendon has
fifteen 1/2 in. diameter 270 ksi strands), and a plate bearing-type
anchor 13.25 in.2 will be used tco anchor the tendon. The compres-
sive strength of the concrete will be 5000 psi within tolerance

levels to be expected at the precast yard. Given the above data:

(a) Will the anchor plate satisfy the bearing stress require-

ments of A.1.87

(b) Will the section satisfy Sec. A.l1.4 and A.1.5 with no

supplementary reinforcement?

(¢) If the answer to (@) is no

(1) Design a reinforcing scheme that will satisfy all
requirements of Secs. A.1.4 and A.1.5.

(2) Redesign the section for no cracking with no supplemental
reinforcement. Then supply a suitable passive rein-
forcing scheme to meet ultimate strength requirements.

(d) Since the tendon is curved, check to see if the section

satisfies A.1.7 (multi-strand effects). Reinforce as needed.

Solution
Available information:
4

(13.25)% = 176
(14)2 = 196

13.25 in.

t = 14 in. 2a

Z2a = 120 in.

A
25 degrees A2
6.5/?2 = 6.5/5000

460 psi = 0.46 ksi

e =12 in.
Sp

]
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25° °
P = P
l«—— 96—
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|2II
120"
60"

Fig. 3.5 Example 1 cross section and tendon profile
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= 0.8f A
Pnom 0 pu ps
= 495 kips L.10 £ Ay, = 680 kips
1.60 £ A = 990 kips
pu sp
a) Check Sec. A.1.8 Bearing Stress
1.1f uAS
£ = —PBY 5P <o 8F JA /A, < 1.33f’
b A c,V2'71 c,
1 i i
680000 . / 196
= —— = < —_— <
fb 176 3864 psi (0.8) (5000) 176 < 4221 6620
bearing stress OK
b) Check Sec. A.1 4 Service Level Cracking
= 1.10f A = 680 kips
pu Sp
From Eq. A:
= 14/ £28138(60) - 120] - £2[2(25) - 252(12/60) (0.46)]
2
) ;g; i g{13.25) _ 0.46 i 13.25
(12/60) 7 + 3952 51166 - 975G 1 -

= 630 kips
= 680 kips > PCr = 630 kips

Therefore, the section does not meet the cracking strength

requirement of Sec. A.1l 4.

If spiral reinforcement is provided the new cracking load

from Eq. E would be

P’ = (2.03 - 0.0329)P
cr

or [2.03 - 0.032(25)](630)

775 kips
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This is greater than the 680 kips required by Sec. A.l.4, and thus
the section will not crack. This spiral reinforcement can be
designed as shown later. Alternatively, from Eq. G active rein-
forcement in the form of lateral post-tensioning will also provide

the necessary increase in cracking load:

P’ = (2.37 - 0.03726)PCr [2.37 - 0.0372(25)]630

cr

907 kips
which is considerably higher than the required 680 kips. A.l1.4 OK
if either a spiral or active reinforcement is provided.

c¢) Check Sec. A.1.5 Minimum Strength

P =1.60f A = 990 kips
u pu ps

To meet service load cracking requirements either spiral
reinforcement or active reinforcement is required in the section.

Therefore the minimum strength check should be made for these cases.

With spiral reinforcement, from Eq. I

Pult

(3.18 - 0.0536)PCr

[3.18 - (0.053)(25)](630) = 1169 kips

P

u 990 kips = 1169 kips OK

with active reinforcement, from Eq. K

P

ult (3.89 - 0.0649)PCr

[3.89 - (0.064)(25)](630)

1443 kips OK

Either type of reinforcement must be provided to allow the section

to meet A.1.5.
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d) Proportion active reinforcement to meet A.1.6.3

The recommended minimum initial lateral precompression of

150-200 psi across the web can be achieved by:

0.200 ksi

0.8f A 0.8(270)A
pu ps _ DS

A
ps

0.888 sq. in.

ta T 7 (16) (60)

The required area Aps(LPT) can be provided by three sets of 1/2 in.

270 ksi U stirrups with grouted tendons placed so that the resultant

load will act as close as possible to the primary load face as shown

in Fig. 3.6.

e) Proportion spiral reinforcement to meet A.l1.6.1

From Commentary A.l1.6.1

(f., - 0.6£7 )
1 ci

As > ST (Ds) = cross-sectional area of bar = 0.05 sq.
y used to fabricate the spiral
2 2 .
where f1 = 4Pu/ﬂD = (4)(990)/m(13)" = 7460 psi
fé = 5000 psi
D =9 in.
s = 1-1/2 in. pitch
_ 7460 - 0.6(5000) _ .2
AS (5 (60000) 9)(L.5) 0.20 in.
a =, 80:200 _ 5 55 5.
bar T

Use 1/2 in. ¢ 60 ksi smooth rod spiral 9 in. overall diameter, at

1-1/2 in. pitch. The length of the spiral should be 4a’ = 27 in.;

details as shown in Fig. 3.7.

in.
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P
o LPT = —EPT 500 psi
Initial (aﬂ
2
P_p7= 8Py 1 = 200psi (60)(15)

P
ULT =240 kips

USE (3) - I/2" 270 ksi U GROUTED
STIRRUPS

Fig. 3.6 lateral post-tensioning details

< COVER

[

Fig. 3.7 Sizing spiral diameter
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f) Check Sec. A.1.7 multistrand effects

The tendon profile shown in Fig. 3.8 can be described by
the following equation:

_ 2
X = X

9 " A(z2 - 2)3 - B(z2 - z)

where the boundary conditions are assumed to be:

at % 8 = 0.436 radians (25°)
X = x1 =72 in.
z = z; = 0 in.
at x, 6 = 0.0 radians
X = 32 = 114 in.
z = z, = 96 in.

for this problem

A= -4.75 (10)'5

9.13 (10)'3

os]
I

substituting these values into the tendon profile equation and

differentiating yields
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]
Il

-1.425(10)'4(96 - z)2 + 1.826(10)_3(96 - z)

2.85(10)"%(96 - z) - 1.826(10)

k]
[}

The radius of curvature is given by

11.5

2 =|‘1 + [-1.425(10)'4(96 - z)2 + 1.826(10)‘3(96 - zzjg
2.85(10)'4(96 - 2% - 1.826(10)'3l

i

These values are tabulated in Fig. 3.8. A survey of these values
shows that the minimum radius of curvature is 81.9 in. at which
point Q is calculated to be 2045 psi for a tendon duct with a
diameter of 2.75 in. (the recommended flexible duct for a 15 strand
commercial anchor). This minimum value of R can be checked

against the expression for RO in Sec. C.A.1.7

_ 90P( - cos q)

T C29 Jf;
i

For 15 strands the duct will be half full so g = 90°. C =
1/2(14 - 2.75) = 5.625 in. Thus

= §962£680000)(l - cos 90)
7(90) (5.625) (1. 7)/5000

R

= 320 in.

Thus the spiral to resist multistrand effects is required wherever
the curvature radius is less than 320 in. From Fig. 3.8 it can be
seen that a confining spiral for approximately 78 in. in horizontal
projection extending from the anchor over 80 percent of the curved

zone is required.
The spiral area is given by

45Ps(l -~ cos a)

A = 20.05 si
sp WaRO.6fy




< 96 >
X
4

(1b/inch) (psi)
z(inches) R(inches) p = P/R Q = p/20r
0 136.1 5319 1231
10 106.8 6779 1568
20 89.7 8071 1867
30 82.3 8497 1965
35 81.9 8840 2045
40 83.7 8649 2001
50 94.98 7621 1763
60 121. 5983 1384
70 179.7 4022 930
80 366, 1978 457
90 547 1323 306

Fig, 3.8 Data for design of spiral reinforcement to

resist multistrand cracking
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_ (45) (680000) (1-1/2) (1 - cos
Sp m(90) (82) (0.6) (60000)

G
20) - 0.054 sq. in.

Thus a 1/4 in. diameter spiral rod with a pitch of 1-1/2 in. and an

overall diameter of 9 in. should be used.

3.7.2 Example 2. Determine the web thickness required for
the box girder in Example 1 if no supplementary reinforcement is to
be provided in the anchorage zone at cracking load levels. Determine
if supplementary anchorage zone reinforcement is required at ultimate

strength levels.

In Example 1 the design cracking load to meet A.l1.4 was 680
kips. The original box girder with 14 in. webs had PCr = 630 kips
from Eq. A. Thus the cracking load has to be raised (680/630 =
1.08) about 8 percent to satisfy this requirement with no supple-
mentary reinforcement. Of the three major geometric variables
(inclination, eccentricity, and cover) the most practical and most
effective change in the cracking load can be achieved through modi-
fication of web thickness. Since the ultimate capacity of a section
with no supplementary reinforcement as indicated by Eq. H is the same
as the cracking load, it is obvious that a section designed to just
satisfy the cracking load requirement (680 kips) will not meet the
ultimate requirements (990 kips) without additional confining rein-
forcement. Assume that in this case the required increase (990/630 =
1.57) of 57 percent is considered excessive to handle by web thicken-
ing. The designer decides to increase the web width to control
cracking without relying on confinement, but to provide confinement

for ultimate.

On this basis, an approximate web width is selected for trial
as 110 percent t = (1.10)(14) = 15.4 in. Thus t = 16 in. is selected

as a practical dimension checking Eq. A for:
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t = 16 in. 2a’ = 13.25
2a = 120 1in. g = 25°
e =12 in, f = 0.46 ksi
sp
Pnom = 495 kips Al = 176 sq. in.
1.10f uASp = 680 kips A2 = 256 sq. in.
1.60f A = 990 kips
pu sp
P = 16| 226 46 ((38) 60) - 120) - 28 2)(25) - (252)—X&—(o. 46j
cr 81 (60)
103(12) (13 25) 46r 13.25 27
- =282 ) . —_— |
5 (60) 71 + (39) 7 5 | 166 975 (2)(16)) |

- 9.1 = 669 kips

This is still less than the 680 kips required although it is close.
The next practical increase would use a web width t of 18 in.
Rechecking Eq. A for t = 18 in. yields PCr = 712 kips which satis-
fies the requirement PCr = 712 kips 2 l'lofpuAsp = 680 kips.

However, with no supplementary reinforcement the section
does not satisfy the ultimate load requirement of 1.60 fpuAs
Further widening of the webs to meet this requirement would probably
result in webs over 2 ft. wide so it is necessary to include con-
fining reinforcement for satisfying the ultimate conditions. This
indicates that most sections will require such confinement so that it
might as well be considered for crack control. Using Eq. I for
spiral reinforcement

P, = (3.18 - 0.0530)F__

= (3.18 - (0.053)(25)(712) = 1321 kips

This more than satisfies the requirement

= 1 = . = 1
Pult 1321 kips 1.60 fpuAsp 990 kips
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For a web width of 18 in., a maximum spiral diameter D of 13 in. can
be used. Rechecking the spiral equation
’
(fl - 0.6fc.)
A =2 - Ds

s 5f
y

. (7460 - 0.6(5000))
s (5) (60000)

A (13)(.5) = 0.29 sq. in. > 0.05
Thus a 5/8 in. ¢ rod at a pitch of 1-1/2 in. would be required. The
larger diameter of 13 in. results in a slightly heavier spiral than
in Example 1. Bearing stress would be no problem for this wider
web.

Side face multistrand effect confining reinforcement should

be cechecked because of the greater side face cover thickness.

Checking RO for the new cover C = 1/2(18 - 2.75) = 7.625

_ (90) (680000) (1 - cos 90)
m(90) (7.625) (L.7)/5000

R
o

= 236 in.

Since the minimum R is 82 in., a confining spiral is still
required. The expression for spiral area is not affected by the
cover so a 1/4 in. diameter spiral rod with a pitch of 1-1/2 in.
and an overall diameter of 9 in. should be used along the tendon

path for approximately 75 in. in the horizontal direction.

3.7.3 Example 3. Suppose that the cracking load is desired
for a section identical to that of prototype specimen FS2B (t = 12
in., 2a = 82 in., 2a’ = 10.5 in., f; = 5000 psi, e = 0, B8 = 30°)
with the exception that the angle of inclination @ is to be 45°
rather than 30°, Since no experimental data were obtained beyond
a 30° inclination, an approximate solution is to be determined
using a three-dimensional finite element analysis. In this case the
program PUZGAP 3D was used. The mesh used is shown in Figs. 3.9

through 3.13. The rezoned portion of the mesh (indicated by the
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{a) COARSE MESH
DETAIL
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(b) REZONE MESH DETAIL

Fig. 3.10 Rezone mesh detail
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shaded area in Fig. 3.9) is detailed in Fig. 3.10. The peak spalling
strain calculated was on the shaded element shown in Fig. 3.10b. At
a load of 200 kips this value was 1010 microstrain. The unit load
value is then 1010/200 = 5.05 microstrain, and the cracking load, as
determined from the inclined tendon threshold strain, is: Pcr(45°) =
1092/5.05 = ZEE kips. For fé = 5000 psi the value of fSp is approx-
imately 6.5 Jfé = 0.459 ksi. Thus the value of Pcr/fsp for § = 45°
in Fig. 2.12 was calculated as 216/0.459 = 470 (full-scale) or 29.4
(model-scale). (Pcr/2at fsp = 0.487.) This illustrates the level of

detail required in an analysis to extrapolate to other cases.

3.8 Summary

This chapter dealt with the development of a limit state
design procedure for proportioning supplemental anchorage zone rein-
forcement. Two methods were presented. The first is used to design
the section to remain uncracked at the maximum temporary post-
tensioning load. The second is used to allow cracking at the maximum
load, but maintain crack widths within acceptable limits. The former

procedure is recommended for conservative design.

The concept of limit state design of the post-tensioned
anchorage is discussed and factors of safety are developed with

respect to cracking and ultimate load.

A generalized equation based upon regression analysis of
experimental data was presented for calculating the expected cracking
load for an unreinforced section. The major variables include the
tensile splitting strength of concrete, the section width and
height, the anchor width, and tendon eccentricity and inclination.
The cracking and ultimate load can be increased through the addi-
tion of supplemental anchorage zone reinforcement and appropriate
factors are presented for calculating the increases to be expected
for a given reinforcing scheme. The recommendations are presented
in typical Specification or Code and Commentary format. Example

problems are solved to illustrate the design procedure.



CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

4.1 General

At the inception of this study in 1975 the common American
practice for post-tensioned anchorage zone reinforcement design was
for the structural designer to specify tendon force and location and
to allow the contractor to choose a post-tension system. Both then
usually relied on the hardware supplier to furnish detailed advice on
the use of the system. Often the suppliers' knowledge was based on
limited tests, on practical experience (generally with enlarged
cast-in-place end blocks), and on the published work of such
investigators as Guyon or Zielinski and Rowe who relied on the
classical bursting stress approach to design of supplementary

anchorage zone reinforcement.

Although these designs usually worked well for straight
tendon applications with little eccentricity, they were insufficient
to control anchorage zone cracking in some thin member applications
such as in precast segmental box girder bridge web sections. In
these applications, the tendons were often not only eccentric, but
also highly inclined in order to pick up a portion of the dead load
shear. Because of the highly proprietary nature of the industry
those companies which did have experience with such problems were
often reticent to publish this knowledge in the public literature.
American specifications such as AASHTO and the ACI Building Code
were framed in very limited terms of allowable bearing stresses, and
did not reflect the effects of section aspect ratio, of tendon eccen-
tricity, curvature, and inclinaticn, nor of the effect of supple-

mentary reinforcement.
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This investigation provides a starting point for the
practicing engineer to address many common thin web post-tensioning
applications as well as a separate check method to evaluate the

recommendations of the hardware supplier.

The results of this study reflect a composite formed from
three sources. These include physical tests of approximately forty
quarter-scale microconcrete models, physical tests of nine full-scale
prototype concrete specimens designed to replicate post-tensioning
conditions found in thin web sections and results of an extensive
series of three-dimensional linear elastic finite element computer

analyses.

The model test results were found to match the prototype
behavior when scaled properly through the use of the geometric scale
factor and the measured split cylinder tensile strength of the con-
crete. A linear regression analysis of the experimental data yielded
an empirical equation for the load causing formation of the tendon
path crack in sections without supplementary anchorage zone rein-
forcement. This type of crack has previously been referred to as
the '"bursting' crack in the literature. These values could then be
modified by appropriate factors to yield results where reinforcement
was present. The effect of variable trends indicated was also
observed in the computer analysis results. The empirical equation
for cracking load has the following limitations:

(1) For inclined tendons, the eccentricity e and inclination 8

must always be assumed positive.

—_ b 3 : —_
(2) Thin web sections are assumed. 0.05 < we .Fhlckness < 0.25.
section depth

(3) Multiple tendons anchored in the same web section are not
expressly covered.

(4) The anchorage is assumed to be square. Rectangular plates
with the long dimension oriented parallel to the web face
can also be used. Equivalent areas of circular plates may be
used.
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For those applications which fall outside these limits, such as
multiple tendons, solutions can be obtained from comprehensive three-
dimensional finite element analysis programs such as the program
PUZGAP using calibration techniques described in Secs. 2.2.6

and 3.6.2.

An extensive strain analysis was performed using both
physical strain gage data and the results of the analytical pro-
gram. Good correlation was found between the predicted and measured
strains. The end result of this study was a theory which explains
tendon path crack initiation based upon attainment of specified peak
spalling strains at the edge of the anchorage. Two threshold
spalling strains were presented, one for straight tendon applica-
tions and one for inclined tendons where right angle block-outs are
used to achieve tendon inclination. The theory agreed well with
experimental data over a wide range of variables, and thus was used
to extrapolate cracking loads beyond the range of physical test data

by use of the 3D FEM analysis.

Various reinforcing schemes (both active and passive) were
investigated and a general reinforcement design procedure was
developed. Experimental data from the prototype tests revealed an
interesting additiénal failure mechanism due to "multistrand"
effects. Sections with significant tendon curvature and with
multiple strands in the same duct generated large lateral splitting
forces at the point of minimum radius of curvature due to the
flattening out of these multiple strands within the confines of the
duct. A method of designing reinforcement to resist this effect

was presented.

4.2 Major Conclusions

The results of this study indicate a radical departure from
previous methods of analyzing the anchorage zone cracking problem

which were basically limited to concentric, straight tendon anchors.
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For the general range of variables investigated, the major conclu-

sions are:

(1) Design of anchorage zone reinforcement using bursting stress

criteria is erroneous when the tendon is inclined or eccentric.

(2) Bearing stresses as high as 2.5fé were routinely achieved
before ultimate failure. Specifications limiting allowable bearing
stresses to less than fé are overly conservative and inappropriate

for controlling the complex anchorage phenomena.

(3) While anchorage zone design based upon the ACI Building Code
Commentary formula using the square root of relative bearing areas
will be conservative under certain circumstances, it cannot be relied
upon to be conservative when the tendon is highly eccentric or

inclined, or when very thin web sections are used.

(4) A new failure theory which recognizes the complex role of the
end face spalling stress in the vicinity of the anchor as the trigger
mechanism for an anchorage zone shear failure was confirmed experi-
mentally. Application of this failure theory and experimentally
determined spalling strain limits resulted in a general solution to
the problem using a three-dimensional finite element analysis. This
analysis predicts éracking loads which were confirmed experimentally

over a wide range of variables.

(5) The load required to cause formation of the tendon path
crack increases with increasing web width. Increasing the angle of
inclination, or the eccentricity of the tendon decreases the cracking
load. The cracking load for plate-type bearing anchors with no sup-
plementary anchorage zone reinforcement can be calculated as:

£ t 103 1
P = ¢ 2B@38a - 120) - 20 - 252(e/a)f ] - =c=(e/a) - 7 |
cr .24 81 sp 9 :
plate

i

f
+ 39a’ +—§-R[166 - 975(3’/t)2] - 9.1



where P
cr

2a

2a’

f
sp

anchorage reinforcement
= eccentricity of tendon (in.) (always positive)

= section height (in.)

= section thickness (in.)

= tendon inclination at loaded face (degrees) (always
positive)
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= cracking load in kips for section without supplementary

= width and depth of bearing plate (assumed square) (in.)

= split cylinder tensile strength (ksi) = approx. 6.3/fé

(psi) for normal readymix concrete.

(6) Tendon path cracks can occur at points well removed from the

anchorage zone in sections where the tendon profile has significant

curvature and multiple strand tendons are used. This is due to the

tendency for the bundle to flatten out within the confines of the

duct, thus creating lateral forces sufficiently high to cause not

only cracking but side face rupture as well.

(7) The
(a)

(b)

(c)

(d)

(e)

failure mechanism for plate type anchors is:

The large friction forces developed beneath the anchor
plate locally constrain the lateral expansion of the
concrete due to Poisson's ratio effect.

A complex, triaxial compressive stress state is set up
which permits development of extremely high direct
bearing stresses (up to 3f;) beneath the plate.

The confining lateral forces at the edge of the plate
are reduced by the presence of the spalling tensile
stresses.

At some load level which depends on section and tendon
geometry, the confining stress is sufficiently reduced
that a shear failure occurs along the plate of approxi-
mately 45°, and thus the shear crack propagates to form
a 45° pyramidal '"'cone'' bereath the anchor.

Simultaneous with the formation of the cone, a tendon
path crack propagates from the tip of the cone. The
cone is then forced into the anchorage zone setting up
large lateral forces which eventually produce a set of
"upper and lower" diagonal cracks which typically form
at the corners of the anchor and propagate away from
the tendon path at angles of approximately 45°,
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(f) Increases in load above that required for formation of
the diagonal cracks lead to ultimate explosive failure
of the side faces, bounded by the upper and lower
diagonal cracks.

(8) Anchor geometry can affect the cracking load. Tests using

plate-, bell- and cone-type anchors indicate the following factors

should be applied to calculated cracking loads for plate anchors:

P
cr

Plate 1.00 P plate
cr

Bell 1.08 P plate
cr

Cone 0.61 P plate
cr

These values are for sections without supplementary anchorage
zone reinforcement. Ultimate loads for unreinforced plate- and cone-
type anchors occurred at loads only nominally above the cracking
load. Unreinforced bell anchors exhibited ultimate failure at loads

approximately 25 percent above those which cause cracking.

Tests of spirally reinforced plate and cone anchorages
indicated nearly identical factors were still applicable. No tests
were done on spirally reinforced bell anchors. Since the bell action
somewhat simulates the spiral action, it was felt further confinement

was redundant.

4.3 Reinforcement Conclusions

(1) When using passive reinforcement, spirals exhibit much better
performance than standard orthogonal reinforcement both for increas-
ing cracking and ultimate loads, and for controlling crack widths.
Spiral reinforcement has the effect of changing the cracking pattern
from a single tendon path crack to a series of parallel cracks which

exhibit a reduction in the average crack width. The spiral advantage
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is greater for thinner web sections, making it the preferred choice
of passive reinforcement. Design equations for the spirals are pre-
sented which are similar to those used for design of spiral column

reinforcement.

(2) The ultimate load for anchorages with spiral reinforcement is
as much as 45-60 percent higher than that for anchorages with orthog-
onal reinforcement (bar grid) with ten times the reinforcement ratio

of the spiral.

(3) For a given volumetric percentage of spiral reinforcement, the
spirals fabricated from smaller wires performed better than spirals
fabricated from larger wires. This indicates that spirals should use

close pitch.

(4) Within the range investigated long spirals (2t to 2.5t in
length affixed to the anchor) performed no better than short spirals

(t in length).

(5) With inclined, curved, multiple strand tendons careful
attention must be paid to the possibility of cracking along the tendon
path at the point of maximum curvature. In most practical applica-
tions that point would be well removed from the anchorage zone, and
from the influence of any short spiral reinforcement in the anchorage
zone. Continuing anchorage zone reinforcement into the zone of
maximum curvature is logical in some cases. However, calculations
indicate that the reinforcement required to resist multi-strand
effects is usually much smaller than that required in the anchorage
zone. A secondary calculation method is presented in Sec. 3.5.3.4
to design the additional reinforcement required for curved tendon

applications.

(6) Active reinforcement (lateral post-tensioning) is the most
efficient means of controlling anchorage zone cracking. A rela-
tively small precompression of 100 psi across the anchorage zone of

a section with an inclined, curved, multiple strand tendon raised
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the cracking load 33 percent above that for an unreinforced section.
The optimum location for the lateral prestress is as close to the

loaded face as is feasible.

4.4 Similitude Conclusions

(1) The tensile strength of the microconcrete used for
constructing the models was found to be substantially higher than

that for the corresponding prototype concrete.

(2) Cracking and ultimate loads must be normalized with respect
to the indirect tensile strength (fsp) when using model results for

prediction of cracking in corresponding prototype structures.

(3) When adjusted for geometric scale factor and split tensile
strength, excellent reliability (4+/- 10%) can be expected for model
tests using straight tendons, including the effects of cover,

eccentricity, and bearing area.

(4) Specimens with inclined tendons can also be accurately
modeled; however, careful attention must be made to detailing the
model tendon, when sharply curved multiple strand prototype sec-
tions are to be modeled. Due to the importance of multistrand
effects in full-scale structures the model tendon should be a pre-

cise scaled-down version of the prototype tendon and duct system.

(5) Crack patterns observed in prototype specimens can be
accurately reproduced in the models. However, crack widths in the
models (after adjustment by the scale factor) were on the average

40 percent smaller than those observed in the full-scale specimens.

(6) As with the full-scale tests, the formation of upper and
lower diagonal cracks around the anchor act as a visual indicator
of the proximity of ultimate failure. For unreinforced plate
anchors a cone of crushed concrete was observed beneath the anchor

at failure.
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4.5 Analytical Study Conclusiouns

(1) Static, linear elastic, three-dimensional finite element
analyses can be used to predict the state of stress of the anchorage

zone with reasonable accuracy up to the cracking load.

(2) Calibration studies show that for straight tendons, a peak
spalling tensile strain of 172 [l¢ near the edge of the anchorage as
calculated by the program corresponded to initiation of tendon path
cracking in test specimens without supplementary reinforcement. The
corresponding strain for inclined tendons in which a right angle
blockout is modeled is 1150ue, due to the high stress concentration

induced by the presence of the idealized corner.

4.6 Recommendations for Further Research

The limitations imposed on the empirical cracking equation
indicate most directly the areas where further research would be

useful. Specifically these would include:

(1) A small series of microconcrete models to investigate the
effect of inclined tendons which have ''megative' eccentricities

(e.g., below the section centroid) or "negative' inclinations.

(2) Extension of the 3D FEM analytical study to investigate the
effect of multiple tendons anchored in the same web section.
Experimental test results from Cooper [3] and Kashima [14] are pre-

sently available for checking the analytical model predictions.

(3) A small series of microconcrete models, backed by analytical
predictions to investigate the effect of rectangular-shaped anchors

and their orientation with respect to the end face geometry.

(4) A similar series to investigate the effect of lateral
eccentricity of the anchor, a subject of some importance when

several anchors are placed across a wider web section.

(5) A series of full-scale tests to investigate the most efficient

reinforcement design for resisting multistrand effects.
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