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The current provisions of the AASHTO Bridge Design
Specification do not address properly the problem of anchorage
zones of post-tensioning cables, resulting in large differences in
the design practice. Problems ranging from uncontrolled cracking
to failure of the anchorage zone have been reported.

In this work, the Finite Element Method 1is wused in
conjunction with Strut-and-Tie Models based on the theory of
plasticity of structures to investigate the behavior af anchorage
zones of post-tensioning tendons. The anchorage zone is subdivided
into two components: the local zone, consisting of the volume of
concrete surrounding and immediately ahead of the anchorage device

and the general zone consisting of the part of the member over



which the concentrated tendon force is laterally transmitted to
the entire cross section. Three modes of failure relative to the
various components are identified: failure of the local =zone,
tension failure of the general zone, and compression failure at
the interface between the local zone and the general zone. The
study concentrates on the last two modes of failure and on the
analysis and design of the general zone.

The influence of the size of the anchorage device, of its
eccentricity and, of the inclination and curvature of the tendon
is investigated in parallel using the Finite Element Method and
Strut-and-Tie Models. More complex configurations involving
anchorage of multiple tendons and non-rectangular cross sections
are also investigated. General guidelines for the development of
the geometry of a Strut-and-Tie Model for the analysis of
anchorage zones are developed and a specification proposal for the
design of anchorage zones is presented.

The validity of the proposed analysis and design methodology
is checked by comparing the analytical results with test results
available from the literature, as well as with the test results of
a companion experimental study in process at the University of
Texas at Austin. The cracking loads of the anchorage zone
predicted using the results of a linear elastic Finite Element
Analysis are slightly too high. The ultimate load of the anchorage

zone is conservatively approximated by the Strut-and-Tie Model.
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Chapter 1: Introduction

1.1 Post-Tensioned Concrete

Post-tensioning is a method of construction for concrete
structures in which tendons of high strength steel are inserted in
the structure in preformed ducts after the concrete is cast, as
shown in Fig. 1.1. After the concrete has attained sufficient
strength, the post-tensioning tendons are put under tension,
inducing a field of compressive stresses in the concrete. Cement
grout 1is generally injected in the tendon duct to protect the

tendon from corrosion.

Tendon Force

Anchorage Device Concrete
,~— Spiral /—

Tendon Tendon Duct

Figure 1.1 Principle of Post-Tensioned Concrete

Post-tensioned concrete presents several advantages over
concrete reinforced with non-prestressed reinforcement only. The
deflections under service loads are better controlled and cracks
in the concrete are largely eliminated by the compressive stresses
induced by the ©post-tensioning force. Economically, the
combination of high strength steel in tension with high strength
concrete in compression leads to an optimal utilization of both

materials and allows for smaller cross sections.



Post-tensioned concrete is based on the principle developed
in the late 1920's and early 1930's by the French engineer Eugéne
Freyssinet for prestressed, or ©pretensioned concrete. In
pretensioned concrete, the reinforcement is generally in the form
of individual wires or strands. The pretensioned reinforcement is
put under tension using an external pre-tensioning frame before
the concrete is cast; after the concrete has set, the connection
between the pre-tensioning frame and the reinforcement is removed,
and the pretensioned reinforcement (consisting generally of 7-wire
strands) applies a compressive stress to the concrete. The tensile
force of the pretensioned reinforcement is introduced into the
concrete through bond stresses developing at both ends of the
pretensioned strands.

In post-tensioned concrete, in contrast, the tendons are
stressed only after the concrete has set, and the tendon force is
introduced locally in the concrete through end anchorage devices.
Post-tensioned concrete was first used in the late 1930's for the
construction of bridges in Europe. The £first post-tensioned
concrete bridge in the United States was the Walnut-Lane Bridge in
Philadelphia [111], built in 1948-49 by the Belgian engineer

Gustave Magnel. Since then, thousands of others have followed.

1.2 Anchorage Zones

As mentioned in the previous section, the tensile force of
the post-tensioning tendon is introduced into the concrete by end
anchorage devices in the form of steel plates or castings.
Fig. 1.2 shows wvarious examples of anchorage devices. For
practical reasons, the size of these anchorages is generally kept
as small as possible, with the result that large forces are
introduced very locally in the concrete. The anchorage zone is

defined as the portion of the structure in which the concentrated



post-tensioning force is transferred from the anchorage device to
the structure.

Because the primary reason for using post-tensioning is to
introduce a significant compressive stress in the concrete, the
tensile forces in the post-tensioning cables are typically very
large. For example, in an ordinary bridge girder, the applied
post-tensioning force is usually several times larger than the

load applied on the bridge. It is not rare for an anchorage device
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Figure 1.2 Examples of Anchorage Devices



with a cross sectional area of one square foot and weighing only
20 pounds to transfer a tendon force of 300,000 pounds.

The load-carrying mechanism of post-tensioned bridges relies
primarily on the post-tensioning force. Therefore the anchorage
zone 1s a very critical part of the structure, especially prior to
bonding of tendons. The concrete is subjected to extremely high
stresses in the anchorage zone, possibly more then anywhere else
in the structure. Compressive stresses larger than the uniaxial
compressive - strength act in the immediate wvicinity of the
anchorage device. These high stresses are made possible by the
favorable effect of confinement of the concrete. At a larger
distance from the anchorage device, large tensile stresses develop

which can lead to cracking of the concrete in tension.

1.2.1 Limit States Design

The general philosophy for the design of reinforced and
prestressed concrete structures is formulated in terms of limit
states. A limit state describes one set of conditions in which a
structure must perform satisfactorily.

The ultimate limit state requires that the structure perform
without collapse under the factored loads representing the largest
expected overloading on the structure. At the wultimate limit
state, it is impossible to apply more load to the anchorage than
the actual ultimate force capacity of the tendon. In this limit
state, the anchorage should not fail and still be able to transfer
the tendon force, thus letting another, more ductile mode of
failure take place.

The serviceability limit state requires that the structure
have acceptable behavior under normal service loading conditions.
Examples of acceptable behavior are a very limited amount of

cracking, if any, and minimal displacements. Because one of the



primary purposes of using prestressed concrete is the subsequent
limitation or suppression of cracks in the concrete,
serviceability of anchorage zones 1s important. Ideally, no
cracking is desired because it degrades the serviceability of the
structure. However, if passive reinforcement is used to resist the
tensile forces in the anchorage zones, reasonably large strains
develop in both reinforcing steel and concrete. Thus it is likely
that some cracks will form in the anchorage zone. Only lateral
post-tensioning of the anchorage zone could entirely eliminate the
cracks, but this solution is not always practical. The estimation
of the cracking load of the anchorage zone and the provision of
sufficient reinforcement to control cracking are important aspects

of the serviceability design of the structure.

1.2.2 Modes of Failure of an Anchorage Zone

Thé'design for the ultimate limit state is based on a series
of checks that consider the various possible failure modes of the
structure. Three principal modes of failures can be observed in
anchorage zones.

The first mode of failure is a local failure in the
immediate vicinity of the anchorage device, similar to the
punching of an isolated foundation. The surface of rupture Iis
often in the shape of a pyramid or cone, as shown in Fig. 1.3. The
failure is caused by an insufficient compressive strength of the

concrete or by lack of confining reinforcement.



Figure 1.3 Compression Failure in the Local Zone with Cone of

Concrete Characteristic of the First Mode of Failure



. Test Ba!

Figure 1.4  Large Cracks Along the Tendon Path Characteristic of

the Second Mode of Failure (Tension Failure)

The second mode of failure occurs away from the anchorage
device at a distance about one half of the depth of the member. It
is characterized by large cracks running parallel to the post-
tensioning duct and extending from the anchorage, as shown in
Fig. 1.4. This mode of failure is caused by the inability of the
transverse reinforcement to resist the transverse tensile forces
in the concrete due to the lateral spreading of the post-
tensioning force. This failure can occur at the time of first

cracking or during subsequent loading.



Figure 1.5 Compression Failure at the Interface Between
Confined and Unconfined Concrete, Characteristic of

the Third Mode of Failure

The third mode of failure occurs at the interface between
concrete surrounded by confining reinforcement in the immediate
vicinity of the anchorage device and unconfined concrete. Because
it involves a failure of concrete in compression, this mode of
failure presents similarities with the first mode of failure. The
main difference is that it occurs at a larger distance from the
anchorage device. This mode of failure is characterized by cracks
in the vicinity of the anchorage device and a bulging out of the

concrete cover, as shown in Fig. 1.5.



As observed in tests by Sanders [153] and Stone & Breen
[169], all three failure mechanisms exhibit a rather brittle
behavior, even when the failure involves yielding of reinforcing
steel. Because of this lack of ductility, any failure involving
anchorage =zones is undesirable. Ideally, the anchorage zones
should be designed to safely transfer the tendon forces developed
at ultimate, allowing a more ductile mode of failure to occur in
another component of the structure.

To clearly distinguish between these three different modes
of failure of the anchorage zone, it is helpful to define two
distinct zones in the overall anchorage zone, the local zone and
the general zone. The first mode of failure occurs in the local
zone, the second mode of failure occurs in the general zone, and
the third mode of failure occurs at the interface between the
local zone and the general zone. The next subsections describe the

characteristics of these two zones.

1.2.3 Local Zone

The local zonme is the volume of concrete surrounding and
immediately ahead of the anchorage device through which the
concentrated force applied to the anchorage device is transferred
to the general zone, as described in Section 1.2.4. Because the
local zone is very close to the anchorage device, as shown in
Fig. 1.6, its behavior is strongly influenced by the specific
characteristics of the anchorage device. The geometry and the
state of stress of the local zone are very complex, because of the
duct hole, the confining reinforcement and the large tendon force.
Large localized compressive stresses act at the interface between
the anchorage device and the concrete of the local =zone and
tensile hoop stresses are induced by the lateral spreading of the

concentrated tendon force.
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Local Zone

Y
Z *,7\

Confining
Reinforcement

[

|D>
[

a) Elevation

/— Local Zone

b) Plan View A—A

Figure 1.6 Definition of the Local Zomne

The first mode of failure occurs in the local zone: the
concrete fails, with a surface of rupture generally in the form of
a cone or of a pyramid. The failure of the local zone is due to
the lack of confinement, which can be provided by either confining
reinforcement or surrounding concrete, allowing large Ilateral
stresses to develop. The principal parameters governing the
behavior of the local zone are the nominal bearing stress ahead of
the anchorage device and the amount of confinement provided either
by surrounding concrete or by confining reinforcement. The
behavior and design of the local zone are mot a direct part of
this dissertation study. It is instead assumed that the design of
the local zone is sufficient to prevent this mode of failure from
occurring. As mentioned in Section 1.5, a separate component of

the overall University of Texas research project was entirely
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devoted to the subject of local zones and is described in [146]

1.2.4 General Zone

The general zone is the volume of concrete through which the
lateral spreading of post-tensioning forces occurs from the highly
concentrated force at the anchorage device to the more linear
distribution across the entire cross section at some distance
ahead of the anchorage device, as shown in Fig. 1.7. The extent of
the general zone 1s approximately defined by Saint-Venant's
principle, which states that the stresses tend to become uniform
at a distance from a discontinuity equal to the largest transverse

dimension of the member. In Fig. 1.7, the longitudinal extent of

/— General Zone

|D>
|~

EE

1 to 1.5h

a) Elevation

/— General Zone

1 to 1.5t
b) Plan View A—A

Figure 1.7 Definition of the General Zone
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the general zone is shown to be between one and one and one- half
times the transverse dimension of the member. The stresses in the
general zone are not highly influenced by the specific anchorage
device. In the transverse direction, the general zone extends for
a distance about equal to the thickness of the member, as shown in
Fig. 1.7b.

The second mode of failure ocecurs in the general zone. A
tensile crack will form along the tendon path at some distance
ahead of the anchorage device. After extension of the cracks along
the tendon path, the reinforcing steel crossing the crack is
highly stressed, and eventually yields. The cracks extend until no
additional strength is available or the local deformation capacity
of the anchorage zone is exhausted. At this point, the failure of

the anchorage zone occurs.

Spalling a) Elevation

Stresses Bursting Stresses

b) Plan View A—A

Figure 1.8 State of Tensile Stresses in the General Zone
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The state of tensile stresses in the general zone exhibits
several characteristics shown schematically in Fig. 1.8. The
tensile stresses that act perpendicular to the tendon path in the
concrete ahead of the anchorage plate are called bursting
stresses. The tensile stresses that act parallel to the surface of
the concrete on either side of the anchorage plate are called
spalling stresses. Bursting stresses are caused by the lateral
spreading of the tendon force from the concentrated location of
the anchorage device to the entire cross section. Spalling
stresses are mainly caused by the condition of compatibility of
displacements. In cases where the tendon force is applied
eccentrically, the spalling stresses are increased by components

due to the overall flexure of the cross section.

1.2.5 Interface Between Local and General Zone

At the interface between the local zone and the 'general
zone, the tendon force is transmitted from the confined concrete
of the local zone to the concrete of the general zone. Depending
on the size of the anchorage device and on the confining
reinforcement provided in the local zone, the level of stresses at
the interface between the local zone and the general zone can be
very high. The third mode of failure occurs at the interface
between the concrete of the local zone and the concrete of the
general zone. The failure is caused by an excessive level of
compressive stress transmitted from the concrete of the 1local
zone, which is generally confined, to the concrete of the general
zone, which is generally unconfined.

According to the descriptions given above, the local and
general zones are overlapping, and there is a possibility of
interaction between the behavior of the local zone and the

behavior of the general zone. When the dimensions of the general
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zone are much larger than the local zone, as in Fig. 1.7a, the
‘modes of failure occur at different locations, and the interaction
is small. In the case of smaller cross sections, or over the
thickness of a thin specimen as shown in Fig. 1.7b, the local and
the general zones tend to become identical. In such cases, the
modes of failure controlling are failure of the local zone and
fajilure at the interface between the local zone and the general

zone.

1.3 Problems with Anchorage Zones

Most of the problems with anchorage zones described in the
following subsections are observed at the time of the initial
application of the post-tensioning force, or shortly thereafter.
At that time, the post-tensioning force is at its largest, the
strength of the concrete is at its lowest and the cement grout is
not yet in place. After the post-tensioning operations have been
completed, the tendon duct is wusually injected with a cement
grout. The grouting is intended to protect the tendon against
external corrosion attacks, but in the case of an internal tendon,
the cement grout also provides a bond between the tendon and the
concrete. This liaison between the post-tensioniﬁg tendon and the
concrete structure makes a loss of resistance of the anchorage
zone less critical, because the tendon forces can be transferred
to the concrete through bond stresses, as in the cases of

pretensioned concrete.

1.3.1 Excessive Cracking

The presence of tensile stresses in the concrete, both in
the local and in the general zone, results in the potential for

cracking of the concrete. Because of this, cracking has often been
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observed when the post-tensioning force is first applied to the
structure. If cracking occurs after the tensile capacity of the
concrete 1is exceeded, it 1s necessary that a mechanism be
available to resist the tensile forces acting in the structure.
The use of passive reinforcement is a common and simple solution
to resist temsile forces after cracking. If sufficient passive
reinforcement is present in the anchorage zone and if it is
located in the vicinity of the forming cracks, the progression and
opening of the cracks will be stopped and the forces that were
initially carried by the concrete in tension will be transferred
to the steel. If, on the other hand, the reinforcement of the
anchorage zone is insufficient or inadequately located, the cracks
will propagate in the structure until eventually failure of the
general zone occurs.

Excessive cracking is the most commonly observed problem
with anchorage zones, particularly during the stressing of post-
tensioning tendons. Even if the structure is uncracked after the
tendons have been stressed, cracking may still occur at a later
stage, due to creep of the concrete or external causes such as

differential settlements or temperature effects.

1.3.2 Failure

Failure of the anchorage zone occurs when no stable state of
equilibrium can develop to resist the tendon force. Failure will
occur in the local zone if the concrete strength or the local
confinement is insufficient. Failure will occur in the general
zone if the concrete cracks in tension and if the reinforcement in
the general zone is insufficient to resist the tensile forces.
Failure will occur at the interface between the local zone and the
general zome if the compressive strength of the concrete in the

general zone is insufficient.
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The number of reported failures in anchorage zones is
significantly 1less than the number of reported cases where
cracking occurred. Two main reasons can account for this trend.
The first is the inherent toughness of anchorage zones. The load
carrying mechanism exhibited by anchorage zones is complex and
tests have shown that even apparently unimportant parts of the
structure, 1like wuncracked concrete in the general zone or
reinforcing bars located at a large distance from the anchorage
(outside the general zone as described in Section 1.2.4) can
resist significant forces. Although these factors are not taken
into account in the design, they can significantly enhance the
strength of the anchorage zone. The second factor that can explain
the small number of reported failures is the fact that, because
the construction stage is generally the most critical case for
anchorage zones, failure is 1likely to occur during construction.
If a failure occurs during this phase, it will probébly be

promptly repaired and go essentially unreported.

1.3.3 Lack of Design Specifications

There has been comparatively 1little research done on
anchorage zones of post-tensioning cables in the United States,
resulting in a very limited number of practical design guidelines
for anchorage =zones. As a consequence, there is a lack of
specifications for the design of anchorage zones of post-
tensioning tendons. Most current design codes for post-tensioned
concrete structures do not address the question of the design of
anchorage zones in detail. As revealed by the CEB survey [29]
described in Chapter 2, this lack of design specifications and
guidelines results in an almost random variation of the designs of
anchorage zones.

The problems related with anchorage =zones are usually
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unknown to the engineer and rarely appear in the literature. The
few available design methods are often stretched beyond their
range of application. Special cases like eccentrically introduced
post-tensioning forces, inclined tendons or special geometries are

often ignored.

1.3.4 Allocation of Responsibilities

Because of the lack of design and construction specification
guidance on anchorage zones, the distribution of responsibilities
in a project involving post-tensioning is often unclear. The
parties involved are the engineer of record, the anchorage device
supplier and the constructor. The engineer of record 1is
responsible for the design of the project and for seeing that
details carry out the design intent, but considerable flexibility
is given to the constructor in the choice of the post-tensioning
system used for construction. The supplier of .the post-tensioning
hardware may require that additional confining reinforcement to
ensure proper performance of the anchorage devices. In practice,
the design engineer has little control over the specific anchorage
device hardware and without knowledge of the system énd its
required confining reinforcement he 1s not able to perform a
complete design of the anchorage zone.

In a typical design process, the design engineer determines
the required post-tensioning force and possibly proposes a system
to resist the forces in the anchorage =zone based on a post-
tensioning system that he thinks is likely to be used. In a second
stage, the constructor chooses the post-tensioning system suited
to the circumstances and prepares the shop drawings. In a third
stage, the supplier of the post-tensioning hardware may perform a
check of the shop drawings for conformity with 1its standard

detailing practice. In a final approval stage, the shop drawings
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are submitted to the designer. Often, the designer has no specific
criteria or experience on which to base the approval of the final
details of the post-tensioning system. Because of the highly
proprietary nature of the post-tensioning industry, it is possible
that considerable wvariations will exist between the system
originally conceived and the system installed in the structure.

In an attempt to clarify the areas of responsibilities for
the design of anchorage zones, the research team involved in the
current project proposed in the recent Post-Tensioning Institute
(PTI) Final Report on Design and Construction Specifications for
Segmental Concrete Bridges [14l], now accepted as an American
Association of State Highway Transportation Officials (AASHTO)
Interim Specification, the concept of local and general =zones.
According to this concept, the constructor and the material
supplier have the responsibility to ensure the proper behavior of
the local zone, which is strongly hardware dependent. The design
and specification of the reinforcement for the general zone, which
is 1largely hardware independent is the responsibility of the

engineer of record.

1.4 Specific Problems with Bridges

Highway bridges are particularly critical structures with
respect to anchorage zones for several reasons that are discussed
in the following sections. These reasons include the typical use
of very large post-tensioning units and the frequent exposure to
corrosive environments of deicing salt and salt water crossings.

In general, post-tensioned concrete bridges have cross
sections as small as possible to limit the dead weight of the
structure. The dimensions of the webs can often be reduced because
the shear force is partly resisted by post-tensioning forces.

However, as the web becomes thinner, the space to place anchorage
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devices, confining reinforcement, shear reinforcement and general
zone reinforcement becomes very congested, complicating the
construction process and the casting of the concrete.

Highway bridges are located outdoors, in a potentially
corrosive enviromment. Any crack can let corrosive mediums seep
into the structure and attack the reinforcing steel. This is
especially critical for bridge decks, girder ends and substructure
elements. To limit corrosion of the reinforcement and degradation
of the concrete, it is generally desirable to limit as much as
possible cracking of bridge structures. One effective method is
the use of lateral post-tensioning. Transverse post-tensioning of
bridge decks is increasingly used in order to limit the extent of
cracking and enhance the quality of the structure, but the
anchorage zones of these cables must be themselves specially
treated to avoid losing the advantage of post-tensioning. '

As illustrated by the UT Survey on anchorage zones described
in [24], there is a very large diversity in the design of
anchorage zones in the US. This diversity is in itself a positive
factor showing the innovative applications of post-tensioning.
However, there is a need for specifications for post-tensioned
anchorage zones to ensure more consistency in the design, more
uniform reliability for the anchorage zones and a clearer

assignment of design respomnsibilities.

1.5 UT Austin Research Project on Anchorage Zones

In response to the needs mentioned above, the National
Cooperative Highway Research Program (NCHRP) initiated a research
project on anchorage zones, of which this dissertation is a part.
The research project seeks to identify and answer the questions
related to the design of anchorage =zones of post-tensioning

tendons in concrete bridges. The investigation is pursued both
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analytically and experimentally, with the intent of developing a
general design philosophy and guidelines for the design of
anchorage zones. Because of the extent of the project, several
phases and components were defined within the overall project. In
the first phase of the project, the analytical work of the present
dissertation was pursued, focusing on the design of the general
anchorage zone. A parallel experimental investigation program of
the general zone was conducted under the supervision of Dr John
Breen by David Sanders [153] while the specific subject of the
design and acceptance testing of local zones was investigated by
Carin Roberts [146]. In the second phase of the research project,
more complicated geometries and loadings are being studied by
Gregor Wollmann [189] while Brian Falconer [58] investigates the

case of slab post-tensioning.

1.6 Goals of the Dissertation

The specific goals of the present dissertation are to
investigate analytically the flow of forces in anchorage zones of
post-tensioning cables and to establish a consistent methodology
for the analysis and the design of anchorage =zones. The
applicability to the design of anchorage zones of Strut-and-Tie
Models as well as the use of results from two- and three-
dimensional linear Finite Element models are investigated. The
development of Strut-and-Tie Models is supported by the results of
Finite Element Analyses of the anchorage zone. Parametric studies
using both the Finite Element Method and the Strut-and-Tie Model
investigate the influence of the various parameters in the
anchorage zone. The main parameters are the geometry of the
anchorage device, the eccentricity and the inclination of the
post-tensioning force as well as the material properties. In

addition, the results of the Finite Element Analyses are used to
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estimate the cracking load of the anchorage zone.

The models derived in the analytical study were used for the
design of a series of experimental test specimens in companion
study [153]. The wvalidity of the proposed methodology is verified
by comparing the analytical predictions with the results of
experimental tests from the companion study and from a previous
test  program [172, 173, 174]. A series of practical
recommendations for the analysis and the design of anchorage zones

is presented and discussed.

1.7 Organization of the Dissertation

The overall organization of the dissertation can be seen

from the chapter titles:

Chapter 1 : Introduction

Chapter 2 : State of the Art on the Analysis and Design of

Anchorage Zones
Chapter 3 : Methodology for the Analysis of Anchorage Zones
Chapter 4 : Concentric Single Anchor Configurations
Chapter 5 : Other Single Anchor Configurations
Chapter 6 : Multiple Anchorages and Non-Rectangular Cross Sections
Chapter 7 : Summary of the Results and Specification Proposal

Chapter 8 : Conclusions



Chapter 2: Literature Review of the Analvsis and Desien
of Anchorage Zones

The purpose of this chapter is to present an overview of the
technical literature for the analysis and the design of anchorage
zones. While many of the references date back from the 1950's and
1960's, there have been several important contributions since that
time. Stone and Breen [172] presented a comprehensive review of
the literature up to 1978. In the initial phase of this research
project, an extensive update of the literature was performed,
including more recent material, and was presented in the Interim
Report to NCHRP [24]. Although the bibliography at the end of this
dissertation includes all references presented in those two
documents, only references that have a direct bearing on this

dissertation are discussed in detail here.

2.1 Overview of the Possible Solutions

In the Interim Report to NCHRP [24], the following
classification was introduced for the possible approaches to the
problem of anchorage zones. This classification is also used in
the subsequent sections.

1) Analysis using the theory of Elasticity,
2) Equilibrium methods of analysis,

3) Finite Element studies,

4) Strut-and-Tie Models,

6) Experimental investigations.

Beside experimental investigations, the more recent studies
consist generally of either Finite Element studies or studies

using equilibrium-based Strut-and-Tie Models.

22
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2.2 Analysis Using the Theory of Elasticity

Assuming that the reinforced concrete of the anchorage zone
is a homogeneous, isotropic and elastic material, the anchorage
zone can be analyzed as a concentrated force acting on an elastic
body. This approach has been shown [67, 68] to be valid until the
onset of wvisible cracking. Because the elastic analysis satisfies
equilibrium, the distribution of elastic stresses indicates a
possible load-carrying mechanism. If an appropriate criterion is
chosen for the compressive and tensile stress limits, the elastic
analysis results can be useful in determining the capacity of the
anchorage zone. Linear elastic analyses usually do not consider

the effect or distribution of anchorage zone reinforcement.
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Figure 2.1 Geometry and Stress Distribution Along the Axis of a

Concentric Anchorage Zone
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Several authors have used two-dimensional elasticity for
this approach, the most exhaustive and influential being Guyon
[73, 74, 75]. Guyon solved the problem by using Fourier series,
but also proposed simplified approaches and provided design aids
for the determination of the stresses and forces acting in the

anchorage zone. Fig. 2.1 shows the general anchorage zone of a
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Figure 2.2 Bursting Stress Distribution According to Guyon [75]

rectangular beam subjected to a concentric tendon force. The
longitudinal stresses induced by the post-tensioning force are
uniformly distributed over the cross section at a distance
approximately equal to the transverse dimension ap of the member.
Guyon developed the design aid shown in Fig. 2.2, which gives the

distribution of the tensile stresses perpendicular to the tendon
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(bursting stresses, see Chapter 1) as a function of the ratio of
the size of the anchorage device to the lateral dimension of the
section, aj/az. Fig. 2.3 shows another of Guyon’'s design aids,
giving the total tensile bursting force as a function of the ratio
of the size of the anchorage device to the lateral dimension of
the section, aj/ay

When the tendon force is applied eccentrically on the
section, Guyon showed that the results obtained for a concentric
prism can be still be used. To that end, the tendon load is
assumed to act on a symmetrical prism, shown in Fig. 2.4 and
defined as the largest symmetric prism that fits in the section
with its centroid coinciding with the axis of the tendon. In the
case of Fig. 2.4, the lateral dimension of the symmetrical prism
is equal to twice the minimum distance from the centerline of the
tendon to the closest edge of the concrete. The concept of
symmetrical prism can also be applied to the case of multiple
tendons acting on a cross section, as shown in Fig 2.5. In this
case, the various symmetrical prisms are limited by either the

distance to an edge of the concrete or by an adjacent prism.
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Table 2.1  Spalling Force According to Guyon [74]
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Figure 2.4 Guyon's Symmetrical Prism for Eccentric Anchorage

Zone
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Based on photoelastic studies by Tesar, Guyon also
determined the value of the spalling forces acting at the surface
of the concrete on either side of the anchorage device. The values
of Table 2.1 give the spalling force as a function of the relative
plate size. As a matter of simplification, Guyon proposed to
design for a constant value of 0.04P. The influence of the
eccentricity of the load on the magnitude of the spalling force is
not considered in this approach. In later editions of his textbook
[74], Guyon introduced this effect, as shown in Eq. 2.1, where a
is the distance from the tendon to the closest concrete edge, and

a' is the distance to the furthest concrete edge.
Ts = (0.04 + |(a-a')/(ata’)|®] P Eq. 2.1

Several other authors have studied the basic configurations
investigated by Guyon, and have generally found Guyon’'s values to

be correct [49, 52, 67, 68, 71, 192, 193].

2.3 Equilibrium Methods of Analysis

Equilibrium methods of analysis have been used to solve the
problem of an anchorage zone after cracking has occurred. In a
simplification of the real behavior, the cracks are assumed to be
located at a known position, and the equilibrium of the structure
is formulated. Fig. 2.6 shows the elastic foundation analogy
proposed by Lenschow and Sozen [97]. Equilibrium methods have not
been wused in recent times, probably because the advent of
nonlinear Finite Element solutions has decreased the need for

approximate methods for modelling of cracking in concrete.
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Figure 2.6 Analogy of a Beam on Elastic Foundation According to

Lenschow and Sozen [97]
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2.4 Photoelastic Investigations

Christodoulides [33, 34, 35, 36] performed two-dimensional
photoelastic tests to explore the distribution of stresses in a
rectangular block with two anchors symmetrically arranged about
the centerline of the section. Christodoulides also conducted a
three-dimensional photoelastic study on a concrete crane gantry to
compare the photoelastic results with strain data. From his tests,
he concluded that maximum stresses occur directly in front of the
load. He determined that the Poisson’s ratio had no effect on
stresses because the results obtained on plastic models agree with
the results from the concrete gantry test. According to
Christodoulides’ results, ©both Magnel and Guyon theories
underestimate the stresses on the surface of the concrete.

Rasheeduzzafar and Al-Saadoum [143] conducted a three-
dimensional photoelastic investigation of anchorage bearing
stresses 1in rectangular blocks. Thé - study looked at embedded
anchors versus external anchors and the case of multiple anchors
and the influence of the edge distance. The following trends were
determined from their study. Embedded anchors allow part of the
force to be transferred by shear and part by bearing, with about
one-third of the force transferred by shear traction. Embedded
anchors have smaller maximum tensions than external devices.
Forces become essentially uniform after a longitudinal distance of
two-thirds the depth of the block. The stresses that develop on
the unloaded faces are very dependant on the location of the
anchor; therefore, the authors predicted that a design formula
that does not incorporate the distance between the anchor and the
unloaded face will not be entirely successful in predicting
stresses. In the tests, the geometry of the single and multiple
anchorages were not exactly the same, but the stress data obtained

suggested that, apart from an increase in the bursting tension on
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the loaded face, there 1is mno significant interaction between
adjacent anchor units spaced by at least twice the largest anchor
dimension. The authors concluded that in the absence of more
comprehensbive design criteria, the symmetrical prism approach of
Guyon provides the most reasonable model for evaluating the

bursting force.

2.5 Finite Element Studies

The development of comprehensive Finite Element analysis
models has opened the way for powerful analytical studies. The
linear finite element analysis has great promise for the
determination of uncracked state stresses. Nonlinear Finite
Element studies can model the anchorage zone in its cracked state.
Yettram and Robbins [192, 193, 194] and Stone [169] have used two-
and three-dimensional linear Finite Element models to investigate
the state of stresses in the anchorage zone. They report stresses
in accordance with Guyon's for concentric cross sections.

A broad investigation using the Finite Element Method was
conducted by Yettram and Robbins [192, 193, 194]. The results of
this research were presented in a series of three articles with
the first addressing the simplest case of the stresses in a
rectangular cross section with a concentric force. In this first
study [192], both two-and three-dimensional cases were reported
with the following conclusions. The distance to form a uniform
normal stress field is 1.25 times the height of the prism. A
variation of Poisson’'s ratio between 0.125 and 0.2 has 1little
effect on the stress distribution. Iyengar's [87] and Guyon's [75]
two-dimensional elastic analysis results give good values of the
average stress when compared with Yettram, although they cannot
indicate the transverse variations in the stress distribution.

Yettram and Robbins compared their results with the experimental
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results of Zielinski and Rowe [196, 197] , which are based on
surface strain measurements. Zielinski and Rowe overestimate the
maximum bursting stress for all ratios of bearing surface to cross
section area.

In the second paper, Yettram and Robins [193] addressed the
problem of anchorage zones in rectangular and non-rectangular
cross sections. For the cases studied, it was determined that the
symmetrical prism of Guyon gives a satisfactory representation of
the bursting stresses for design purposes. They suggested that in
the case of a non-rectangular section, if the symmetrical prism
extends into either or both flanges, the bursting stresses extend
further ahead of the anchorage device than in rectangular cross
sections. They foundvalso that, in non-rectangular cross sections,
the flanges generally reduce the magnitude of the spalling
stresses.

In their third paper, Yettram and Robbins [194] studied
anchorage zone stresses in I-section members with end blocks. In
the study, the length of the end block was the major variable.
They concluded that in very short end blocks the transverse, out-
of-plane bursting forces should be considered. A longitudinal
taper between the block and the web is advantageous. Short end
blocks are of little advantage because bending stresses overshadow
the Dbursting stresses, causing an increase in transverse
reinforcement and a greater congestion in the anchorage zone.

Egeberg [52] applied linear elastic Finite Element analysis
to anchorage zones. The nonlinearities of the material, mainly the
cracking of the concrete were modelled by manually introducing
discrete cracks at locations of large stresses and performing a
new analysis. Reinforcement was also modelled. Egeberg found a
good agreement between his results and the results of Guyon [75]
and Magnel [111]. He further determined that the bursting stresses

for eccentric anchorage zones are almost identical to the bursting
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stresses In concentric anchorage zones, simply shifted to a new
location. The introduction of a crack at a predefined stress level
of tensile stress in the concrete caused the stresses ahead of the
crack to increase, thus propagating the crack. The addition of
reinforcement significantly dropped the level of tensile stresses
in the concrete as the tensile force was transferred to the steel.

Adeghe and Collins [4] used a non-linear Finite Element
program to model specific details of reinforced concrete
structures. The concrete model used is based on the compression
field theory [184] which includes both tension and compression
softening of the concrete. One of the detailing problems studied
by Adeghe and Collins was the anchorage zone of a post-tensioning
tendon.

Fig. 2.7 shows the distribution of the strains in the
concrete along the tendon axis for the wvarious configurations of
the reinforcement shown in dashed lines. Fig. 2.8 compares the
Principal stress vectors in an anchorage zone modelled using a
linear elastic model and a non-linear model. In the non-linear
case, the principal stress vectors make a smaller angle with the

axis of the tendon, but the difference is not extreme.
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Figure 2.8 Principal Stress Vectors for a Linear and a Non-

Linear Model According to Adeghe and Collins [4]

2.6 Strut-and-Tie Model

The Strut-and-Tie Model, which is described in more detail
in Chapter 3, is a method based on the theory of plasticity in
which approximate stress fields are wused to formulate an
equilibrium model consisting of compression struts and tension
ties connected at discrete nodes. The Strut-and-Tie Model stems
from the pioneering work of Ritter in 1899, who used such a model

to develop a truss analogy explaining the shear-diagonal tension
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resistance in reinforced concrete beams. The Strut-and-Tie Model

engineers from German-speaking

and Schlaich.

has been developed by many

countries such as Mérsch, Leonhardt, Thtrlimann,
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Figure 2.9 Plasticity Model for a Deep Wall on a Column

. Presented by Thiirlimann [180]

The theoretical bases linking the theory of plasticity to
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the Strut-and-Tie Model have been developed and demonstrated by
Thirlimann and Marti [180, 114]. Various applications of the
theory of plasticity to concrete structures, including the effects
of bending, shear, torsion, local discontinuities in the geometry
or the loading, and punching shear are presented in Ref. 180.
Fig. 2.9 shows Thiirlimann’'s solution to the problem of a deep wall
resting on a column. This problem is similar to the local
introduction of a post-tensioning force in a member. The tension
force can be obtained by setting the diffusion angle for the
stresses a, to a value between 22.5 and 45 degrees, with the
larger angles being recommended. Interestingly enough, this
approach predicts a tension force that is independent from the
size b, of the column. The force predicted by this method is
slightly less that the force predicted by Guyon and other authors
for small sizes of the column (or anchorage device), but larger
for cases with large columns.

The most comprehensive treatment of the Strut-and-Tie Model
in English is the paper by Schlaich et al. [158], which shows many
applications of the Strut-and-Tie Model including the modelling of
an anchorage zone. Fig. 2.10 shows an example of the modelling of
an eccentric anchorage zone using the Strut-and-Tie Model.
Starting with the elastic stress trajectories shown in Fig. 2.10a,
the Strut-and-Tie Model of Fig. 2.10c is developed. The force in
the struts and ties can be compared to the elastic forces obtained
from the elastic stresses shown in Fig. 2.10b. The Strut-and-Tie
Model is gaining popularity because a designer can readily compute
the required reinforcement of the general anchorage zone from such
a model. Fig. 2.11 shows a Strut-and-Tie Model used by Mérsch in
1924 [122]. Even though the model is based on a very simplified
assumed distribution of the forces, the wvalue obtained for the
tensile force Z is very close to the value given in many code

provisions, and to the elastic calculations of Guyon [75].
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Chapter 4  presents a more detailed discussion of this
configuration. Even though little experimental research has been
conducted into the application of the Strut-and-Tie Model for
ultimate strength design of general anchorage zones, the technique

holds much promise.
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Figure 2.10 Strut-and-Tie Development from an Elastic Stress

Distribution According to Schlaich et al. [158]

In the 1989 edition of the German Beton Kalender [157],
Schlaich and Schdfer expand on the use of the Strut-and-Tie Model
for detailing of reinforced concrete, and describe a series of
typical components generally encountered in the application of the
Strut-and-Tie Model to structures. Fig 2.12 shows two details for

the local introduction of pairs of forces in a concrete member.
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In many of the early applications of the Strut-and-Tie
Model, the emphasis is on the calculation of the required tensile
force in'the reinforcement. Because it is a more brittle mode of
failure, a failure of the concrete in compression is considered as
undesirable, and the reinforcement is designed to yield before
crushing of the concrete occurs [147, 20]. The compressive
capacity of the concrete is checked and generally it is not
critical. The failure of the nodes themselves is treated by using
well proven construction details for the reinforcement. Several
attempts have been made to define more complete and consistent
design procedures that include cases in which the mode of failure
includes the compression struts or the nodes. Such procedures are
needed to permit the use of the Strut-and-Tie Model. Anderson [9]
investigated the behavior of nodes involving two tension ties and
one compression strut (CTT-nodes), and found that properly
designed details are mnot critical. Bouadi [23] investigated the

behavior of nodes with two compression struts and one tension tie
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(CCT-node).

In a recent document, Bergmeister et al [20] present an
exhaustive review of the available data concerning Strut-and-Tie
Models and their application to detailing, including the design of
compression struts and mnodes. The proposed values for the
compressive strength to be used when checking the compression
struts are reviewed and evaluated in the light of the available
test results. The strength of the concrete in the compression
struts is generally expressed as a fraction of the uniaxial
compressive strength of the concrete, f'c. The coefficient, which
reflects the type of loading and the extent and orientation of the
cracking in the concrete is called the efficiency factor ve. The
efficiency factor for compression struts typically ranges from 1.0
for uniaxial undisturbed state of stresses to 0.25 for severely
cracked sections, in which the cracks make an angle of about 30

degrees with the struts [158, 110]. Most values are assuming that
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Figure 2.12 Strut-and-Tie Models for Local Introduction of
Forces According to Schlaich and Schafer [157]
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the cracks are well distributed in the concrete. Because the
struts tend to spread between the nodes [158], the critical
section is in most cases located at the interface between the node
and the strut. Table 2.2 summarizes the results of several
investigators on efficiency factors. In the development of the
modified compression field theory, formulas for the efficiency
factor were developed to describe the non-linear properties of
concrete in compression in presence of transverse tensile stresses
[184, 37, 40]. Eq. 2.2 shows the formula proposed by Vecchio and
Collins [184] which gives the maximum compressive stress in a
strut foomax as a fraction of the uniaxial compressive strength of
the concrete f',. The proportionality constant between the two is

the efficiency factor.

Foamax = 1/(0.8 - 0.34e1/e3) £'s  (Eq. 2.2)

Where

fcomax is the maximum cbmpressive stress 1in the cdmpression
field

€1 is the average principal tensile strain

€2 is the average principal compressive strain, which can be
assumed as -0.002 for concrete.

€1 = ex + (ex + 0.002)/tan¢p.s (Eg. 2.3)

Where

€1 is the average principal tensile strain

€x is the strain in the reinforcing bar, which can

conservatively be taken as the yield strain

des is the angle between the tie and the strut



Table 2.2 Efficiency Factor

Investigators, from [20]

According to
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Various

Efficiency Factor v,

Structural Member

MacGregor
and CEB
[110]

Schlaich

[158,30]

Undisturbed uniaxial

state of stresses

1.0

Joints bounded by compressive

struts and bearing areas

0.85

0.85

Joints anchoring tension ties in
more than one direction, ties

anchored by bearing plates

0.85

If tensile strains in the cross
direction or tensile reinforcement
may cause cracking parallel to the

strut with normal crack width

0.8

Joints anchoring one tension tie
For skew cracking or skew

reinforcement

0.65

0.6

0.75

Joints anchoring tension ties in

more than one direction

0.6

Isolated compression strut in

deep beam or D-region

For skew cracks with extraordinary
crack width, if the strut-and-tie
departs from the elastic flow

of forces

0.4

Severely cracked webs or slender
beams with reinforcement at yield:

angle between strut and tie = 30°

angle between strut and tie = 45°

0.25
0.45

0.31
0.55
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Variations of this formula have been proposed, and can be
found in the Canadian CSA code [40] and in Collins and Mitchell
[37]. By setting the average principal tensile strain to the value
given in Eq. 2.3 [37], assuming that the angle between the strut
and the tie is 65 degrees, the efficiency factor for the concrete
of an anchorage zone becomes 0.77, assuming that the cracks are
well distributed.Most of the experiments on which the efficiency
factors are based are tests of reinforced concrete panels
subjected to shear, or shear with axial force. In general, the
resulting stress field is fairly uniform, with the result that the
cracks are well distributed. In the case of an anchorage zone,
however, the tendon force 1is introduced locally, and the
distribution of the tensile stresses 1s mnot uniform. In
consequence, only a few cracks develop in the anchorage zone. This
is detrimental for the compressive strength of the concrete,
leading to a lower efficiency factor for the concrete.

As illustrated by the complexity of thé truss models
proposed by MacGregor ([110], it is desirable to automate the
calculation of the member forces in a Strut-and-Tie Model.
Benabdallah et al. [19] describe the use of computer graphics on a
minicomputer to alleviate the generation and calculation of a
Strut-and-Tie Model. M. Schlaich [159] presents a similar program
running on an engineering workstation. M. Schlaich’'s program
incorporates an optimization algorithm (Simplex) to determine the
most efficient load-carrying mechanism. The program also generates
automatically a graphic representation based on simple components
as a uniaxial compression member and a biaxial compression member
of mnodes at the intersection of compression struts (see

Fig. 2.14).



4

Polygon of
Forces '
TN
-0~ _¢F5\\\\\\
) .
sl . (b s
a) Node with five b) Node Decomposed into
Compression Forces Simple Components

Figure 2.14 Decomposition of a Node at the Intersection of

Several Compression Struts According to M. Schlaich
[159]
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2.7 Experimental Investigations

Stone and Breen [170, 171, 172, 174, 173] conducted an
experimental and analytical study of single anchorage zones in
thin web members. The experimental program investigated the
influence of the eccentricity and inclination of the tendon, the
height and the width of the section, the tensile strength of the
concrete, the geometry of the anchorage device and the effect of
supplementary anchorage zone reinforcement, both active (lateral
post-tensioning) and passive. The experimental study consisted of
forty-one quarter scale tests and ten full scale tests. The
analytical study wutilized both two-dimensional and three-
dimensional linear Finite Element computer analysis to generalize
the experimental results.

The conclusions of the investigators were:

1) For increased eccentricity and inclination, the cracking
load decreases. .

2) Bearing stresses as high as 2.5 times the compressive
strength of the concrete can be reached.

3) Cracks can occur on the tendon path well outside the general
anchorage zone where the tendon has a significant curvature
and multiple strand tendons are used.

4) Tests on unreinforced concrete sections using various types
of anchorages show that the geometry of the anchorage device
has an influence on the cracking load. Anchorage devices
with a stiff cone performed poorly when compared to plate
anchors or bell anchors.

5) Spiral reinforcement 1is more effective than orthogonal
reinforcement in increasing the cracking and the ultimate
load of anchorage =zones. (This conclusion 1is debatable,
because Stone did not provide sufficient transverse

reinforcement in the specimens with orthogonal
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reinforcement. Most of Stone's failures were local zone
failures, for which a spiral reinforcement is most
efficient. However, as shown in [146] and [153], orthogonal
reinforcement can be effective in preventing both local zone
and general zone tension failure).

6) Lateral post-tensioning 1is the most effective method of
preventing cracking of the anchorage zone. The best location
is as close as possible to the loaded face. (This conclusion
is correct in Stone’s case, because the failure occurs in
the 1local zone. If, however, a local =zone failure is
prevented by using an adequate detail for the local =zone,
the lateral post-tensioning will be more effective at a
certain distance from the anchorage device, as discussed in

Chapter 6).

Based on the conclusions of his research, Stone developed an
empirical design procedure based on the ecracking load of the
concrete [171]. While applicable to sections similar to those
investigated in the research, the empirical procedure can give
misleading results for extreme values of wvariables such as
eccentricity, section dimensions, tendon inclination and
curvature.

In a companion study to this dissertation, Sanders and Breen
[153] have tested a series of specimens of the general anchorage
zone. Sanders’ test results are used in the present dissertation
to evaluate and calibrate the analysis. As another component of
the present study, Roberts [146] studied the behavior and design
of the local zone. Some additional details on Roberts'’ approach

are given in Chapter 3.
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2.8 Code and Design Guidelines

This section describes the design codes and guidelines for
the design on anchorage =zones. Generally, these codes do not
gpecifically distinguish between local =zone design and general
zone design. Two malin components are generally present in the
specification, one being a limit on the bearing stresses under the
anchorage device and the other some estimate of the tensile
bursting force in the general zone. The major design codes and
guides reviewed in this study are:

AASHTO Bridge Code 1983 [7]

ACI 318-83 [8]

Austrian Code 1979 [14]

CEB-FIP Model Code 1978/1990 [30]

CIRIA Anchorage Design 1976 [38]

FIP Recommendations 1981 [61]

Florida DOT Design Criteria [62]

German Code DIN 1045 [69]

North Carolina DOT Design Criteria [126]

Ontario Bridge Code 1983 [127]

PTI Segmental PT Guideline 1987 [141]

Switzerland Code SIA 162 [176]

VSL End Block Design 1975 [108]

Table 2.3 summarizes the limitations placed by the various
codes on the maximum bearing stress under the anchorage device.
None of these specifications takes 1into consideration the
favorable influence of confining reinforcement that is wusually
present in the local anchorage zone, and the values are therefore
relatively low. In practice, the limitation of 3000 psi under the
bearing plate is seldom observed in the United States. Table 2.4
presents the wvalues given by the various codes and design

guidelines for the bursting tensile force in the general zone.



48

Table 2.3 Maximum Bearing Stress wunder the Anchorage Device
According to Various Design Codes and Guidelines
Code Maximum Bearing Stress

AASHTO Bridge

Code 89 SL: 3000 psi or 0.9f'.
PTI PT: 0.8f';:/A/Ay-0.2 or 1.25f'.; or 5000 psi

SL: 0.6f'.i/A/Ay or 1.25f';; or 6875 psi

CIRIA Guide
defined

PT: 0.40f'.; if bearing area is not well

0.80f'c; if bearing area is well defined

Design Criteria

for FL and NC

Fa/KJA/AL or 3.3fq /K

RK=1.5 for normal loads

K=1.3 for overload

Austrian Code

0.75Kf’'. Where K is given by:
An/A O 0.20 0.40 0.60 0.80 1.0
K 1.6 1.23 0.93 0.69 0.51 0.40

German Code

K/2.1/A/Ap or 1.4K where K is given by:
f'ow [MN/mm2] < 25 35 45 55
K f'en/1.429 23 27 30

Swiss Code

0.65f" cu/A/AL or 1.8 f'gqy

Where

A is the area of concrete surrounding the anchorage device
with a similar - shape, representing - the confinement
provided by surrounding concrete

Ap is the area of the anchorage device

PT is for the time of stressing of the tendons
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SL is under service loads
flei is the concrete strength at stressing, but not more than
£,
f'eu is the concrete cube strength at stressing
£k is the characteristic concrete cube strength
Table 2.4  Bursting Force According Various Codes and
Guidelines
Code Bursting Force Bursting Stress (max
ACI 318-83
(ACI 358) 0.70.Pe~3(al/a2)
PTI 0.35P (1l-ai/az)

CIRIA Guide

cP/K

Design Criteria

for FL and NC

0.35P-(1-ai/az)

0.7P/bd (l-ai/ap)

VSL Design Guide

0.30P (1-a1/az)

Guyon, see Fig. 2.2

Ontario Bridge

Code 1983

0.70P: e~3(al/a2)

P/(az)z e~3(al/a2)

< 0.8f:+20A./(bd)

CEB MC 78

0.3p- (l—al/az)

Austrian Code

0.3p: (l-al/az)

German Code

a) 0.25P+(l-aj/az)

b) 0.30P-(e/h-0.167)

Where

K 1is 1.0 for isolated anchors,

1.5 for anchors distributed in
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one direction and 2.0 for anchors distributed in two
directions

P 1is the tendon force

ai; 1s the dimension of the anchorage device

a, is the lateral dimension of the member

¢ 1is given in function of ai/a2:
a/az <0.3 0.4 0.5 0.6 >0.7
c 0.23 0.20 0.17 0.14 0.11

b is the width of the section in the plane of potential
bursting cracks

d 1is the effective depth of the anchorage zone, where the
stresses become linear. Generally taken as the depth of the
section

e is the eccentricity of the post-tensioning force measured
from the centroid of the section

h 1is the depth of the section

Most formulas are based on an equation in the form K-P (1-
ai/az), with K wvarying between 0.25 and 0.35. Most design codes
give maximum values for the maximum tensile stress in the concrete
of post-tensioned structures in the range from 5.0/f . to 7.5/F .,
but it must be noted that these values were determined for bending
conditions that are very different from the stress distributions
which occurs in an anchorage zone.

In a recent survey by the CEB [29], participants were asked
to design a particular anchorage zone using their own national
design code or handbook. The beam had six anchorages with a total
force of 2,700 kN. The geometry of the anchorage zone is shown in
Fig. 2.15. The participants were asked to calculate the tensile
bursting force, the length of the bursting zone, and the cross
sectional area of the required reinforcement. Six responses were

received, and the range in the answers was very high, as
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illustrated in Fig. 2.16. The average value of the tensile
bursting force is 193 kN, with a range of values from 49.5 kN to
440 kN. The wvalues for the length of the bursting region ranged
from 170 mm to 850 mm with an average of 508 mm. The required
reinforcement ranged from 207 mm? to 2000 mm?, with an average of
790 mm?. The results of the survey make it clear that in the
domain of anchorage zones, the matter is not to refine the design
techniques to withim 5% or 10%, but rather to achieve safe design
values that may still wvary by 50% or 100%. According to the
proposed AASHTO Specification described in Chapter 8, the value of
the tensile force required for the example problem is at the upper
end of the answers from the survey with 612 kN and 2563 mm?,

pointing to potentially unsafe designs in certain countries.
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Figure 2.15 Geometry of the Anchorage Zone Problem from the CEB
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Chapter 3: Methodology for the Analysis of Anchorage Zones

This chapter presents the general methodology that 1is
applied to the analytical investigation of anchorage zomes. Two
distinct procedures are presented and used for the analyses. The
first procedure is an elastic stress analysis using the Finite
Element Method and the second procedure uses Strut-and-Tie Models
based on the theory of plasticity. The main parameters and the

hypotheses underlying both methods are discussed.
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Figure 3.1 Typical Anchorage Zone with four Tendons

Typical anchorage zones, as the drawing shown in Fig. 3.1
demonstrates, are extremely complex. Even the simplest possible
geometry for an anchorage zone, a rectangular cross section loaded
by a straight concentric tendon 1is more complicated than it

appears. The tendon duct causes a void in the structure, the
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reinforcement causes discontinuities in the material, and typical
anchorage devices have a sophisticated geometry. Therefore, it is
desirable to develop a general methodology for the analysis and
the design of anchorage zones rather than to attempt to define

guidelines to solve the entire problem.

3.1 Forces Acting on Anchorage Zones

Fig. 3.2 shows the forces acting on an anchorage zone. The
principal force is the concentrated tendon force introduced at the
anchorage device. In addition, the curvature of the tendon in the
anchorage zone also induces deviation forces. Anchorages located
near supports are also subjected to shear forces from the
transverse reaction and possibly to bending moments. The resulting
state of stresses 1is complex, making several simplifications

necessary to analyze efficiently the anchorage zone.

Tendon Bearing Force

s @ Tendon Deviation Force

@ Transverse Reaction

Figure 3.2 Forces Acting on an Anchorage Zone
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In the present study, only the forces resulting from the
direct application of the post-tensioning force on the structure
are considered. This corresponds in many cases to the most
critical condition for the structure, because a transverse
reaction generally tends to counteract the effect of the bursting
or spalling forces. Moreover, the most critical condition for the
anchorage zone is when the structure is initially post-tensioned.
At that time, the member is supported on some kind of scaffolding,
and the only transverse reaction is caused by the fraction of the
dead weight mobilized by the upward camber of the member due to
the post-tensioning. This reaction is at most be equal to the
reaction caused by the dead weight of the structure at that time,
and neglecting this component will in many cases be conservative.
In any case, the methodology presented in this chapter is general
and can easily be expanded to include the effect of external

- forces acting on the anchorage zone.

3.2 Material Properties

In an anchorage zone, the concrete is stressed over 5 large
range, from extremely high compression in the wvicinity of the
anchorage to tension and possibly cracking in the general zone.
Reinforcing steel is provided to confine the concrete surrounding
the anchorage and to resist the tension forces that are released
upon cracking of the concrete. The next subsections describe the

material properties of concrete and reinforcing steel.
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3.2.1 Unconfined Concrete in Compression

Although the concrete of the general anchorage zone 1is

reinforced, most of the concrete in the general zome is unconfined

because reinforcement is generally mnot present in sufficient

quantity over the transverse dimension of the cross section. To be
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Figure 3.3 Contour Plot of the Minimum Principal Stress

(Maximum Compression) in an Anchorage Zone

effective, confinement needs to be provided in both directions

normal to the axis of the tendon, in which expansion occurs under

the compressive force. The absence of confinement 1s mnot a

problem, because there is little need for confinement in the

general zone, except for the concrete located in the immediate

vicinity of the local zone. As shown in Fig. 3.3, the compressive



stress in the concrete decreases very rapidly with increased
distance from the anchor. Assuming that the average compressive
stress under the anchorage device (contour line A) is twice the
uniaxial concrete strength f'., it is apparent that most of the
concrete in the general anchorage zone is subjected to compressive
stresses significantly less than 0.8 f’'; (contour line G), thus
requiring no special confining reinforcement. Because the concrete
of the general zone is subjected to relatively low compressive
stresses, it can generally be considered as a linear elastic
material.

Unconfined concrete can resist compressive stresses in the
vieinity of 1its wuniaxial compressive strength f';. In beam
bending, the value is reduced to 0.85 f’,. For anchorage zones,
where the state of stresses is more complex, the maximum value is
lower. Sections 3.4.4 and 3.5.7.2 give values of the maximum
compressive stress for use in design procedures based on the

Finite Element Method and the Strut-and-Tie Model respectively.

3.2.2 Confined Concrete in Compression

The average bearing stress ahead of the anchorage at the
rated tendon capacity for the anchorage device is often greater
than the uniaxial strength of the concrete f';. These large
stresses can only be resisted by concrete confined by either
surrounding concrete or confining reinforcement. Confining
reinforcement is generally used for the concrete in the local zone
in order to resist the large bearing stress near the anchorage
device.

As discussed in Sections 1.2.2 through 1.2.6, one of the
basic principles developed in this research is the distinction
between failure in the local zone, failure in the general zone and

failure at their interface. The present study focuses on the
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investigation of the last two modes of failure, assuming that the
design of the local zone is sufficient to resist the tendon force.
This approach corresponds to the mnormal design procedure for
anchorage zones, in which it is assumed that proper performance of
the local zone has been demonstrated by the supplier of the
anchorage device. The concrete confined in the 1local zone 1is
therefore assumed to be able to transfer the concentrated post-
tensioning force to the general zone.

In another component of the UT Research Project on Anchorage
Zones, Roberts [146] has investigated the behavior of local =zones
with and without confining reinforcement. In her conclusions, she

states that:

"The local anchorage =zone in post-tensioned
concrete presents a complex and critical problem for a
designer. The high local bearing stresses imposed upon
the concrete must be properly confined and effectively

transferred to the rest of the structure.

"The behavior of the local zone is primarily a
function of the A/A, ratio [Note: A is the area of
concrete concentric and similar to the anchorage
device, and Ay is the area of the bearing plate], the
area confined by the primary confining reinforcement,
and the volumetric ratio of the reinforcing steel to
the confined concrete. The interaction of these

variables dictates the overall local zone behavior.
"The equation:

Fpu = d’ [07 £ JA/Ab (Ab) + 4 flat Acore (l - S/D)z] (EQ- 3-1)
with ¢ = 0.7
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Where

Fpu is the factored tendon force.

f1at is the confining pressure produced by the reinforcement.

Acore is the area of the concrete surrounded by the confining
reinforcement.

is the pitch of the confining reinforcement.
D is the outer diameter of the confining reinforcement.
D

confined concrete
spiral reinforcing

T = Agfy
lIateral pressure

= RAyf,
A

a) Lateral Pressure for Spirals

s T8

:[s

lateral pressure
’ At
"5 s

b) Lateral Pressure for Ties

Figure 3.4 Definition of the Quantities used in Roberts'’

Formula for the Local Zone [146]

ns

is reliable for the design of the local =zone, with
restrictions and recommendations on the various components of the

equation [...] This equation is proposed only as a guideline for



design and not as a code equation. The proper performance of local
zone details should be demonstrated through the test procedure

described in Chapter [...]

Fig. 3.4 describes the quantities used in Equation 3.1, and
shows how the confining pressure of the reinforcement 1is
calculated for spiral and orthogonal confining reinforcement of
the local zone. Because Roberts’ investigation was conducted in
parallel with the present study, these recommendations were not
completely available at the time of design of the test specimens,
but other available recommendations were used to avoid a failure

in the local. zone.

3.2.3 Concrete in Tension

As shown in Fig. 3.5, a large part of the anchorage zone is
subjected to tensile stresses. Therefore the concrete of the
general zone will be subjected to appreciable tensions. If the
strains in the concrete reach the cracking strain, a crack opens
and the tensile forces are transferred to the reinforcing steel.
Fig. 3.6 shows typical stress-displacement curves for concrete in
tension.

The tensile capacity of the concrete is generally neglected
in the determination of the anchorage zone strength, because the
concrete may crack during the lifetime of the structure due to

other influences such as temperature or differential settlement.
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3.2.4 Reinforcing Steel in Tension

In most cases, the reinforcement of the anchorage zone is
provided by rolled deformed reinforcing bars of Grade 60. The
confining reinforcement, if it is in the form of a spiral, is
sometimes made of smooth bars of Grade 40 steel. Before cracking
of the concrete, the strains in the reinforcing steel are very
small, and most of the tensile forces are resisted by the tensile
capacity of the stiffer concrete section. After cracking occurs,
the forces that were carried by the concrete are transferred to
the reinforcing steel. When the reinforcing steel réaches its
yield strength, the force in the bars ceases to increase. Only
when the strains in the reinforcement become significantly larger
will the steel strain harden. In most cases, the extensive
cracking and the large deformations required to reach strain
hardening of the reinforcement are not attained before another
mode of failure takes place, or before the ductility of the
anchorage zone is exhausted. For the study of anchorage zones, the
reinforcing steel can therefore be considered as a bilinear
material exhibiting a perfectly elastic behavior up to its yield

point, and a perfectly plastic behavior beyond that point.

3.3 Three-Dimensional Effects

All structures are three-dimensional. However, in many
instances, they can be represented using a simpler geometric
model, such as a linear member for a beam. In anchorage zones, the
concentrated force introduced by an anchorage device must be
distributed to the entire cross section of the member, requiring a
three-dimensional spreading of the forces. As a simplification, it
is often sufficient to consider the spreading of the forces in two
principal planes perpendicular to each other. In the simplest case

of the distribution of a tendon force over a rectangular cross
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section, the spreading of the post-tensioning force can be
considered separately in the main plane of the structure (largest
dimension) and over the thickness. The validity of this assumption
is illustrated in the case of a linear stress analysis in Section
3.4.2,

In many cases in which post-tensioning is used, the cross
section of the member is not a simple rectangle. Rather, it can be
described as an assemblage of elements, each of which can be
approximated as a thin rectangular cross section. Even though the
overall problem is three-dimensional, the state of stresses in

each component of the structure is essentially planar, with the

Figure 3.7 Principle of Decomposition of a Complex Cross

Section into Principal Planes
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exception of the local zone and the interfaces between the various
components.

As an example, Fig. 3.7 shows the case of the box-girder
bridge. The top and bottom flanges as well as the webs can be
considered as rectangular components of the cross section and the
Spreading of the tendon force can independently be investigated on
each of the components of the cross section. This method of
breaking down the section into planar element was proposed by
Schlaich et al. [158] and is explained in more detail in

Chapter 6.

3.4 Finite Element Analysis

The Finite Element Method has become increasingly popular
over the last thirty years to calculate the detailed state of
stresses in structures of arbitrary shape. Modern computer
} progréms allow the user to model arbitrary structures and to
define sophisticated material laws for the model. The principle of
the Finite Element Method is to subdivide the structure to be
analyzed in small parts, called Finite Elements, that have simple
shapes. Examples of these shapes are straight lines, surfaces
limited by second order parabolas or tetragons, as shown in
Fig. 3.8. The displacements also are assumed to follow simple
mathematical functions over the element. Using numerical methods,
the individual stiffness of these elements can be computed.
Subsequently the system of equations describing the equilibrium of
the system is solved. In the case of nonlinear materials, the
solution is iterative until the correct equilibrium for each load
step is reached. Fig. 3.9 shows an example of Finite Element mesh,
showing the subdivision of the anchorage zone into quadrilateral

elements.
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a) Line Elements
(Beam, Truss, Frame)

b) Surface Element
(Plane Stress, Plate Bending,
Shells)

¢) Volume Elements
(3D Solids)

Figure 3.8 Examples of Shapes for Finite Elements

Application of the Finite Element Method is often limited by
the lack of appropriate models for the behavior of the materials.
This is especially true of the modelling of cracks in concrete.
Cracks are usually not modelled as discrete discontinuities that
extend as the load increases. Instead, the crack is considered as
smeared over the considered elements, accordingly decreasing their
stiffness [45]. While this hypothesis may be acceptable for large
structures with a uniform distribution of reinforcement, it 1is
much less accurate for small regions of reinforced concrete
structures where the stresses in the reinforcing steel wvary
sharply at the cracks, as is the case for anchorage zones. Finite
Element modelling of structural concrete is very much a field of
research and rapid development at the present time [115]. For this
research, the Finite Element Program ABAQUS [80] was wused to

perform the stress analysis. ABAQUS incorporates most of the
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characteristics enumerated above. The generation of the Finite

Element models was performed using PATRAN [130], a general purpose

preprocessor for Finite Element analysis.
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Figure 3.9 Example of Two-Dimensional Finite Element Mesh of an

Anchorage Zone

The analyses performed during this phase of the project were
exclusively linear elastic. This choice was made to simplify the
individual analyses, allowing a wider range of geometries and load
configurations to be investigated analytically. In a subsequent

phase of the UT research project, mnonlinear Finite Element

Analysis will be used to more closely investigate some specific

configurations.



3.4.1 Applicability of Linear Finite Element Analysis

As pointed out earlier, simplifying hypotheses are necessary
for the analysis of the very complex behavior of anchorage zones.
The simplest model is to assume the material to be linear elastic.
The material properties are assumed to be the properties of
concrete in compression, mneglecting the presence of reinforcement
and the non-linear properties of both concrete and steel.

Because the stresses in the concrete and the reinforcing
steel are generally small up to the cracking of the concrete, a
linear model is quite accurate to describe the behavior of the
general zone of a specimen up to cracking [169]. Reasonable
estimates of the cracking load of the general zone can therefore
be obtained from a linear elastic stress analysis. The accuracy of
the cracking load predictions could be influenced by the very
large compressive stresses in the local zone. However, the
presence of confining reinforcement is presumed to minimize this
effect.

As will be shown in the subsequent chapters, the results of
a linear elastic Finite Element Analysis can also be successfully
used to determine the required amount of tensile reinforcement and
to estimate the maximum compressive force that can be applied on
an anchorage zone. Regardless of the method used to obtain the
required amount of reinforcement, it is often desirable to pattern
the tensile reinforcement according to the elastic stress

distribution.

3.4.2 Modelling

Modelling is the process of idealizing a physical body into
a model that can be analyzed by a given method. For the Finite
Element analysis, modelling can be decomposed into several parts:

modelling of the geometry, modelling of the loads and boundary
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conditions, and modelling of the material properties. The latter
will not be discussed here since it was discussed in the previous
subsection.

Fig. 3.10 shows an example of an anchorage zone that is to
be analyzed using the Finite Element Method. Because the structure
and the loading are doubly-symmetric, only one quarter of the
anchorage zone is considered. The geometric modelling of anchorage
zones can be performed in several ways. The most rigorous
representation 1is as a three-dimensional model as shown in
Fig. 3.1la. For thin structures with a constant thickness, a
simpler representation can be used by assuming that the structure

1s in a state of plane stresses, as shown in Fig. 3.11b. The

]

Figure 3.10 Example of Anchorage Zone to Model with Finite

Elements
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analysis in the transverse direction can be performed by using a

simplified plane strain analysis, as also shown in Fig. 3.11lc.
z

no x—displacement

on this face w no y—displacement
/ on this face

n / ik —

b4
/

%F}; L y
7 a) Three—Dimensional - W)’

R Model
c) Plane Strain Model b) Plane Stress Model

Figure 3.11 Three Possible Finite Element Models for the

Investigation of the Example Problem

Fig. 3.12a shows a contour plot of the stresses
perpendicular to the tendon axis in the main plane of the
anchorage zone, oxx on the quarter model of the anchorage zone
modelled using three-dimensional brick elements (for more details
on contour plots, see Section 3.4.3). In comparison, Fig. 3.12b
shows a contour plot of the same stress obtained from the simpler
plane stress analysis in the main plane. The distribution of
stresses obtained by both models is very similar, with a slight
tendency for the stresses on the outside of the three-dimensional
model to be larger than the stresses in the plane of symmetry. As

this example shows, the hypothesis of plane stress is valid even

69



for structurés of relatively large thickness; in the example, the
thickness in the transverse direction is 0.56 times the lateral
dimension of the member. Fig. 3.13a shows the contour plot of the
stress perpendicular to the tendon axis ,in the transverse plane,
oyy, obtained from the three-dimensional analysis. In a similar
fashion, Fig. 3.13b with the results obtained from a plane strain
analysis. Although some differences can be observed, the results
have similar distributions of stresses and magnitude of the
maximum stress.

Modelling the loads and the boundary conditions can be a
complicated operation because abstract quantities like a point
load, a uniform pressure or an infinitely stiff body which are
commonly used in Finite Element Analyses rarely occur in reality.
Some studies of the sensitivity of the results to the influence of
certain of these hypotheses are presented in Chapter 4. Great care
_was taken iIn designing the physical test specimens so that the
" boundary conditions assumed for the analysis were respected. For
instance, lift-up of the base of a specimen during testing, which
is a non-linear boundary condition, was avoided.

For the analysis of real structures, the boundary conditions
should be chosen to represent the actual conditions of the
structure. When only a part of the structure is analyzed using the
Finite Element Method, it is appropriate to truncate the structure
at a large distance from the anchorage zone to minimize the effect
on the analysis of possible inaccuracies in the modelling of the
boundary conditions. This distance should be at least one and one-
half the larger cross-sectional dimension of the section. As will
be seen in Chapter 5, this distance should be increased in the

case of inclined and curved tendons.
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Figure 3.13 Approximation of the Three-Dimensional Transverse
Stresses with a Two-Dimensional Plane Strain

Analysis

3.4.3 Representation of the Results

Once a Finite Element Analysis has been performed, it is
best to represent the stress distribution in graphical form. This
allows for a quicker evaluation of analysis results. Several
representations exist, but no single representation has so far

been able to answer all the requirements of the analysis. Because
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stress i1s a second-rank tensor, it seems best to combine several
representations to present the results for evaluation.

A contour plot, as shown iIn Fig. 3.14, is a plot of lines of
equal stresses. These lines are the equivalent of the lines of
equal altitude that are found on topographic maps. However,
because a stress function has several components, contour plots of
one component give an incomplete picture of the state of stresses.
In plane stress analysis, for example, a total of three contour
plots are necessary to represent the three components of stresses
in the plane, as shown in Fig. 3.14. Six plots would be necessary
to represent the results of a three-dimensional analysis, even
without considering the fact that several viewpoints and cuts
through the model would probably be required. To limit the number
of plots required to describe the state of stresses, contour plots
of the Von Mises stress are often used to evaluate the results of
the Finite Element Analysis. Unfortunately, this value is not very
t helpful for concrete structures, in‘which the maximum compressive
stress can be an order of magnitude larger than the maximum
tensile stresses, which are of interest. Contour plots of the
principal stresses can also be used to evaluate the results of a
Finite Element analysis, with the limitation that the direction of
the principal stress is not shown on the plot.

Despite their limitations, contour plots are helpful,
especially for simple configurations. One single plot of the
stresses mnormal to the tendon path can yield sufficient
information to design the bursting reinforcement for the general
anchorage zone. Both ABAQUS and PATRAN offer facilities to

generate contour plots of the stresses.
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An X-Y plot, such as the one shown in Fig. 3.15, is a plot
of a given quantity, for instance stress, along a given line or
curve. The X-coordinate, generally shown as the abscissa in the
plot, is thé distance along the line and the Y-coordinate, shown
as the ordinate, is the value of the quantity being observed. To
follow the analogy with topographic maps, an X-Y plot can be seen
as a vertical slice through the mountain. Thus, an X-Y plot can
easily be constructed from a contour plot of the corresponding
quantity. In the example of Fig. 3.15, the stresses perpendicular
to the axis of the tendon (ox) are represented, and a comparison
is made between the results of the three-dimensional analysis and
the plane stress analysis. Because the compressive stress under
the anchorage device is much larger than the tensile stresses
observed at a larger distance from the anchor, and because tensile
stresses are often of more concern for the designer, it is often
convenient to only represent the tensile component of stresses, as
shown in Fig. 3.16. |

If the considered stress is perpendicular to the line,
integrating the stress along the line gives the force acting
perpendicular to it. As in the example presented in figures 3.15
and 3.16, X-Y plots are especially useful when comparing two or
more configurations in which the other representations do not
exhibit appreciable differences.

Isostatic lines as shown in Fig. 3.17a are lines that are at
all points tangent to the direction of the principal stresses.
They are similar to the equipotential lines of a flow net plot for
underground fluid flow. Isostatic 1lines correspond to the
intuitive idea of "spreading of forces" through a body. As a
matter of fact, it is relatively easy to "guess" and draw
isostatic lines for a simple configuration.

The tensorial nature of the stress function, in contrast to

the scalar potential in fluid flow, renders an automated
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computation of 1isostatic 1lines complicated. However, a plot
representing a field of principal stress vectors as shown iIin
Fig. 3.17b gives a wvisual idea that is very close to isostatic
lines. The generation of principal stress vector plots can easily
be automatized. If isostatic lines are desired, they can be drawn
tangent to the corresponding vectors. If the vectors are scaled so
that their lengths represent the magnitude of the stresses, plots
of principal stress vectors also give indications of the relative

magnitude of the stresses.

b) Principal Stress Vectors

Figure 3.17 Isostatic Lines and Principal Stress Vectors in an

Anchorage Zone
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A program to process the results of the Finite Element
Analysis and to display the principal stress vectors and X-Y plots
was developed on a microcomputer. This program allows a quick and
easy interpretation of the results of a Finite Element Analysis
and can export the results in several common file formats for
further treatment. Because the program is based on a microcomputer
and user-friendly, it has been extensively used in the design of

specimens to evaluate the various design options.

3.4.4 Use of the Results from the Finite Element Analysis in
the Design of Anchorage Zones

The results of a linear elastic analysis of the anchorage
zone can be used for the design of the reinforcement -in the
general zomne. Placing an amount of reinforcement corresponding to
the calculated elastic tensile forces in the locations where the
FStresses‘in the concrete exceed the tensile strength allows an
immediate load transfer whén cracking occurs. The method of
systematically placing reinforcement to resist any tensile stress
in the model has often been used and is generally conservative.
Furthermore, since the reinforcement is located exactly where it
will be needed, it is expected that such a procedure will limit
the extent of cracking. The knowledge of the elastic state of
stresses in an anchorage zone is therefore a good starting point
for design of reinforcement.

The compressive capacity of the anchorage zone can be
estimated by computing the level of compressive stresses in the
concrete under the factored tendon force. Because the confining
reinforcement of the local zone generally extends for a length
approximately equal to the lateral dimension of the anchorage
device, the present study limits the stresses in the concrete at

that location ahead of the anchorage device to 0.75 f’,.

78



3.5 Strut-and-Tie Models

Strut-and-Tie Models (STM) constitute a simplified method to
consider the state of equilibrium of a structure. [122, 181, 158].
As discussed in Section 3.4.3, the compressive stresses in the
concrete flow naturally following the lines of principal stresses,
or isostatic lines. In an approximation of the reality, the
Strut-and-Tie Model assumes that the trajectories of principal
stresses in the concrete are straight lines between points called
nodes of the model. It is also assumed that the distributed
compressive stresses can be represented by concentrated forces
acting on compression members called struts. The tensile stresses
are assumed to be entirely carried by reinforcing bars. Because
the reinforcing bars are generally straight, the hypothesis of
straightness is exactly valid for them, and the Strut-and-Tie
Model is in this case closer to reality than an elastic stress
~analysis. The model generally lumps the effect of several
reinforcing bars in a single tension member called a tie. The
hypotheses of discrete struts and ties allows for a simplified
analysis of the structure that is sometimes reduced to a Truss
Model, which is an alternate, older designation for this method.

According to the theory of plasticity of structures, which
is described in more details in the next section, such a model, if
it satisfies the conditions of equilibrium and does not violate
the material properties, predicts an ultimate capacity smaller or
at most equal to the actual ultimate load of the structure [123,
181]. By definition, the nodes themselves are excluded from the
overall plastic analysis. They are assumed to be able to rotate
and transfer the member loads without causing failure. Some
suggestions have been made on possible design criteria for nodes
[181, 112, 113, 158, 9, 23]. Because the anchorage device itself

is an obvious nodal point, it is clear that the Strut-and-Tie
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Model will not give direct information on the mode of failure that
occurs in the local zone. However, the Strut-ant-Tie Model can be

used to a limited extent in separate evaluation of the local zone.

3.5.1 Plastic Design of Structures

Plastic design is a technique for estimating the maximum
load a structure or a part of a structure can resist. The
principal assumption of plastic design is that the components of
the structure exhibit ductility, defined as the ability of a
member to undergo a large amount of deformation (elongation or
rotation) without a significant drop in strength. Ductility has
long been known as a property of mild steel members as well as of
reinforcing bars used in reinforced concrete [123, 181, 122].

At first sight, it would not appear that a reinforced
concrete member is a very ductile structural component, but it can

be made so. By properly selectingv the amount of flexural
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Figure 3.18 Moment-Curvature Relationship for a Rectangular

Concrete Section in Bending [110]
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reinforcement, a reinforced concrete beam can be made ductile,
because the reinforcing steel will yield in a ductile manner
before the concrete fails in compression, as Fig. 3.18 shows. The
various curves in Fig. 3.18 correspond to various amounts of
compressive reinforcement ?’. The section described in the figure
has a ductile behavior beyond the rotation corresponding to its
plastic moment. The load carrying capacity increases slightly with
the deformation beyond the plastic moment. Similar properties can
be achieved for sections that are primarily subjected to shear and
have adequate shear reinforcement proportioned so that the shear
reinforcement yields before a compression failure occurs [181].

As in the case of steel structures, proper detailing is
critical to achieve good ductility in a reinforced concrete
section, especially to ensure that the required rotations can be
developed. Proper detailing of reinforced concrete structures can
provide a sufficient amount of ductility to allow the use of
plastic design methods. For sections in bending, the contribution
of concrete in tension can generally be ignored without
significantly influencing the results. Experience with the
application of plastic design methods to anchorage zones shows
that the ductility of such structures is generally less than the
ductility of members in bending. This behavior is in part caused
by the comparatively large contribution of the concrete in tension
to the load carrying mechanism of anchorage zones. As a
. consequence, when using the Strut-and-Tie Model for the design of
anchorage zénes, it is advisable to 1limit the demand ‘on the
ductility of the system by selecting Strut-and-Tie Model
configurations that are close to the elastic stress distribution.
The parametric studies of Chapter 4, however, show that a certain
freedom is nevertheless available in the choice of the load-
carrying system.

The theory of Plasticity of Structures rests on two major
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theorems. These theorems are presented here first as they are were
originally formulated for frame structures. They have however a
more general validity, as a more general wording for the Static

Theorem upon which the Strut-and-Tie Model is based will show.

(a) Static Theorem (Lower Bound Theorem)

A load corresponding to an equilibrium moment
diagram with arbitrarily assumed values for the
redundants is smaller than or at best equal to the
ultimate loading if nowhere in the structure the

moment exceeds the capacity of the section. [72]

(b) Kinematic Theorem (Upper Bound Theorem)

A load computed on the basis of an assumed
mechanism will always be greater than or equal to the

ultimate load.

The Static Theorem can be reworded in a more general
fashion, showing that it is possible to obtain a conservative
estimate of the capacity of a structure, or of a part of a
structure, by assuming an internal stress distribution which
respects the material properties. This is the principle on which

the Strut-and-Tie Model rests.

The load computed based on an assumed stress

distribution that satisfies the equilibrium condition

and in no point exceeds the strength of the materials

is a lower bound of the actual ultimate load.

82



83
3.5.2 Components of a Strut-and-Tie Model

This section describes in more detail the various components
of the Strut-and-Tie Model that were introduced in Section 3.5.
Fig. 3.19 shows the Strut-and-Tie Model of a concentric anchorage
zone and identifies the wvarious components. In the remainder of
this document, compression struts will be graphically represented
as solid lines, tension ties as dashed lines and nodes as donut

shaped links.
P Geometrically

/Defined Nodes
77,

Nodes

Struts < < /[

Figure 3.19 Components of a Strut-and-Tie Model

3.5.3 Nodes

Two kinds of nodes can be distinguished in developing Strut-
and-Tie Models: nodes that are geometrically well defined by
points of application of concentrated loads or reactions and nodes

that need to be defined in areas of distributed loads or stresses.



To satisfy the equilibrium, it is necessary that the points
of application of concentrated loads or reactions be represented
as one or more mnodes in the Strut-and-Tie Model, as shown in
Fig. 3.19. This is for example the case with the local zone that
surrounds the anchorage device. Geometrically defined nodes, also
called singular nodes by Schlaich et al. [158], are subjected to
strong gradients of stresses and are especially critical because
there is mno other load path to provide equilibrium of the
structure.

The location of the mnodes in regions where the stress
distribution is smooth is not uniquely defined. These nodes can be
considered as smeared over a certain area. If the chosen Strut-
and-Tie Model is close to the elastic stress distribution, the
actual stresses flow continuously and the stress gradients around
the node are small, much like in the elastic model. These nodes
are 1ess critical because the stresses act on a larger area and
there is a possibility of redistribution of the stresses around
the node.

If, however, the chosen Strut-and-Tie Model is not close to
the elastic stress distribution, sharp stress concentrations may
be caused by the redistribution of forces and the cracking of the
structure. The mnodes then become geometrically defined by the
cracks and are no longer smeared. Fig. 3.20 shows the detail of a
dapped end beam, as described in [9, 158]. In this case, nodes C
and E were originally located in an area of very low stresses, as
can been observed from the principal stress vector plot. Because
of diagonal cracking of the concrete, a redistribution occurred
and nodes C and E became geometrically defined, and transfer a

significant load.
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Figure 3.20 Principal Stress Vectors of a Dapped End Beam and
Strut-and-Tie Model according to Schlaich et al.
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3.5.4 Struts

Concrete struts carry the compression forces from node to
node in the Strut-and-Tie Model. As pointed out by Schlaich et al.
[158], the stresses in the concrete tend to spread laterally
between the mnodes, as illustrated in Fig. 3.21. Because of the
lateral spreading of the compressive stresses, the critical
section for a concrete strut is generally located at the interface
with the node, or at the location of a discontinuity in the
thickness of the struts or in the confining reinforcement. Except
in the vicinity of discontinuities, the thickness of the concrete
struts can generally be taken equal to the thickness of the

concrete section.
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Figure 3.21 Bottle-Shaped Compression Struts According to [158]

3.5.5 Ties

The tension ties carry the tensile forces between nodes in
the Strut-and-Tie Model. Tension ties are generally provided by

non prestressed or prestressed reinforcing steel. The
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reinforcement must be properly developed before or within the
node, so that the full plastic capacity required by the Strut-and-
Tie Model is available. The development of the reinforcement can
be achieved through a regular development length, a hook or a

mechanical connection.
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Figure 3.22 Secondary Strut-and-Tie Model in Compression Strut

According to [158]

In certain cases, the tensile capacity is provided by

[158],

reliance on the tensile capacity of concrete is implicit in any

concrete in tension. As pointed out by Schlaich et al.
reinforced concrete design, even if this hypothesis is not stated.
For example, the lateral spreading of compression forces mentioned
subsection induces transverse tensile stresses

of the These

in the previous

perpendicular to the axis compression struts.

secondary tensile stresses can be either considered by means of
secondary Strut-and-Tie Models, as illustrated in Fig. 3.22 or by

concrete in tension, acting as a concrete tension tie.
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3.5.6 Geometric Definition of the Strut-and-Tie Model

The single most important aspect of using the Strut-and-Tie
Model is to define the geometry of the struts, ties and nodes.
Once the geometry has been chosen, the calculation of the forces
in the model is straightforward. Defining the geometry of the
Strut-and-Tie Model is a crucial operation, because great freedom
is available for locating the mnodes, struts and ties. If the
geometry is chosen solely to minimize the amount of reinforcement,
the resulting Strut-and-Tie Model may well require a large amount
of deformations and cracking before it can develop, thus producing
an inadmissible solution because the large demand on ductility
cannot be satisfied by the components of the Strut-and-Tie Model.

Only a few of the mnodes of the Strut-and-Tie Model are
unequivocally known because of their geometric location at points
of local introduction of forces. Certain of the other nodes may be
relatively easy to define, for example to represent the effect of
distributed loads or of distributed reactions. In such caées, the
distributed loads are lumped into several concentrated forces.
Smeared nodes, that are internal to the structure, are usually
less clearly defined. The geometry of the tension ties is usually
constrained by constructive details. For example, it is often
impractical to place reinforcement that would not follow the
normal directions of the other reinforcement (orthogonal
directions). On the other hand, the geometry of the concrete
struts can be chosen more or less freely, since concrete is a
continuous medium.

If the results of a linear stress analysis are available,
the principal stress trajectories can be used in developing the
Strut-and-Tie Model. The geometry of the compression struts should
be chosen to be close to the trajectories of the principal

compressive stresses to minimize the redistribution of forces.
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This will ensure that the cracking under service loads remain
limited and that the ductility requirements at ultimate will be
small.

The ties are generally laid out on an orthogonal grid
corresponding to the main reinforcement of the member. This method
is adequate for cases where the direction of the stresses is close
to the direction of the reinforcement. The centroid of the
available reinforcement should be made to coincide more or less
with the centroid of the tension forces as obtained from the
linear analysis. In cases where the tensile forces are very large
or if their orientation deviates strongly from the directions of
the grid, it may be preferable to use oblique bars oriented in the
direction indicated by the stress analysis.

If the results of a stress analysis are not available, it is
still possible to develop a Strut-and-Tie Model. Given a simple
. problem, a structural engineer trained in the development of
Strut-and-Tie Models should be able to sketch what is Eommonly
called force paths of the forces in the body, which are similar to
the isostatic lines shown in Fig. 3.17. These lines are a good
basis to develop a Strut-and-Tie Model. In the present study,
basic guidelines are developed to help in the systematic
definition of the geometry of a Strut-and-Tie Model for the

analysis of anchorage zomne.

3.5.7 Use of the Strut-and-Tie Model in the Design of
Anchorage Zones

Once the geometry of the Strut-and-Tie Model has been
defined, the resulting truss structure can be analyzed. If the
truss 1s statically determinate, the equilibrium equations can be
solved in a manner similar to the analysis of truss structures. It

frequently occurs that the resulting structure is kinematic, that
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is that it 1is stable only for a specific loading. As a
consequence, the model will need to be adapted for wvarious
loadings. If an analysis program is used to calculate the forces
and deformations, additional members or boundary conditions must
be added to make it stable,

Sometimes, the Strut-and-Tie Model is statically
indeterminate. One possible solution is to assign reasonable
values of forces to some members. By attributing to the force in a
tension tie the strength of a given reinforcing bar, the
corresponding unknown can be replaced by a known applied force.
This procedure can be repeated until the structure becomes
determinate [147]. It is also possible to perform a normal linear
truss analysis of the indeterminate structure. Material properties
and cross sectional areas are attributed to the struts and ties
based on an assumed geometry of the members. Some iterations may
be required before a satisfactory solution is reached.

The ultimate load predicted by the Strut-and-Tie Model is
controlled by the failure of any one of the components, strut, tie

or node. Each failure mode is discussed in the following sections.

3.5.7.1 Node Failure

Several propositions have been made concerning the mode of
failure and the recommended design values for the nodes.
Thirlimann, Marti and MacGregor [181, 112, 147] assume that the
concrete in the node can resist a biaxial, hydrostatic compression
with a pressure equal to the nominal concrete strength £'..
Although there is 1little experimental evidence about this
hypothesis,, it seems to be well accepted. The main problem in
applying this philosophy is the design of nodes that involve
tension ties. Schlaich et al. [158] present a model to explain the

load transfer between the tension ties and the compression struts.
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Anderson, Jirsa and Breen [9] have tested a series of nodes
involving one compression force and two tension forces (CTT node).
Bouadi, Jirsa and Breen [23] have tested nodes involving two
compression forces and one tension force (CCT node).

With the exception of failures in the local zone, no failure
of the nodes was observed in the tests of anchorage zones. This is
most likely due to the fact that all nodes involved in Strut-and-
Tie Models of anchorage zomes, with again the exception of the
local zone, are smeared nodes. In all test specimens however, the
reinforcing steel of the ties was carefully detailed in order to
be fully developed within or before the nodes. Failure of the
anchorage zone in the local zone has been observed several times
during the tests, but is not included in this dissertation as
discussed in Section 1.2.3. Such failures would be prevented if
the recommendations of Roberts [146] had been available and

followed.

3.5.7.2 Strut Failure

In the general zone, stresses in the concrete are largest at
the interface with the concrete of the local =zone, which is
generally confined. The critical section for the compression
struts 1is generally located at the bottom of the confining
reinforcement of the local zone. Its exact location varies because
of the lateral spreading of stresses, which causes unconfined
concrete to interact with confined concrete. For this study, a
critical section located at one times the lateral dimension of the
anchorage device ahead of the device was proposed. More details on
the exact geometry of the critical section are given in Chapter 4.

Several wvalues Thave been proposed for the maximum
compressive stress in the concrete of compression struts [158,

181, 147, 110, 40]. Most of the studies were based on tests
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performed on configurations involving either bending or shear,
with no local introduction of force. The values proposed range
from 1.0 £'; to 0.3 f'; depending of the state of stresses in the
considered area and on the expected cracking pattern. For this
study, the value of 0.6f'; was used. This value is smaller than
the wvalue of 0.75 f’. used with the results of Finite Element
Analyses because the stresses obtained by the Strut-and-Tie Model

are average values over the width of the strut, not peak values.

3.5.7.3 Tie Failure

A tension tie is considered as failed when all bars
contributing to it have ’yielded. If the structure becomes a
mechanism at this point, failure of the anchorage zone will occur.
Failure of the steel ties in tension is the desired mode of
failure because the yielding of steel is ductile. In the case of
'anchoragé zones, this ductile behavior has not really been
observed, because the contribution of uncracked concrete in
tension is present until very late in the loading history.

Strut-and-Tie Models that rely explicitly on the tensile
capacity of a concrete tie can fail if a concrete tension tie
cracks and the crack propagates, releasing the tension force.
Schlaich et al. emphasize that concrete ties should be relied upon
only where mno progressive collapse 1s expected. Because the
anchorage zone is a critical part of the structure, it is
undesirable to rely on any tensile capacity of the concrete for
the design. However it was obvious when observing the behavior of
laboratory test specimens that uncracked concrete has an
appreciable contribution to the behavior of the anchorage =zone
even after cracking has occurred. Fig. 3.29 shows the load-
deflection curve of the loading head of the testing machine for

one specimen [153]. As can be observed in the figure, the onset of
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cracking at a load of 345 kips has no obvious influence.on the

stiffness of the test specimen.

3.6 Serviceability of the Anchorage Zone

The purpose of the serviceability analysis is to ensure that
the anchorage zone will perform satisfactorily under normal
loading conditions. The performance is sufficient when the
deformations of the anchorage zone are small and the extent and
opening of cracks is limited.

Uncracked anchorage zones are very stiff members because of

the massive section of concrete. As shown in Fig. 3.29, the
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Figure 3.29 Load Deflection Curve Measured at the Loading Head
for Specimen E1 [153]
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presence of cracks does not dramatically reduce the stiffness of
the anchorage zone. Even if the contribution of concrete in
tension is neglected for the strength design of the anchorage
zone, it will be present at service loads. Because the deflections
of the anchorage zone under service loads are small, it is in
general not necessary to compute them. If the deformations at
ultimate are needed, they should be computed on the basis of the
chosen Strut-and-Tie Model, assuming mno concrete contribution.
These deformations will be upper bounds of the real value. Because
of the very large stiffness of the concrete compression struts,
the stiffness of the Strut-and-Tie Model depends primarily on the
stiffness of the tension ties. If the estimated deflections are
excessive, they will be reduced by increasing the amount of steel
in the ties.

It is unrealistic to expect that concrete will not crack at
all in the anchorage zone of a member resisting service loads. The
presence of post-tensioning forces in a structure will limit the
opening of concrete cracks, but only in the direction of the
prestressing force. Transverse stresses as caused by the tendon
force in the anchorage zone, unaccounted external effects caused
by differential settlements or impact loads as well as internal
causes as shrinkage or temperature effects may well cause the
concrete to crack anyway. It is therefore preferable to assume
that the concrete will crack and to provide reinforcement that
will both prevent the failure and limit the cracking. The main
cracks in the general zone are caused by bursting stresses.

If the tensile stresses in the concrete are necessary for
the equilibrium of the structure, as in the case of bursting
stresses, the crack will extend until a new state of equilibrium
is reached. For a given loading, the crack will stop propagating
when the force in the reinforcing steel that crosses it compensate

the tensile force resisted by the concrete before cracking. In
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order to limit the opening of cracks, reinforcement must cross the
crack close to the location where a crack is forming. The location
of the reinforcement relative to a developing crack has a
considerable influence on the growth of the crack. A reinforcement
layout that follows relatively closely the elastic distribution of
stresses will be most able to 1limit efficiently cracking. The
tensile cracks in the concrete extend in the direction of the
principal compressive stress and open perpendicular to it. Because
the tendon path is a line of principal compressive stress, the
reinforcement should be placed perpendicular to it.

Spalling stresses and stress concentrations in reentrant
corners are primarily caused by the condition of compatibility. In
these cases, the magnitude of the tensile stress is very large
(theoretically infinite for a reentrant corner with an angle of 90
degrees), and cracking should therefore be observed first at these
locations. However, examinations made during the experimental
testing *of specimens did not revéalvan observable cracking of
these areas before other areas cracked. Cracks in reentrant
corners were only observed in the final stages of the loading.
Some cracking other than cracking along the axis of the tendon
(caused by bursting stresses) was observed during the testing of
eccentrically loaded specimens with a large eccentricity, thus
following the prediction of the elastic stress analysis. Fig. 3.27
shows Specimen E6 during testing. Cracks perpendicular to the
surface of the concrete on the loaded face and on the side face
away from the loading (closest to the camera in the picture) can
be observed. Chapter 5 discusses in more detail the case of

eccentrically loaded anchorage zones.
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obtained from comparison with the results of the experimental test
program.

Because of the large freedom given to the designer in the
choice of the geometry of a Strut-and-Tie Model, it is necessary
to define criteria by which, in the absence of physical test
results, various Strut-and-Tie Model configurations can be
compared and evaluated. At the same time, it should be recognized
that in plastic design there is generally no unique solution to a
given problem. Instead, the goal of the designer should be to
obtain a safe design that performs satisfactorily under service
loads and under ultimate loads.

As long as the concrete is uncracked, the chosen Strut-and-
Tie Model and the associated reinforcement pattern have very
little influence on the:. behavior of the anchorage zone. The stress
distribution in the concrete correspondsr essentially to the
elastic str;ss distribution. As the anchorage =zone starts to
crack, the reinforcement provided by a well designed Strut-and-Tie
'Modél will be located within close distance of the crack, and
’oriented in the proper direction. At ultimate, when no special
attention needs to be given to corrosion protection, large cracks
that result from important stress redistributions are permissible.
A well designed Strut-and-Tie Model will use most efficiently the
materials to resist the ultimate load without exhausting their
ductility.

Schlaich et al. [158] propose that, according to the
principle of minimum potential energy for linear elastic behavior
of the struts and ties after cracking, the Strut-and-Tie Model
that has the lowest level of strain energy in its members is the
one to select. This criterion can be expressed as shown in

Equation 3.2.

2Filijen: = Minimum (Eq. 3.2)
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Figure 3.27 Cracking of Specimen E6 [153]
e = 0.25h

with an Eccentricity

3.7 Evaluation of the Analysis Methods
In the subsequent chapters, both the Finite Element approach
and the Strut-and-Tie Model approach are evaluated by comparing
the predictions of either method with experimental test results.

The methods are successively refined as more information is
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Where

F; is the force in a member

1; is the length of the member

epi 1s the average strain in the member

Schlaich et al. further suggest that because the strains in
the struts are wusually very small, the strain energy of the
concrete struts can be neglected. The optimal model is then the
model that has the smallest strain energy in its tension ties. As
Schlaich et al. [158] point out, there i1s no unique or absolute
optimal solution and the engineer using this criterion should be
looking for a satisfactory solution, not an optimal one.

If the chosen model strongly diverge from the elastic
solution, the criterion of minimal strain energy in the ties can
be inapplicable, as illustrated in Fig. 3.30. The Strut-and-Tie
Model of Fig. 3q3dé:g$i;és%§5%yglyiug%éﬁgyizg the elésfic stress
distribution and is a good solﬁtion-with a distribution of the
l'reinforcement that will 1imit cracking. The Strut-and-Tie Model of
Fig. 3.30b has a lower strain energy than the model of Fig. 3.30a,
and would therefore be selected on the basis of Equation 3.2.
However, the extensive cracking of the anchorage zone required
before the steel is mobilized makes this solution unacceptable for
practical applications. The criterion of minimum strain energy in
the ties 1is used in Chapter 4 to compare various Strut-and-Tie
Model configurations that are all relatively close to the elastic
stress distribution.

When the Strut-and-Tie Model has been applied to shear
design of reinforced concrete beams [181, 176], limitations have
been placed on the allowable angles for the compression struts. In
a similar way, Schlaich et al. recommend that in any Strut-and-Tie
Model the compression struts be chosen so as not to deviate more
than 15 degrees from the direction of the elastic principal

compressive stresses. This criterion is interesting, but it is
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impractical to perform an elastic analysis for every anchorage
zone. In the present study, since an elastic analysis of the
structure was in all cases available, the criterion of closeness
to the elastic stress distribution was used in evaluating the
models proposed. However the methods subsequently proposed to
obtain the Strut-and-Tie Models are in most cases independent of
the elastic analysis itself. The principal stress trajectories
from were used in defining the geometry of the Strut-and-Ties, but
the proposed methodology does not require an elastic analysis.

The most important consideration in the development of a
Strut-and-Tie Model for an anchorage zone 1is to locate the
centroid of the tensile reinforcement (tension tie of the Strut-
and-Tie Model) close to the elastic centroid of the tensile
stresses. The specimens designed with Strut-and-Tie Models in
which the reinforcing patterns followed the elastic stress
distribution performed better in the experimental tests than the

specimens with reinforcement departing more strongly from it.
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4, Concentric Single Anchor Configurations

Single anchors constitute the simplest configuration of
anchorage zones. Because the number of parameters is reduced in
comparison to multiple anchor configurations, the influence of the
individual ©parameters «can be more easily isolated for
investigation.

In increasing order of complexity, as shown in Fig. 4.1,
single anchor configurations can be loaded concentrically or
eccentrically, the tendon can be parallel to the axis of the

anchorage zone or inclined, the tendons can be curved, and the

y J

A A %

a) Concentric b) Eccentric c) Inclined

l J

A A

d) Inclined and e) Transverse ) Transverse
Curved Post—Tensioning Reaction
Fig. 4.1 Configurations for Single Anchors
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anchorage zone can be subject to transverse post-tensioning or to
transverse reactions. This chapter presents in detail concentric
single anchor configurations. The basic principles developed in
this chapter for the physical behavior of anchorage zones and for
design using Strut-and-Tie Models will be expanded to more complex

configurations in the subsequent chapters.

4.1 Interest in the Concentric Single Anchor Configuration

The behavior of an anchorage zone is controlled by the
concrete strength and by the reinforcement. The layout of the
reinforcement, the material properties of concrete, both in
tension and in compression have a significant influence on the
behavior of the general zone at service state and at ultimate. The
behavior of the local zone is controlled by the compressive
strength of the concrete and by the amount of confining
reinforcement provided in the local zone.

The simplest configuration for anchorage zones is a single
concentric anchor, as shown in Fig. 4.2. The governing parameter
for the analysis of the general zone for a concentric anchorage is
the width of the anchorage device relative to the width of the
specimen (a/h).

The test specimens described in Section 4.4 were planned to
specifically investigate the behavior of the general zone.
Therefore, modes of failure that do not involve the general zone
in the main plane of investigation are undesirable. As will be
seen in subsection 4.2.2, the larger the anchorage device is
relative to the concrete section (the larger the relative plate
size a/h), the smaller the bursting force. In cases where the
relative plate size a/h tends toward unity, a transverse failure
due to bursting forces becomes impossible. This type of geometry,

where one of the dimensions (the thickness) is small relative to
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the other ones, and is approximately equal to the size of the
anchorage plate, is quite common in practical applications of
post-tensioning. Ordinarily, the general zone reinforcement will
be determined for two or more principal planes, as outlined in
Chapter 3 and developed in Chapter 6.
Therefore, in order to
- ] - prevent a  general  =zone
failure due to bursting
forces in the transverse
direction, the experimental
ID test specimens were built
‘FJ11 with a thickness as small as

possible considering  the

| transverse dimension of the
i anchorage device. The
remaining possible modes of
l failure were then: failure
in the general zone in the
main plane, and faillure in

the local zone. The failure

of the local =zone can
' generally be prevented by
limiting the nominal bearing

Fig. 4.2 Geometry of stress under the anchor and

Concentric Single by properly detailing the

Anchor confining reinforcement of
the local zone. Thus the only remaining mode of failure for the
test specimens is a failure in the general zone of the main plane
(largest dimensions) of the specimen. This failure can be due to a
tension failure of the bursting reinforcement or a compression

failure of the concrete. These two modes of failure are the object

of the investigations in the subsequent sections.
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4.2 Finite Element Analysis

The Finite Element Method was used to determine the elastic
state of stresses in anchorage zones with a single concentric
tendon. Most analyses were performed on plane stress models,
taking advantage of the fact that the thickness of the test
specimens was small; some computations used three-dimensional
models to investigate the influence of the hole caused by the
tendon duct on the state of stresses. The results of the Finite
Element Analysis performed will be compared with published
results. The principal stress vector plots will be used in the
construction of the Strut-and-Tie Models. The magnitude and
location of the internal forces obtained from the Finite Element
analyses will be used in the evaluation of the results from the

Strut-and-Tie Model.

4.2.1 Finite Element Modelling

The mesh used for most of the investigations of single
anchor configurations is shown in Fig. 4.3. Four-node
isoparametric elements were used. The material properties used in
the analyses are described in Table 4.1, The boundary coﬁditions
at the bottom allow for a lateral expansion of the specimen, which
1s the case that causes the largest bursting stresses.

The load was assumed to be applied as a pressure acting
uniformly over the entire surface of the loading plate. The
influence of this hypothesis and other possible assumptions for
the modelling of the anchorage device are discussed in subsection
4.6.2. In a parametric study, the size of the anchor plate over
which the loading is applied was varied from a = 0 (point load) to
a = 1.0h.
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Fig. 4.3 Finite Element Mesh for Parametric Study

Table 4.1: Material Properties used for the Finite Element

Analyses
Modulus of Elasticity for Concrete | E = 4300 ksi
Poisson’s Ratio for Concrete p = 0.16

A discussion of the accuracy of the Finite Element
computations and of the various hypotheses made for the analyses
is given in subsection 4.6.1. The results for a = 0 to a = 0.3h

were obtained using a finer mesh than the one shown in Fig. 4.3,
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4.2.2 Elastic Distribution of Stresses and Internal Forces

Figure 4.4 shows the regions of a concentric anchorage zone
subjected to bursting and spalling stresses. The bursting stresses
act perpendicular to the tendon ahead of the anchorage device. The
spalling stresses act on either side of the anchorage device,
parallel to the free surface of the concrete. The magnitude of the
spalling stresses (and of the corresponding forces) on the faces
parallel to the tendon is much smaller than the magnitude of the
spalling stresses on the loaded face, and no distress has been
observed due to these stresses. In the subsequent sections, the
term spalling stresses will therefore exclusively refer to the
stresses acting on either side of the anchorage device parallel to
the loaded surface. Figs. 4.5 and 4.6 show contour plots of the
stresses in direction x-x, y-y and the shear x-y for the plate
sizes a = 0.2h and a = 0.4h. All stresses are normalized to the
average compressive stress at the end of the anchorage zone
oo = P/(h t). The plots of the stresses in the x-direction show
only the tensile stresées and the plots of the stresses in the y-
direction show only compressive stresses. Figs. 4.7 and 4.8 show

the corresponding principal stress vector plots.
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4,2.2.1 Bursting Stresses

Fig. 4.9 shows the distribution of tensile bursting stresses
along the tendon path for various ratios of the size of the anchor

plate to the depth of the section.

0.45
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0.3 _e 0/h=0 1
Bursting T a/h=0.2
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S burst 0.2 A o/n=0.3
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0.15 g
-+ a/h=0.6
0.1 1 o/h=0.8
0.05
0 L
0 025 05 0.75 1 1.25 1.5
Relative distance from the Anchor x/h
Fig. 4.9 Bursting Stress Distribution along the Tendon Path

Fig. 4.10 shows the maximum tensile stress perpendicular to
the tendon path as a function of the relative size of the
anchorage plate. There is a nearly linear relationship between the
relative plate size a/h and the maximum stress. The slope of the
line demonstrates the importance of this parameter. Fig. 4.11
shows the integrated value of the bursting force perpendicular to
the tendon. Once again, there is a nearly linear relationship with
a significant slope between the transverse bursting force and the

relative plate size.
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4.2.2.2 Compressive Stresses

Fig. 4.12 shows the distribution of compressive stresses
acting along the tendon axis for various plate sizes. In cases
where the relative plate size is small, the stresses reach very
high level under the plate, but also decrease very rapidly at a
small distance from the plate. The typical confining reinforcement
of the local zone extends to about one to one and a half times the
lateral dimension of the anchor. Assuming that the design of the
local zone is satisfactory, the stresses in the concrete must be
checked at the interface between the local zone and the general
zone, at the bottom of the confining reinforcement. The exact

location of the interface between the local zone and the general
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Fig. 4.12 Compressive Stresses along the Tendon Axis
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zone may not be known at the time of design, and it was therefore
decided to consider the stresses at a depth equal to the lateral
dimension a of the anchorage device. Special attention will
therefore be given to the magnitude of the compressive stresses at

a depth a ahead of the anchorage device.
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Figure 4.13 Compressive Stresses Ahead of the Anchor Normalized
to the Bearing Pressure as a Function of the

Relative Plate Size

Fig. 4.13 shows the compressive stress at a distance equal
to 0.5a, l.Oé and 1.5a ahead of the anchorage device as a function
of the relative plate size. The stresses are normalized to the
bearing pressure f, under the anchorage plate. Fig. 4.13 also
shows the stresses at a depth a obtained from the simplified model
described in Fig. 4.14. In this model the stresses are assumed to

act on an effective width herr that is a linear function of the
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depth x of the section considered. The effective width is equal to
the width of the anchorage device just underneath the anchor
(x = 0) and to the full width of the section at a depth equal to
the width of the section (x = h). For a section located at x = a,

the stresses are given by Equation 4.1. As can be seen from

Fig. 4.14, Equation 4.1 predicts the elastic stresses at a depth a
very well for plate sizes larger than approximately 0.15h. For

plate sizes smaller than 0.15h, a constant value of 0.55fp can be

used as a better approximation.
o(a) = fp/(2-a/h) (Eq. 4.1)

As can be observed from Fig. 4.13, the level of compressive

stress at a small distance a from the anchorage plate is almost
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Figure 4.14 Assumed Spreading of Stresses for Approximate

Computations of Compressive Stresses
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constant for the range of plate sizes most often encountered in
practice, between 0.1h and 0.4h. In this range, the compressive
stress at a depth a can be taken as 0.6fy. The stresses at a depth
a from the anchorage plate are of importance in this study, since
this depth corresponds approximately to the expected location of
the interface between the local zone and the general zone. In
computing of curves of Figures 4.12 and 4.13, it is assumed that
the transverse dimension of the anchorage device is the same as
the thickness of the concrete section. In an actual structure, the
anchorage device will be smaller than the thickness of the
section, and the stresses will therefore be reduced by the
transverse spreading. This effect can be taken into account by
using Equation 4.1, or the curves of Figure 4.13 in Dboth

directions.

4.2.2.3 Spalling Stresses

Fig. 4.15 shows the magnitude of the largest spalling stress
acting parallel to the loaded face of the specime? as a function
of the plate size. Comparison with Fig. 4.10 shows that for the
same plate size the spalling stresses are in most cases larger
than the bursting stresses. Fig. 4.16 shows the magnitude of the
largest spalling force as a function of the relative plate size
a/h. The force are obtained by systematically integrating the
stresses in the y-direction for wvarious vertical planes and
reporting the largest wvalue. Because the area over which the
spalling stresses act is quite small (typically less than h/20),

the resulting spalling forces are very small.
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The areas subjected to spalling stresses are not on the
direct path of the largest compressive stresses and could be
removed without substantially changing the stress field otherwise,
as illustrated in Figs. 4.17 and 4.18. These two figures show the
stresses in a rectangular section compared with the stresses in a
section where the areas of the concrete subjected to the largest
spalling stresses have been removed. When the corners are removed,
the spalling stresses practically disappear while the distribution
of bursting stresses, as well as of compressive stresses (not
shown) remain unchanged. Thus, the flow of forces is hardly
modified when the areas of high spalling stresses are removed,
either physically as in this example or by a loss of stiffness due

to cracking of the concrete. This illustrates that the spalling
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stresses are mainly induced by the condition of compatibility of
displacements and not by the condition of equilibrium of the
anchorage zone. This property will be further established by

Strut-and-Tie Models and in the test results.
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Fig. 4.16 Spalling Force as a Function of the Plate Size
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4.2.3 Comparison with Published Results

Because of their relative simplicity, single anchor
configurations have been investigated extensively. Many studies
focus on the analysis of concentric configurations with straight
tendons. The results of the Finite Element analyses are compared
with the values of Guyon [75], Magnel [111], Lenschow & Sozen
[97], Schleeh [160], Stone [169]. In Fig. 4.19, adapted from the
paper by Lenschow & Sozen [97], the bursting stresses obtained
from the present series of Finite Element analyses show a good
agreement in the magnitude of the maximum bursting stress with the
other solutions. The stress distribution is slightly different
from the other solutions, particularly Magnel and Lenschow &
Sozen, and is closest to the elastic solution obtained by Guyon

using closed form solutions and Fourier series [75].
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Fig. 4.19 Comparison of Present Study with Previous

Publications
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Because Guyon published the most detailed results, including
the variation of the total bursting force with the size of the
plate, the results of the present Finite Element analyses will be
compared with the results of Guyon. As shown in Fig. 4.20, the
Finite Element solution corresponds fairly closely to the
theoretical solution of Guyon. Also shown in Fig. 4.20 are two
lines showing two linear approximations proposed by Guyon and

described by Equation 4.2
Tpurst = K*P (1-a/h) (Eq. 4.2)

The factor K in Equation 4.2 is proposed as 0.3 by Guyon,
which leads to a solution that is conservative over the entire
range of vaiues for a/h. By taking K = 0.25, a better fit of the
results is obtained, but the values are smaller than predictedxby
the elastic analysis for plate sizes smaller than approximafely
0.15h.

The forces obtained from the Finite Element analysis are
slightly larger than the forces obtained by Guyon, except for very
small plates. Because of numerical problems for the case of
a/h=0.0, (see Subsection. 4.6.1), it is assumed that Guyon's
closed form elasticity solution is closer to the true elastic
solution for a/h=0.0. Guyon's approximate formula (Eq. 4.2) gives
a good approximation of the bursting force. Fig. 4.21 shows a
comparison of the maximum bursting force obtained from the Finite
Element Analysis with Guyon's results. There is a good agreement
between both methods, except for small plate sizes for which the
stresses obtained from the Finite Element analysis are noticeably

smaller than the stresses of Guyon.
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Comparison of Finite Element Analysis with Published
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Results from Guyon: Maximum Bursting Stress

Guyon [75] is one of the few authors to address the case of
spalling stresses. Even though he reports some calculated values
for the spalling forces, he does not indicate a precise value as a
function of the plate size, as in the case of bursting stresses.
His recommendations are mostly of a practical matter, such as a
constant value of 4% of the applied load recommended as a design
value. According to Guyon, the reinforcement should be a fine mesh
located underneath the anchorage device, as close to the surface
of the concrete as possible. The purpose of that reinforcement 1s

not clear, because it is to be placed underneath the anchor plate,
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where theoretically only compressive stresses are acting. Because
the maximum spalling stress generally occurs in the vicinity of
the anchorage plate, it is possible that the intent of Guyon was
twofold: to provide some confining steel in the vicinity of the
plate to help resist the highklocal bearing pressures, and to
provide reinforcement for the spalling stresses.

Fig. 4.22 shows the value of the spalling force obtained
from the Finite Element analyses compared with the integrated
values reported by Guyon and the constant value that he proposes
for design purposes. Based on the results of the elastic Finite
Element analysis, 1t appears that Guyon's solution 1is quite
conservative.

Stone [169] places a large emphasis on spalling stresses. He
mentions a decrease in the confining pressure of the local zone
caused by spalling stresses as a possible cause for the initiation
of the failure mechanism in the anchorage zone. As shown in
subsection 4.4.2.2, it seems that the very high level of bearing
stresses, combined with the reduction in confinement caused by the
spalling stresses seems to be the cause of failure. In this case,
the initiation of cracking will most likely be quickly followed by
the failure of the anchorage zomne.

As a conclusion of this comparison with published results,
it is felt that the stresses from the Finite Element Analysis are
reliable and accurate. More details on the convergence of the

Finite Element solution can be found in section 4.6.1.
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4.3 Strut-and-Tie Model

This section examines a variety of Strut-and-Tie Models to
understand the flow of forces in a concentric, single tendon
anchorage zone. A methodology to develop and evaluate Strut-and-
Tie Models is described and applied to examples that incorporate

the parameters for this configuration.

4.3.1 Geometric Definition of the Strut-and-Tie Model

The choice of a geometry for the Strut-and-Tie Model in a
concentric anchorage zone is straightforward. However application
of the Strut-and-Tie Model to complex configurations require a
general methodology to construct the Strut-and—Tie‘ Model and
criteria to evaluate the adequacy of the model. The methodology is
applied to the simple case of single anchor concentric
configurations, where the number of possible solutions is limited.

When the Strut-and-Tie Model method has been described [181,
158], it is often assumed that the geometry of the model is a
given or that it will be "chosen" by an engineer trained in the
application of the Strut-and-Tie Model. While this is wusually
true, it is necessary to add some specificity to the definition of
the model geometry. In the most frequent case, when no Finite
Element analysis is available for the design of the anchorage
zone, the engineer will "choose" a Strut-and-Tie Model based only
on the geometry of the anchorage zone and on some calculations of

equilibrium.
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The first step to model the general anchorage zone is to cut
the structure at the end of the discontinuity zone which is
approximately 1.5 times the depth of the girder for rectangular
cross sections, and draw the forces and reactions on the free-
body. Because the cut is made at a reasonably large distance from
the anchor itself, a simplified analysis such as simple beam
theory can be used to determine the reactions (Fig. 4.23a).

The reactions at the extremity of the anchorage zone are
then lumped into a series (at least two) of concentrated
reactions. In most cases (except for tendons with a large
curvature or inclination) it is recommended to separate the
reactions that are "on one side" of the tendon from the reactions
that are "on the other side". The tendon load on the anchor will
also be represented by several components. However it seems
unnecessary to use more than two nodes to represent the local zone
around the anchor, because this gives an unjustified sense of
accuracy to the modelling (Fig. 4.23b). In this example, the nodes
modelling the anchor plate are located at the interface between
the anchorage device and the concrete. This assumption has little
influence on the results if the relative plate size is small (See
more comments on this assumption in section 4.4.3).

At this stage, it is likely that a limited number of main
reactions (two to four) will approximately sum up to the totality
of the applied tendon load (at least 80% of it). Based on the
knowledge of the location and magnitude of the main reactions, the
engineer draws force paths from the anchor to the main reactions
(Fig. 4.23c). Schlaich et al. recommend that the initial forces
considered should exactly sum up to the tendon forces. Then in a
second step the engineer should introduce the additional forces
that result from eccentricities or other sources. While this
requirement is helpful, it does mnot seem to be absolutely

necessary to develop reasonable Strut-and-Tie Models for either
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concentric or eccentric cases.

The compression struts follow the force paths. For best
control of cracking, the angle between the axis of the tendon and
the struts should be limited to between 20 and 35 degrees. If more
than two struts are used, or if a multiple level or a thrust-line
model (see mnext subsections) 1s wused, larger angles 'may be
allowed. The struts are to align exactly with the reactions at the
extremity of the anchorage zone (Fig. 4.23d).

The tension ties balance the deviation of the forces in the
struts. The ties can be oriented in the desired direction for the
reinforcement. If necessary, the geometry of the struts may have
to be adjusted for the possible locations of the ties. The forces
in the ties can be closely estimated because the forces in the
struts and the deviation angles are known. Because the Strut-and-
Tie Model obtained so far includes only the main forces, every
node may not be in equilibrium. It is therefore possible that two
or more values are obtained for a given tie. At this point, it is
conservative to choose the largest value (Fig. 4.23e).

Notice that the forces obtained up to this point resist the
majority of the tendon force (80% or more), so that none of the
remalning strut or tie forces is likely to dramatically change the
load carrying mechanism of the model. However, these forces are
necessary to satisfy the overall equilibrium conditions of the
Strut-and-Tie Model. Notice also, that in the case of a concentric
anchorage, there is no tension tie close to the anchorage at the
surface, which would correspond to the effect of spalling forces.
This is because spalling forces are compatibility induced and are
not required for the overall equilibrium of concentric
configurations.

At this stage, force paths are drawn for the remaining
reaction forces and the corresponding struts and ties are

incorporated in the Strut-and-Tie Model. In the case of the
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concentric anchor example, all forces were considered as main
forces, so that no additional forces are required to satisfy
equilibrium.

If the results of a Finite Element analysis are available,
the principal stress vectors can be used to help draw the force
paths of Fig. 4.23c. The 1location of the tension ties can be
adjusted to coincide with the centroid of the tensile stresses.

If no additional information is available, such as the
results of a Finite Element analysis, it is generally difficult to
assess the adequacy of a Strut-and-Tie Model. The designer should
evaluate the sensitivity of the Strut-and-Tie Model to changes in
the geometry. For example, larger angles between the tendon axis
and the compression struts can be used. This gives larger tension
forces in the ties and a larger compression force in the struts.
There seems to be no reason, however, to use angles larger than 45
degrees, because they will lead to overconservative forces. The
value of 45 degrees is often quoted in relationship to the
diffusion of stresses in the concrete. If the stresses are
diffusing at angles between 0 and 45 degrees, the average
diffusion angle is 22.5 degrees, which is the angle of the
compression strut. Taking the inclination of the strut as 45
degrees corresponds to taking the angle of diffusion of the
stresses as 90 degrees.

1f the stress trajectories (or principal stress vectors) are
available for the anchorage zone, the adequacy of a Strut-and-Tie
Model can be assessed by comparing the layout of the strﬁts and
ties with the elastic flow of stresses (Fig. 4.23f). In order for
the structure to be well behaved at service state, it is desirable
that the struts and ties follow the elastic flow paths closely
(with a deviation of at most 15° from the elastic principal
stresses, according to Schlaich et al. [158]) Although it is

difficult to apply quantitatively, this requirement is especially
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important for the main members, that carry a significant portion
of the load. For the other members, that carry only a small
portion of the load, a larger deviation is permissible. This
implicitly takes into account the fact that in areas of low
stresses, the concrete will remain essentially uncracked and will
therefore be able to transfer elastically a portion of these

stresses.

4.3,2 Practical Example

Fig. 4.24 shows the geometry of a simple but realistic
problem involving one concentric anchorage with three layers of
reinforcing bars of equal size. The goal is to determine the
ultimate load for the anchorage zone. Simple plastic theory 1is

used for this design, assuming that all reinforcing bars yield and
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Example Problem:
dl = 0.2h
d2 = 0.5h
d3 = 0.8h
a = 0.26h

Fig. 4.24 Geometry of Sample Problem
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carry the same force. This problem can actually be solved by
simply formulating the conditions of equilibrium of a free-body
obtained by cutting the specimen along the tendon line, as shown

in Fig. 4.25.
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Fig. 4.25 Free Body Solution for Concentric Anchorage Zone
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4.3.3 Mérsch Strut-and-Tie Model

ID The basic
Strut-and-Tie

Model shown in

o 1 S n Fig. 4.26  for
J// d= =t I the concentric
W’ ® * anchor is quite
® (n = 3 bars) simple and was
initially
P 8d iTi proposed in the
h—a ™= 1920s by Mérsch
(see Fig. 4.27)

[122]. The load

Fig. 4.26  Simple Strut-and-Tie Model for is assumed to be

Example Problem applied as two
loads of
magnitude P/2 at the quarter points of the anchorage plate. The
tension force Z results from the spreading of the compression
struts toward the quarter points of the concrete section and 1is
assumed to act at a depth of d/2.

The tension force can be simply calculated by equilibrium

as:
Z = 0.25'P-(1-a/d) (Eq. 4.3a)

The ultimate load capacity for a given strength of the

tension tie, Z, 1is:
Py = 4-Z/(1l-a/d) (Eq. 4.3Db)

The formula of Equation 4.la is identical to the simplified
formula proposed by Guyon, see Eq. 4.1 in section 4.2.2.2. This

formula is used for example in the CEB code [30] and in recent PTI
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recommendations [141] (both use the more conservative coefficient

of 0.3 instead of 0.25 in the formula) [30]. The simple and

powerful solution of this basic configuration illustrates the

powerful tool offered by the Strut-and-Tie Model to solve

anchorage zone problems. A more general representation for the

Strut-and-Tie Model of Mérsch is shown in Fig. 4.26, with an

expression for the ultimate load Pyit.

Py } Pry
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’ /// /

/ I
7//1,11 o /
”I,l’nrlz{ ,I : Z
_.J.ILJIJIJ%,‘YLJJ—* |
Trimtititiilirtte
[ Ps2 ) l_

Fig. 4.27 Moérsch Strut-and-Tie Model

4.3.4 Multiple Level Strut-and-Tie Model

A more refined model for the same configuration is shown in
Fig. 4.28. In this multiple level Strut-and-Tie Model, the applied
force is transmitted through a series of compression struts

directly to the individual reinforcing bars. The ultimate load
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Puit given in the figure is determined by summing the contribution

of the individual struts.

4.3.5 Thrust-Line Strut-and-Tie Model

Fig. 4.29 shows still another Strut-and-Tie Model for the

same configuration. In this thrust Iine model, the compression

Fig. 4.28 Multiple Level Strut-and-Tie Model
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force coming from the anchor is deflected each time it crosses a
reinforcing bar, until it aligns exactly with the reactions at the
end of the zone of introduction of forces. In practice, this model
can be best constructed by starting at the side of the anchorage
zone that is furthest from the anchor and moving toward the
anchor. The ultimate load is obtained when the thrust lines reach
the anchor plate at the quarter points. If the thrust lines cross
the axis of the tendon line before reaching the plate, the load
obtained is smaller than the actual ultimate load and is therefore
conservative, because a thrust-line converging exactly to the
quarter points of the plate could be constructed by assigning only
a part of the yield force of each reinforcing bar. The ultimate
load Pyt of the anchorage zone, given in the figure, can be
obtained if the force in each bar is set to the yield value and

the thrust lines reach the anchorage plate at the quarter points.

[ e .

Pult:hi Z [(d'—fd' ) ;TJ']

—a i1 1 1

(n = 3 bars, d5 = D)

Fig. 4.29 Thrust-Line Strut-and-Tie Model
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4.3.6 Multiple Thrust-Line Strut-and-Tie Model

R

Fig. 4.30 Multiple Thrust Line Strut-and-Tie Model

The multiple Thrust-Line Model of Fig. 4.30 is an extension
of the simpler model presented in the previous subsection. The
multiple Thrust-Line Strut-and-Tie Model has the advantage of more
closely following the flow of stresses in the concrete. As will be
seen in subsection 4.5.2, this Strut-and-Tie Model also gives
interesting information on the transfer of loads between the

tension ties and the concrete.
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4.3.7 Comparison of the Various Strut-and-Tie Models
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Because the three equations obtained for the Strut-and-Tie
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Models in Figs. 4.26 to 4.30 and the equation of equilibrium of
the free-body all express the overall equilibrium of the
structure, they logically give the same answer for the ultimate
load P,, as does the multiple thrust-line model, for which no
explicit formula was developed. The assumption of complete
yielding of the reinforcing steel at ultimate makes the problem
determinate. As a matter of fact, the Strut-and-Tie Model
equations of Fig. 4.28 and 4.29 are only sophisticated methods to
compute the centroid of the tension force!

Fig. 4.31 summarizes the four Strut-and-Tie Models described
in the previous subsections, superimposed on the principal stress
vectors obtained from a Finite Element analysis. The simplest
Strut-and-Tie Model of Fig. 4.3la is also véry easy to establish,
and may be used to crudely estimate the stresses in the concrete.
However, it does not follow very closely the stress distribution.
The multiple level Strut-and-Tie Model of Fig. 4.31b is clearly
inadequate in describing the state of stresses in the concrete,
and should therefore be avoided. The problems related to the
computation of concrete stresses in Strut-and-Tie Models involving
overlapping or crossing struts are difficult to solve. The thrust
line Strut-and-Tie Models of Figs. 4.31lc and 4.31d approximate
more closely the elastic flow of stresses.

Fig. 4.32 shows as hatched zones the various concrete struts
as they were used to compute the concrete stresses. Fig. 4.33
shows the stresses in the concrete struts as approximated by the
thrust-line Strut-and-Tie Models compared with the stresses along
the axis of the tendon (where the compressive stresses are
maximum) obtained by an elastic analysis. Due to the inclination
of the concrete struts, the stresses 1in the concrete are
overestimated in the vicinity of the plate. The stresses are
fairly well approximated by the internal strut and the single

strut. The simple thrust-line Strut-and-Tie Model of Fig. 4.3lc
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actually gives better results than the more elaborate multiple
thrust-line Strut-and-Tie Model of Fig. 4.31d. All four struts
carry the same portion of the tendons force (P/4), but in order
for the external struts which have a larger inclination to carry
that force, a larger resultant is needed (P/4cos(a)). Therefore,
contrarily to common sense and to the results of the theory of
elasticity, the stresses in the external struts are larger than
the stresses in the internal struts. This inaccuracy is compounded
by the fact that only two nodes were used to represent the local
zone.

According to Schlaich et al. [158], see Section 3.8, the
best Strut-and-Tie Model is the configuration that minimizes the
strain energy in the ties. Because the struts are assumed to be
extremely rigid, the strain energy of the system will be
concentrated in the ties. Minimizing the strain energy in the ties
is therefore equivalent to applying the principal of mnminimum
strain energy to the system. In this example, the thrust-line
Strut-and-Tie Model of Fig. 4.31lc has the lowest strain energy
(see Table 4.2), and is therefore the best of the three models.
The Multiple Level Strut-and-Tie Model is clearly the worst
solution, because of the large plastic strains in the bars due to
incremental yielding of the individual bars before the ultimate
load is reached. In contrast, the other three models have all
their bars simultaneously reaching the vyield strength, thus
minimizing the strain energy in the bars at wultimate. The
differences between the three models are due to the slightly
different lengths of the tension ties and to the fact that some
parts of the reinforcement are not at yield in the multiple

thrust-line Strut-and-Tie Model.
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Table 4.2: Strain Energy at Failure for the Various Strut-and-Tie

Models
Strut-and-Tie Model (STM) Strain Energy at Failure
Simple STM 0.75 hrAs fy-ey
Multiple Level STM 2.0 h-As £y ey
Thrust-Line STM 0.6 h-As fy-ey
Multiple Thrust-Line STM 0.7 h-As £5r ey
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Strut-and-Tie Models Compared with the Stresses from

the Finite Element Analysis

4.3.8 Location of the Centroid of the Tension Forces

In the example of Sections 4.3.2 to 4.3.7 it was assumed
that the location of the reinforcement is known. This may be true
in the case of the verification of an existing design, but this is
not the case in the general design process. Because equilibrium
can be satisfied with a variety of locations of the tensile
reinforcement, it is necessary that the designer locate the
reinforcement to effectively proportion the steel. The theory of
plasticity states that, as long as the deformation capacity of the

materials are mnot exceeded, any solution that satisfies
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equilibrium is acceptable. From this point of view, any layout of
reinforcement that would enable a Strut-and-Tie Model to carry the
design load is acceptable.

However, the designer must consider serviceability
conditions in order for the anchorage =zone to perform
satisfactorily during the lifetime of the structure. Cracking is
an important component of the serviceability limit state for an
anchorage zone. As mentioned earlier, the width of cracks will be
effectively limited and the performance will be most satisfactory
if the layout of the reinforcing steel follows closely the elastic
stress distribution. Furthermore, as will Dbe shown in
subsection 4.4, the test specimens that were designed with a
centroid of the reinforcement close to the elastic centroid of the

bursting forces performed best.

d
1
I tan & ; 5y
) d= 4tanc
21 |E
2 2
Fig 4.34 Definition of the Diffusion Angle

The location of the centroid of the elastic bursting stress
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distribution is a wvaluable piece of ‘information for design.
Fig 4.34 defines the diffusion angle o« from the center of the
anchor. Fig. 4.35 shows the angle measured from the center of the
anchor plate to the centroid of the elastic bursting forces as a
function of the relative plate a/h. While the bursting force
changes substantially with the size of the plate (Fig. 4.11), the
location of the centroid is only slightly influenced by it.
Because larger diffusion angles lead to larger values of the
tensile force, the location of the elastic resultant can be
estimated with sufficient accuracy for design by using a diffusion
angle of 26.5 degrees (slope 1:2) from the axis of the tendon to
the quarter points of the specimen. This solution is conservative
for anchorage devices with ratios a/h greater than 0.15, and is

reasonably close for ratios smaller than 0.15.
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Fig. 4.35 Diffusion Angle as a Function of the Size of the

Anchorage Plate
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4.3.9 Compressive Stresses in the Concrete Struts

So far, the determination of the ultimate capacity of the
anchorage zone using the Strut-and-Tie Model was only based on the
capacity of the tension ties. Assuming that the local zone

reinforcement is sufficient to prevent a failure in the local

Local Zone
Reinforcement
(Spiral)

Wg= a §2(1——t—a§n—5)sina+

2cosa ;

Figure 4.36 Definition of the Critical Section for the Concrete

Struts

zone, a failure of the concrete in compression in the struts is
possible, as mentioned in section 4.1. As was mentioned in
section 4.2.2, the interface between the local =zone and the
general zone is located at a depth approximately equal to the

lateral dimension of the anchorage device, depending on the
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confinement provided for the local zone. Because the actual detail
of the local zone device and confinement may not be completely
known at the time of design, it is desirable that the critical
section on which the stress in the compression struts is checked
is as much as possible independent of the local zone details. For
this study, the critical section is defined as a section
perpendicular to the compression strut and intersecting the axis
of the tendon at a depth equal to the lateral dimension a of the
anchorage device. Fig. 4.36 shows the critical section and the
concrete strut. The geometry of the strut is defined assuming that
the outside of the strut is defined as a line of slope 2a from the
corner of the anchorage device. The width ws of the compression
strut is given as a function of the strut angle o and the plate
size a. Provided that a minimum edge distance (generally less than
one and a half times the plate size) is respected so that the
hypotheses made in defining the outside of the strut are met, the
critical section is independent of the relative plate size a/h.
Fig. 4.37 shows the stress in the compression strut as a
function of the angle of inclination of the strut. The compression
strut is assumed to carry one half of the tendon force, and the
increase in force due to the inclination of the tendon is taken
into account. The stresses are normalized with respect to the
bearing stress wunder the plate. For the diffusion angle of
approximately 26 degrees recommended in section 4.3.8, the strut
angle will generally between 15 and 25 degrees. In this range, the
stresses are more or less constant at about 0.5f;. Compared to the
elastic stresses shown in Fig. 4.13, the stresses predicted by the
critical section defined for the Strut-and-Tie Model are smaller
(an average wvalue of 0.6fy, was indicated in section 4.2.2.2),
which is normal because the Finite Element results give peak

values, and the Strut-and-Tie Model gives average values over the

width of the struts.
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4.3.10 Conclusions from Example

The fact that all four Strut-and-Tie Models presented in the
previous sections predict the same ultimate load for a given
reinforcement simplifies the application of the Strut-and-Tie
Model. Because the same amount of reinforcement is required for
all four models, it is possible to use the simplest model to
determine the required reinforcement and to then distribute the
steel to follow more closely the elastic stress distribution. As
long as the plastic centroid does not change, the ultimate load
remains the same. Of course the reinforcement should not be placed

too close to the anchor (within approximately one times the
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dimension of the anchor), because it would be in a zone of
transverse compression, where it will not be effective. The
capacity of the strut varies slightly with the angle of
inclination of the strut, but the changes in the predicted
capacity between models is small as long as the centroid is

located following more or less the elastic stress distribution.

4.4 Test Results

In a related task of the overall research project, a series
of physical specimens was designed, fabricated and tested. The
series consisted of eight specimens of single concentric
anchorages (Bl through B8). The purpose of this test series was to
investigate the behavior of simple concentric anchorage zones and
to assess the wvalidity of the Strut-and-Tie Model concept for
these cases. This test series is described in more details in
Ref. 153. The test results are used here to check the
applicability of the Strut-and-Tie Model and the validity of the
stress analyses for concentric anchorage zones.

The Strut-and-Tie Model was wused in the design of the
reinforcement for the test specimens. The cracking load was
estimated on the basis of the expected tensile strength of the
concrete using the elastic stress distribution from the Finite

Element analysis.

4.4.1 Description of the Test Specimens of the UT Austin
Research Project

The geometry of Sanders’ test specimens for this series is
shown in Fig. 4.38. In this series of tests, the relative plate
size (a/h) of the specimen was held constant at 0.41. Fig. 4.38
also shows the local zone reinforcement in form of a spiral that

was provided for all specimens, with the exception of B6. This
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local zone reinforcement was designed so that the local zone would
not fail at a load lower than the anticipated ultimate load of the
general zone. Fig. 4.39 shows the distribution of tensile bursting
stresses from the Finite Element analysis along the axis of the
load and the corresponding layout of the bursting reinforcement in

the general zone for all specimens.

16"

4—— 8.5" -—l
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I IIIID,
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74 1

l 6.5" 911

A_1

Fig. 4.38 Geometry and Local Zone Reinforcement of Specimens

B1-B8
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The primary goal of the first four tests of this series
(Bl through B4) was to examine the influence of the layout of the
reinforcement on the ultimate strength of the anchorage zone. The
location of the centroid of the reinforcement and the distribution
of the reinforcement along the tendon path were varied to achieve
theoretically similar ultimate loads according to the Strut-and-
Tie Model.

The remaining four specimens are variations on the specimen
B4. Except for the specimen B5, that did not have any general zone
reinforcement, the reinforcement of the general zone is identical
to B4. Specimen B6 did not have any local =zone reinforcement.
While specimens Bl through B6 did not have a tendon duct,
specimens B7 and B8 have a tendon duct with diameter 2.125 inch
thus decreasing the area of concrete available to resist both the
bearing force and the bursting force. Specimens Bl through B7 were
uniformly loaded over the entire surface of the anchorage plate
(Fig. 4.40a).

Specimen B8 was uniformly loaded through a circular area of
4 inches in diameter, concentric to the anchorage plate
(Fig. 4.40b). This load more realistically represents an anchor

loaded by a wedge plate attached to the tendon.
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- b) Loading for Specimen B8

Fig. 4.40 Mode of Loading for Specimens B1-BS8
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4.4.2 Test Results

4.4,2.1 Results from the NCHRP UT Austin Program

Bl1-B4 Various|B5 No General |B6 No lLocal B7 |B8 Small
Reinforcement | Reinforcement | Reinforcement | Duct|Plate

Distributions
WIs w1 261
250 236 236
R 1 217 —

Cracking * ;E LS = 200% o= e 170180 180
04 V= === ==t
inLki(:)s 0 Z% — = é — = =B

100 Z‘_ g — ZE ; Z ; —
e = E
0 /AE 7= = % S %E Y= =
B B2 B3 B4 B5  B6  B7 BB

Specimen

- Actual Cracking Load = Predicted Cracking Load

N

Fig. 4.41 Cracking Load for Specimens B1-B8

Figure 4.41 shows the cracking load of the eight test
specimens and the corresponding predicted cracking load. The
predicted cracking load was determined by setting the largest

elastic tensile bursting stress obtained from a linear elastic
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Finite Element Analysis to the measured tensile strength of the
concrete, as obtained from split-cylinder tests. In all cases of
this series, the predicted cracking load was larger than the
observed value. The accuracy of the predictions was better for the
“specimens B7 and B8 which had a tendon duct.

Special attention was given to try to detect evidence of
early cracking at the face of the specimen due to spalling
stresses. However, no spalling cracks were observed in any of the
specimens in this series. Because the cracks were detected by
visual inspection, unobserved microcracks may have developed. In
any case, no crack developed to a visible state at the face of the
specimens, except for some cracks that surrounded the anchorage

device in the later stages of the testing (Fig. 4.42).

Fig. 4.42 Top Face of Specimen B4 after Testing
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This observation confirms that spalling cracks are not
critical for concentrically loaded anchorage zones. It is probable
that the large spalling stresses shown in the elastic analysis do
not develop because of an early development of microcracks in the
spalling region. Once the spalling region has lost its stiffness,
the condition of compatibility is relieved, and the anchorage zone
behaves as if its regions of spalling stresses did not exist (see
Fig. 4.17 and 4.18).

Figure 4.43 shows the ultimate load reached by the eight
test specimens and the corresponding ultimate load predicted by
the Strut-and-Tie Model. Two predictions of the ultimate capacity
are shown for the Strut-and-Tie Model: the tie capacity is based
on the tensile capacity of the reinforcement acting as a tension
tie and the strut capacity is based on the compressive stress in
the concrete at the critical section, as defined in section 4.3.9.
The limiting effective concrete strength on the critical section
was assumed to be 0.60 f£’,. The lowest of these two wvalues is the
ultimate capacity predicted by the Strut-and-Tie Model, Pgm. In
this test series, with the exception of specimen Bl, the capacity
of the tie controls the design of all specimens. In addition,
Fig. 4.43 gives a second estimate (labeled Compression) of the
compressive capacity of the concrete based on the elastic stresses
at a distance a ahead of the anchorage device. This value was
obtained by setting the limiting effective compressive stress
obtained from the Finite Element Analysis to 0.75 f';, a higher
value than used for the Strut-and-Tie Model because the Finite
Element solution obtains peak stresses, not average stresses. In
the case of the specimens B1-B8, the two predictions of the
compressive strength are very close to one another. As can also be
seen from Fig. 4.43, the compressive failure load of all specimens
was very close to the failure load based on the tension tie

capacity.
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Fig. &4.44 Accuracy of the Strut-and-Tie Model as a Function of

- the Location of the Centroid

In order to allow an evaluation of the acceptability of the
predictions of the Strut-and-Tie Model, it is interesting to
normalize the wultimate load by the predicted wultimate load
Puit/Psmm. Figure 4.44 shows the normalized value Pyi/Pstv as a
function of the relative location of the centroid. For specimen
B5, which did not have any general zone reinforcement, the force
in the tension tie was assumed to be equal to the force developed
in the concrete in tension just before cracking. This tie force is
considered as acting at the centroid of the tensile stresses.

The specimens Bl, B3 and B4, which had reinforcement
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patterns with a centroid close to the centroid of the elastic

stresses, reached loads very close to the predicted load. Specimen

B2, which had a reinforcement pattern that deviates considerably

more from the elastic stress distribution nonetheless reached 87%

of the load predicted by the Strut-and-Tie Model.
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Fig. 4.45 Cracking Load and Ultimate Load for Specimens B1-B8

Figure 4.45 shows the cracking and ultimate loads for the

specimens Bl through B8, which have the same reinforcement in the

general zone (except for BS5).

Specimens B5 through B8 were cast

separately from the first four specimens. The compressive strength

of the concrete of specimens B5-B8 was comparable to the strength
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of specimens Bl-B4 at testing (5380 psi for Bl-B4 vs 5320 ?si for
B5-B8), but the tensile strengths were appreciably different, 464
psi for Bl-B4 and 420 psi for B5-B8. If the cracking load of B4
was mnormalized by the ratio of the tensile strength of the
concrete, it would only be 181 kips, and compare better with the
cracking loads observed for B5 and B6, as reported in Fig. 4.45.

The local or general zone reinforcement has little influence
on the cracking load. This is expected because the strains in the
reinforcement are small when the concrete 1is wuncracked. The
presence of a duct hole in specimen B7 does not have a large
influence on the cracking load either, even though the loss in net
area across the plane of the duct amounts to 23%. This is a
surprising result considering that the first crack started along
the path of the tendon duct. This apparently contradictory result
may be caused by the large scatter mnormally exhibited by the
tensile strength of concrete, and by the strength provided by the
corrugated steel duct itself.

It is apparent from the considerably lower ultimate load of
specimen B5 that the general zone reinforcement is crucial. If no
general zone reinforcement is provided, the ultimate load is only
24% more than the cracking load. In all other cases, the ultimate
load was between 52% and 82% larger than the cracking load.

Specimen B6 did not have any local zone reinforcement, but
nonetheless reached 88% of the load of B4. The nominal bearing
stress under the anchor plate was 1.3 £f'; at failure. This
confirms the necessity of including local zone reinforcement in
order to avoid a local zone failure and to develop the full
strength predicted by the Strut-and-Tie Model.

Specimen B7 had exactly the same reinforcement as B4, but
included a tendon duct. The ultimate load was 87% of the load of
B4, and 90% of the load predicted by the Strut-and-Tie Model. The

difference in ultimate strength may be caused by the high level of
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bearing stresses under these plates (1.48 f£'; for B4 and 1.43 f£';

for B7), perhaps indicating a failure of the local zone.
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Fig. 4.46 Stresses in the Concrete Struts at Ultimate for

Specimens B1-B8§

Fig. 4.46 shows the compressive stresses at ultimate in the
concrete under the bearing plate and at locations a/2, a and 1.5a
ahead of the anchorage. The level of compressive stresses in the
concrete struts is very similar for specimens B4 and B7, once
adjustments are made for the presence of the duct hole. The
stresses at 1.0a, which corresponds to the critical section
defined in section 4.3.9, are about 0.75 f';. Roberts [146]
indicates this as a maximum stress for unconfined concrete in
compression struts.

Specimen B8 is identical to Specimen B7, except for the

having been loaded through a smaller surface (See Fig.4.40).
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Specimen B8 reached a lower ultimate load than B7, presumably
because the flexibility of the anchorage plate made the stress
distribution under the plate nonuniform. To take into account the
flexibility of the plate, it is possible to consider a plate
smaller than it is in reality. Assuming a diffusion angle of the
stresses of 45 degrees through the steel plate, the effective
diameter of the loading plate would only be 6 inches. Using this
value, the predicted ultimate load from the Strut-and-Tie Model is
315 kips and the corresponding cracking load is 174 kips. The
ratio of the predicted ultimate load to the actual value is 0.88,
which is very close to the result obtained for specimen B7 (0.89).
This example shows that the flexibility of the anchorage device
can be taken into account by considering a reduced anchorage size
in the design. The results obtained from the Finite Element
analysis as well as from the Strut-and-Tie Model show a better
correlation if such a correction is used. Similar tendencies are
described in Section 4.6.2, which presents the results of a more

detailed analysis of the influence of the anchorage device.

4.4.2.2 Results from Other Investigators

Until the present NCHRP project, the largest number of large
scale test specimens had been reported by Stone & Breen [172, 173,
174]. The results of concentric tests reported by Stone are shown
in Fig. 4.46. The loads are normalized by the tensile strength of
the concrete obtained from split cylinder tests, fg;. The most
striking fact about this figure is the very small increase in
strength between the cracking load and the ultimate load. This
type of behavior appears to have been frequently observed in the
specimens reported by Stone and Breen.

As is shown in Fig. 4.47, the bearing stresses under the

plate were very high in Stone’s tests, significantly higher than
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in the present test series. The compressive stresses 1in the
concrete at the critical section were mnot computed for Stone's
specimens, but based on the fact that the strut stresses at a
depth a are usually approximately 0.5fy. If this is the case, the
stresses at the critical section would be between 0.85f'; and
1.3f'; at failure, values which are clearly very high. It is
therefore most likely that Stone’s specimens failed in compression
either in the local zone or at the interface between the local
zone and the general =zone. This is in agreement with the
observation made by Stone that the reinforcement pattern in the

general zone had 1little influence on the strength of the

specimens.
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Stone attributed the initiation of failure of his specimens
to the spalling stresses that act at the surface of the specimen,
but also reports that spalling cracks were never observed. The
spalling stresses are rather thought to have had a detrimental
effect on the confinement provided by the concrete around the
anchor. Taking into account the high level of bearing stresses
acting wunder the anchorage device, this is a very likely
explanation. However, the spalling stresses alone are not causing
the failure of the specimen. Therefore it does not appear correct
to always relate the failure of an anchorage zone to spalling
stresses, provided the local =zone is properly reinforced and the

compression struts are not subjected to excessive stresses.
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4.4.3 Evaluation of the Analysis Method for Use in Design of
Concentric Anchorage Zones

As shown in. Fig. 4.41, +the Finite Element analysis
approximately predicts the cracking 1load although somewhat
unconservatively. For the eight specimens, the average ratio of
measured to predicted cracking load was an unconservative 0.792,
with a standard deviation of 0.083. This error is mnot too
surprizing because the tensile strength of the concrete has a
large coefficient of wvariation. In addition, the detrimental
effect of compressive stresses acting perpendicular to the tensile
stresses was not taken into account. Ref. [129] indicates that the
apparent reduction of the tensile strength of the concrete can be
significant when the lateral compressive stresses are appreciable.
More detailed predictions of the cracking load can be found in
Ref. 153. Predictions of the cracking load that are within 25% of
the observed value can be useful when one considers the present
lack of knowledge in this general area. As shown in Fig. 4.45,
except for specimen B5, which did not have any general zone
reinforcement, the ultimate load is considerably larger than the
cracking load. Also, the cracking load is close to the nominal
capacity of a normal commercial anchorage device of comparable
size. An anchor with dimensions 6.5 in. square can accommodate
five 0.5 in. strands. The corresponding ultimate load is 265 kips,
and the maximum tendon load (at 0.8 fgy) 1is 212 kips. Based on
this value, the cracking load was reached at loads between 74% and
102% of the maximum allowed stressing force. This indicates that
for thin sections a limited amount of cracking is to be expected
in the anchorage zone under normal circumstances.

As shown in Fig. 4.43, the ultimate load of the specimens of
this series was fairly well predicted by the Strut-and-Tie Model.
Excluding B5, which had no general zone reinforcement, the average

ratio of measured to predicted was 0.931 with a standard deviation
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of 0.078. The largest error was 17.5% for specimen B5, which did
not have any general reinforcement. The second largest error was
16.9% for specimen B8 (without adjustment) that had a tendon duct
and was loaded through a limited part of the plate. The next

largest error is only 12.9% for the specimen B2.
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Fig. 4.48 Efficiency of the Reinforcement as a Function of the

Location of the Centroid

Because the dimensions and material properties were well
known, no understrength factor (#-factor) was wused for the
evaluation of the test results. The fact that only two of the

predicted loads were slightly larger than the effective ultimate
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load (all other specimens were unconservative designs) indicates
that the simplifying assumptions for the geometry of the Strut-
and-Tie Model should be modified for better, more conservative
results. As will be shown, the capacities predicted by the Strut-
and-Tie Model are sensitive to the geometric definition of the
model.

The "efficiency" of the reinforcement is defined as the
ratio of the ultimate load reached by the specimen to the tensile
capacity of the reinforcement provided. This quantity indicates
how "efficient" the reinforcement is by describing the amount of
ultimate load obtained for unit of reinforcement provided. The
higher +the wultimate load reached for a given amount of
reinforcement, the more efficient is the reinforcement. Fig. 4.48
shows the efficiency of the reinforcement as a function of the
location of the centroid of the reinforcement. The Strut-and-Tie
Model predicts that the efficiency increases linearly as the
centroid of the reinforcement gets farther from the anchor. As a
consequence, the farther from the anchorage the reinforcement is
located, the more efficient it is, and the less reinforcement is
required for a given design load. This, of course, is only true as
long as the failure is controlled by the failure of the tension
tie. The experimental test results generally agree with this
tendency, but indicate that a certain deterioration of the
efficiency of the reinforcement is to be expected when the
centroid of the reinforcement is not close to the centroid of the
elastic stresses. However, it 1is remarkable that specimen B2
reached an ultimate load of 290 kips with only 59% of the steel
required by specimen B4 which reached 337 kips. Additional testing
would be required to assess the general validity and the limits of
this property. It appears that in actual design situations the
limit on admissible locations for the centroid of the

reinforcement will be dictated mainly by serviceability
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considerations. In many situations, it may be preferable to limit
cracking to distribute the reinforcement according to the elastic
distribution.

Fig. 4.48 shows again that the predictions of the Strut-and-
Tie Model are slightly unconservative, because the predicted
theoretical efficiency is exceeded only by Specimen B4. Fig. 4.49
shows the efficiency of the reinforcement as a function of the
location of the centroid for a Strut-and-Tie Model in which the
nodes for the compression forces under the plate are located not
exactly at the surface of the concrete, as shown in Fig. 4.50a,
but rather at a depth equal to 1/4 of the plate size, as shown in
Fig. 4.50b.

As illustrated in Fig. 4.51 this minor adjustment to the
Strut-and-Tie Model, that more realistically corresponds to the
physical idea that the node should be "in" the concrete, leads to
a much better correlation between the experimental values and the
theory. Excluding B5,which had no general zone reinforcement, the
average ratio of measured to predicted with node at a/4 was 1.110
with a standard deviation of 0.092.

Overall, these tests show that the Strut-and-Tie Model
method is a valid concept for concentric anchorages. A consistent
design can be achieved with various distributions of the tensile
reinforcement, even if the distribution diverges from the elastic
stress distribution. Specimen B4, which had a reinforcement
pattern that followed closely the elastic stress distribution,
performed best in this series, but was only marginally superior to
specimens Bl and B3 that had simpler layouts for the
reinforcement. The presence of a duct hole slightly decreases both
the cracking load and the ultimate load. It is desirable to locate
the nodes that represent the beginning of the spreading of the
compression forces below the anchorage plate at a distance a/4

into the concrete to better represent the physical idea of the
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nodes being part of the concrete structure.
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Fig. 4.49 Efficiency of the Reinforcement as a Function of the

Location of the Centroid with plate node at 0.25-a
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Pz 0\
: a/4
a) Top Nodes at the b) Top Nodes at a/4
Surface of the Concrete in the Concrete
Fig. 4.50 Geometric Location of the Nodes Representing the

Anchorage Plate
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4.5 Enhancement of the ‘Strut-and-Tie Model

4.5.1 Tensile Concrete Contribution

Pc):oncre’ce The
< Strut-and-Tie
Models
presented so
. far do not
%\ account for the
Crack contribution of
T, Toonorete concrete in
Conerete tension to the
in tension ultimate
strength. This
hypothesis is
Fig. 4.52 Principle of the Tensile Concrete conservative

Contribution to the Load-Carrying and reasonable

Mechanism because the
concrete may
crack in the anchorage zone, for reasons independent of the post-
tensioning forces. The test specimens of the series B were short
and the use of Teflon sheets at the base ensured that negligible
shear force was transmitted by friction between the reaction floor
and the specimen. The specimens cracked extensively along the
centerline, in such a manner that the contribution of concrete in
tension to resisting the bursting force was effectively =zero.
Because the strength of the specimen depended mainly on the
tensile reinforcement, a good correlation between the load
predicted by the Strut-and-Tie Model and the effective ultimate

load was observed.

In a real structure however, there is no clear separation
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between the anchorage zone and the rest of the girder. The
uncracked part of the concrete in the main part of the girder may
be able to transfer a significant part of the load. A possible
model to describe the contribution of concrete in tension to the
ultimate capacity is presented conceptually in Fig. 4.52. The
uncracked concrete ahead of the crack has relatively large strains
(just lower than the cracking strain at the tip of the crack). The
resulting tension force is not very large, but it can contribute
to the wultimate load because of the favorable angle of the
corresponding compression struts. This load carrying mechanism,
since it involves uncracked concrete, will exhibit a considerable
stiffness, much larger than would be expected from a Strut-and-Tie

Model involving only steel tension ties.

350
300 |
250 ]
Load 200 |
in
kips 150
S T Steel
100 onerete Contribution
iContribution
50 | i
-l
//
0]
0 25 5 75 100 125 150 175 200 225 250 275 300 325
Load Stage in kips
Fig. 4.53 Tensile Concrete Contribution to the Load-Carrying

Mechanism of Specimen B4
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Fig. 4.53 shows the relative contribution of the steel and
the concrete in tension to the load-carrying mechanism of Specimen
B4, as reconstructed from strain measurements on the reinforcing
bars. For every load stage, the contribution to the Strut-and-Tie
Model of the reinforcement is computed from the measured strains.
The corresponding force is less than the applied force, and the
rest of the load must therefore be carried by concrete in tension.
Fig. 4.53 shows the two contributions as a function of the total
applied load. Until cracking of the concrete occurs, at a load of
about 200 kips, the load is mainly carried by the concrete. After
cracking has occurred, the load is mainly carried by the
reinforcement, but some concrete contribution is observed until

the ultimate load is reached.

4.5.2 Detailing of Smeared Nodes

The
detailing of
smeared nodes

can be  better
understood by
considering the

multiple  thrust

line Strut-and-
Tie Model of
Fig. 4.54 that

shows how the

force in the
Figure. 4.54 Residual Tension Force in the Ties tension ties is
gradually
reduced in crossing the compression thrust lines. It is important

to note that the force in the tension tie is not abruptly reduced
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to zero when the node is reached. In fact, the force in thé tie is
progressively transferred to the concrete and remains large until
the tie crosses the outermost compression strut. A comparatively
large part of the load is transmitted by the outermost strut
because it has the largest inclination. Because the geometry of
the Strut-and-Tie Model can be freely chosen by the engineer, the
force in the tension ties can vary considerably from one Strut-
and-Tie Model to another. It is therefore difficult to define in a
general manner what percentage of the load needs to be anchored on

the outside of the node.
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Fig. 4.55 Residual Tension in the Ties as a Function of the
Plate Size

Some indications on the variation of the tension force was
obtained from a parametric study based on the geometry of the
example problem. The relative plate size (a/h) was wvaried from 0.0

to 0.5, and the ratio of the residual force transmitted to the
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outer node to the force in the central portion of the tension tie
was constrained to be the same for all three tension ties.
Fig. 4.55 shows that in all cases, the wvalue of the residual
tension force is from 75% to 90%. This highlights the necessity of
properly anchoring the reinforcement of tension ties that are
connected to smeared nodes. Ordinarily, a detail like the omne
shown in Fig. 4.56 will provide the necessary development before
the actual node. This type of detall was used throughout the test
series described in Ref. 153 and no distress due to lack of

development of the bars was observed.

Closed tension Tie
/ /—_Tendon Duct

ry _/

Fig. 4.56 Typical Detail for Tension Ties in Anchorage Zones
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4.6 Details of the Finite Element Modelling

4.6.1 Convergence of the Finite Element Solution

The convergence of the Finite Element solution using four-
node isoparametric elements was investigated on the basis of the
concentric configuration. The purpose of this convergence study
was to gain some perception of the adequacy of a Finite Element
mesh. The concentric configuration is very useful for such a study
because it involves a limited number of parameters. The elastic
solution of Guyon [75] was used in evaluating the results obtained
by the Finite Element Method.

For this convergence study, the Finite Element mesh used to
model a concentric anchorage zone was systematically refined by
halving the dimensions of the elements. Fig. 4.57 shows the four
meshes used with the corresponding number of degrees of freedom.
The two load cases applied to the model are a point load and a
uniformly distributed load with a relative plate size a/h = 0.25.

Fig. 4.58 shows the convergence of the maximum bursting
stress and the bursting force as a function of the number of
degrees of freedom for a point load. Both the bursting force and
the maximum stress increase noticeably (by about 5%) between the
last two meshes (32x48 elements and 64x96 elements.) This is
further illustrated in Fig. 4.59 which shows the distribution of
tensile stresses along the tendon axis for the various meshes.
Also shown in Fig. 4.59 is the solution of Guyon [75] which
predicts that in the case of a point load only tensile stresses
exist along the tendon axis, except for an infinite compressive
stress acting on an infinitesimal surface at the point of
application of the load. It appears that the distribution toward
which the Finite Element solution converges is close, but not

identical to Guyon's solution. This is expected because the Finite
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Element Method does not represent singularity, infinite stress at

the load point.

a) 8x12 elements b) 18xR24 elements

c) 32x48 elements d) 64x96 elements:

Fig. &4.57 Finite Element Meshes Used for Convergence Study
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Fig. 4.58 Convergence of 4-node Finite Element Solution for a

Point Load

Figs 4.60 and 4.61 show the convergence of the model
subjected to a uniform pressure acting on a plate of size
a = 0.25h. The 7results are much Dbetter for this load
configuration, with little change in the solution between the mesh
containing 16x24 elements and the mesh containing 64x96 elements,
as shown in Fig. 4.60 and 4.61. Again, the stress distribution
toward which the Finite Element solution converges is close, but

not identical to the stress distribution proposed by Guyon.
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Fig. 4.60 " Convergence of 4-node Finite Element Solution for a

Distributed Load (a/h=0.25)

The convergence of the Finite Element solution for spalling
stresses was found to be similar to the convergence of bursting
stresses.

As a conclusion to this convergence study, it was found that
for cases that do not include point loads the accuracy of the
Finite Element solution is sufficient even for relatively coarse
meshes, such as the one shown in Fig. 4.57b. A special attention
should be given to cases in which the vrelative size of the
anchorage plate a/h is small. In all the test specimens tested for
this project, as well as for the majority of the practical
application of post-tensioning, the relative size of the plate is

larger than 0.1.
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along the Tendon Path for a Distributed Load
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4.6.2 Modelling of the Anchor

As shown in Fig. 4.62, post-tensioning anchorage devices
have a wide variety of shapes from a steel plate to a complex
casting. Some devices have additional confining reinforcement in
the form of a spiral. This variety of geometries makes the
modelling of a "typical" device impossible. The modelling is
further complicated by the complexity of the boundary conditions
between the anchor and the surrounding concrete. In order to

understand the influence of the anchorage device on the state of
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stresses, analyses were performed using a simple steel plate as an
anchorage device.

The purpose of this investigation was to determine the
influence of the anchorage device on the stresses from tﬁe Finite
Element Analysis. To that end, various possible models of the
interaction between the anchorage plate and the concrete were
used. Fig. 4.63 shows the Finite Element mesh used for this
examination. The steel plate has a length to thickness ratio of
five which is typical for commercial plate anchors. The load is
applied on the central third of the plate to simulate the effect
of a typical wedge plate which introduces the tendon force near

the center of the anchor.

T

o

[T

Fig. 4.62 Various Shapes of Anchorage Devices
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Fig. 4.64 Deflected Shape of Anchorage Zone for Various Models
of the Anchorage Plate

Fig. 4.64a shows a detail of the deflected shape
(exaggerated deformations) in the vicinity of the anchorage when a
full bond (in both x and y directions) is imposed between the
steel plate and the concrete. Fig. 4.64b shows the same detail
when only the compatibility of the longitudinal displacements (y
direction) is imposed between the plate and the concrete. Since
the transverse displacements (x direction) are not compatible, the
plate appears to penetrate the concrete. This does not occur in
reality (small displacement theory), but is due to the
magnification of the displacements in the drawing. Fig. 4.64c and

4.64d show the same detail of the vicinity of the anchor when the
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anchor is modelled by a uniform pressure acting over the whole
area of the anchor plate (Fig. 4.64c) or as being infinitely rigid
(Fig. 4.64d). The anchor plate is not modelled in these cases, and
does mot appear in figures 4.64c and 4.644d.

Fig. 4.65 shows the contour of the stresses in direction x-x
(transverse stresses) for all four cases. Notice that the stress
distribution for the case where full bond is imposed between the
steel plate and the concrete (Fig. 4.65a) is sensibly different
from the stress distribution obtained in the other three cases.
The entire concrete area along the tendon is subjected to tensile
stresses. The compressive stresses necessary for equilibrium
across the tendon axis are concentrated in the steel plate. As
schematically shown in Fig. 4.66, the steel plate is subjected to
bending under the applied load. In order to satisfy the
compatibility of the transverse displacements, the concrete that
is located at the interface with the steel plate must be in
tension.

In all four cases, the largest bursting stresses occur along
the axis of the tendon. Fig. 4.67 shows the distribution of
bursting stresses along the tendon axis. The large tensile and
compressive stresses occurring near the face are truncated. Notice
again the considerable difference between the case where full bond
is imposed between the plate and the concrete and the other cases.
Fig. 4.68 shows the compressive stresses along the tendon axis.
The two cases where the anchor plate is effectively modelled, and
where the load is applied on one third of the surface, have the
largest stresses directly under the plate. The rigid plate induces
the smallest stresses along the tendon axis. Overall, the
distribution . of compressive stresses are unaffected by the
modelling of the anchor plate at a distance equal to approximately
one and a half times the size of the plate, which is approximately

the size of the local zone [146].
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Fig. 4.65 Contour Plot of Transverse Stress for Various Models

of the Anchorage Plate
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Fig. 4.66 Conceptual Model for the Full Bond Between the

Anchor Plate and the Concrete

This study of the influence of the modelling of the anchor
plate shows that the anchorage device can have a substantial
influence on the state of stresses if a perfect bondv exists
between the anchor plate and the concrete. If this is not the case
because of slip, of yielding of the anchor plate (the plate is
subjected to very high bending moments) or because of
microcracking of the concrete, then the stress distribution is not
considerably influenced by the modelling of the plate.

During the early part of the testing, careful attention was
given to try to observe evidence of a bond between the anchor
plate and the concrete. No conclusive proof was found to support
this assumption. Even though the bursting cracks along the tendon
axis usually extend all the way up to the anchor plate during the

test, these cracks are 1likely to be caused by the lateral
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expansion of the concrete in the local zone. The cracks never
appeared to be initiated at the anchor plate. Therefore it has
been concluded that a full bond 1is mnot present between the
anchorage plate and the concrete.

The available analytical solutions [75, 111, 169] generally
consider the load as applied through a uniform pressure acting on
the whole surface of the anchorage device. Even though no
discussion of the reason for this choice was found, it appears
from the available test results that such a model corresponds well

to the reality.

0.5
0.4
0.3
-+ Bonded
Bursting
Stress i | a- Unbonded
[
burst 1 Uniform
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Rigid
b
-0.1 |
-0.2
Relative Distance form Anchor x/h
Fig. 4.67 Bursting Stresses along the Tendon Axis for Various

Models of the Anchor Plate
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Fig. 4.68 Compressive Stresses Along the Tendon Axis for

Various Models of the Anchor Plate

In the rest of this study, the loads are considered as
applied through uniform pressures acting on the whole surface of
the anchorage device. Even though this hypothesis is certainly not
completely valid, especially for anchorages with multiple bearing
planes, it was found experimentally that the accuracy of this
assumption 1is sufficient, especially considering the other
uncertainties in the analysis model. A more complete analysis
should not only include the exact geometry of the anchorage
device, but also a model for the slip at the interface between the
concrete and the anchor, as well as the effect of the local zone
confinement. Such an analysis 1is certainly possible, but goes
beyond the scope of this investigation.

In subsection 4.4, it was proposed that to obtain
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conservative solutions, it is possible to consider the anchorage
plate as smaller than it is in reality. This will lead to larger
bursting stresses, as well as larger bearing stresses. However,
this type of procedure seems difficult to implement in practice
because at time of design the engineer knows very little of the
actual geometry of the anchorage device that will be finally used

in construction.

4.6.3 Three-Dimensional Effects

It has been mentioned in section 4.2 that most of the Finite
Element Analyses of this study were performed on two-dimensional
plane models. The purpose of this subsection is to demonstrate the
differences observed between the results of three-dimensional and
two-dimensional analyses and to point out the limitations of the
plane stress analysis.

While plane stress models can accurately represent the state
of stresses in thin sections, they are unable to give information
on the distribution of stresses through the thickness and to
describe the 1local influence caused by a change in the cross
sectional area such as the presence of a the tendon duct. Three-
dimensional models using brick elements as shown in Fig. 4.69,
with either 8 or 20 nodes, can more accurately model such changes.
However this increase in accuracy comes at the expense of
considerably longer computation times, due to the larger number of
degrees of freedom as well as the larger bandwidth caused by the
third dimension. For these reasons, it is not expected that three-
dimensional solid analysis models will be used very often in

practice for the design of anchorage zones.
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2-D Analysis

Fig. 4.70 shows the distribution of the bursting stress in
the transverse plane containing the tendon axis as obtained from a
3-D analysis wusing 8-node brick elements. The distribution of
bursting stresses obtained from a two-dimensional analysis is also
shown in Fig. 4.70. The results of the three-dimensional analyses
are generally close to the results previously obtained using a
two-dimensional analysis. The stresses on the outside of the
model, are higher than the stresses in the inside.

The strains reported by Zielinski and Rowe [196, 197], where
the measurements were taken on the surface of the specimens, are
consistently and noticeably larger than the values in this study.
Although the exact configuration of Zielinsky and Rowe was mnot

modelled, it is assumed that locally higher strains exist at the
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surface of the concrete. But the average stress over the
thickness, which is most important for the design, is lower than
the values reported by Zielinsky and Rowe.

The influence of the duct hole on the stress distribution in
the vicinity of the hole was investigated using the three-
dimensional Finite Element model shown in Fig. 4.71. Only one
quarter of the doubly symmetric anchorage zone was modelled. The
tendon duct is represented by a square prism. This simplification
in the geometry of the tendon duct was made in order to limit the
complexity of the three-dimensional Finite Element model; except
for areas of stress concentration close to the tendon duct, the
stresses obtained from this model should give a good approximation
of the stresses caused by a circular duct. The bursting stress
distribution in the transverse plane including the tendon is shown
in Fig. 4.72. These figures also include the results obtained from
a two-dimensional analysis, adjusted by the ratio of the gross
area to the mnet area across the tendon to account for the
reduction of section caused by the tendon. The stresses obtained
from the three-dimensional Finite Element analyses are higher than
the stresses predicted by the simpler two-dimensional analyses.
However the differences are comparatively small.

As a result of this investigation of the three-dimensional
effects for thin specimens, i1t was concluded that the accuracy of
two-dimensional analyses is sufficient for the majority of the
specimens that are to be investigated in this phase of the
project. For the more complex configurations that involve
specimens whose dimensions are approximately equal in both

directions, a 3-D analysis may become necessary.
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Chapter 5: Other Single Anchor Configurations

One of the main advantages offered by post-tensioning is the
freedom available to the designer in the layout of the post-
tensioning cables. The designer can select the trajectories and
curvatures of the cables to correspond precisely to the specific
requirements of the structure being built. In most cases, this
leads to tendons with an eccentricity, an inclination, and
possibly a curvature of the tendon in the anchorage zone (see
Fig. 4.1 in Chapter 4). This chapter discusses these more complex
configurations for single cable anchorage zones. The basic rules
presented in Chapter 4 are expanded to include the case of

eccentric, inclined and curved tendons.

5.1 Eccentric Anchorages

Anchorage zones with eccentric anchorages, as shown in
Fig. 5.1, are very common in practice. If the eccentricity e of
the post-tensioning force is small, that is if the load is applied
within the kern of the section (e/h £ 0.167 for a rectangular
cross section), the state of stress in the anchorage =zone is
generally similar to that previously observed £for concentric
anchorages. There is an area of tensile bursting stresses along
the axis of the tendon and two areas of tensile spalling stresses
on either side of the anchorage plate, as shown in Fig. 5.2a.

If, however, the load is applied outside of the kern
(e/h > 0.167 for a rectangular cross section), the state of stress
in the anchorage zone 1is more complex. An additional area of
tension paréllel to the tendon path appears on the side face
furthest from the anchorage device. This tension field results
from the bending moment caused by the force applied outside of the

kern of the section. The corresponding tensile stresses are called

197
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flexural tensile stresses (Fig. 5.2b). Concurrently with the
appearance of flexural tensile stresses, the spalling stresses and
force increase considerably as the region subjected to spalling
stresses becomes connected to the region subjected to flexural

tensile stresses.

l I
Tension| m

Compression|
-lllll"l““l““l"
a) Load within the kern b) Load outside of the kern

Figure 5.1 Load and Reactions for Eccentric Load Cases
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Spalling Stresses Spalling Stresses
Bursting
~Stresses
Bursting
I~ Stresses
Flexural
Tensile -
Stresses
a) Load within the kern b) Load outside the kern

Figure 5.2 Areas of Bursting, Spalling and Flexural Tensile

Stresses for Eccentrically Loaded Anchorage Zones

5.2 Finite Element Analysis of Eccentric Anchorages

In a manner similar to the approach used for concentric
anchorage zones, a series of Finite Element analyses was performed
for eccentric configurations. The Finite Element meshes used for
these analyses were mostly identical to the meshes used for the
concentric cases. Parametric studies were performed by varying the
relative eccentricity e/h of the loading from 0.0 (no
eccentricity) to 0.4. The 1largest theoretically possible
eccentricity is 0.5 (load on the edge of the section), but there
is a practical limitation because of the dimensions of the

anchorage plate. The relative size of the anchorage plate a/h was
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also wvaried in the parametric studies. In all cases the load was
introduced as a uniform pressure over the surface of the anchorage

plate.

5.2.1 Bursting Stresses

The bursting stresses observed for eccentric configurations
with straight tendons parallel to the centroidal axis of the
section are similar in distribution and location to the bursting
stresses for concentric anchorages. Close to the plate, there is a
zone of wvery high compressive stresses, followed by a sharp

gradient leading to the peak tensile stresses, and then a slower

1.2
1
o e/h=0.0
0.8
Bursting T . e/h=0.15
Stress
. h=0.2
S burst + - o/
%o e/h=0.3
0.4 /...
1 =0.
" e/h=0.4
0.2
0
f f -3
0 0.25 0.5 0.75 1 1.25 1.5
Relative Distance from the Anchor x/h
Figure 5.3 Bursting Stresses across the Tendon Axis for Various

Eccentricities and a Relative Plate Size a/h=0.1
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decrease of the stresses reaching zero at a certain distance from
the anchor.

Figure 5.3 shows the distribution of tensile bursting
stresses along the tendon axis for various eccentricities and a

relative plate size a/h=0.1.

1.2

1
- a/h=0.0

0.8
Bursting o+ a/h=0.1
Stress Jh=0.2
Sburst P
%o a/h=0.3

0.4 n'e

R a/h=0.4

0.2

A
0
0 0.1 0.2 0.3 0.4

Relative Eccentricity e/h

Figure 5.4 Maximum Bursting Stress across the Tendon Axis as a

Function of the Eccentricity for Various Plate Sizes

In most cases, the magnitude of the peak tensile bursting
stress increases with increased eccentricity, as shown in
Fig. 5.4. However, the eccentric loading bursting stresses are
acting over a reduced length when compared to concentric
anchorages, as can be observed in Fig. 5.3. As a consequence, the
bursting force actually decreases with increased eccentricity of

the load. Fig. 5.5 shows the bursting force as a function of the
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relative eccentricity and of the relative plate size. For a given
plate size, the bursting force decreases almost linearly with
increasing eccentricity of the 1loading. Because the largest
bursting force occurs for =zero eccentricity, a conservative
estimate of the bursting force is to take it as the value obtained
for no eccentricity. Fig. 5.5 shows by dotted lines the force
obtained by the simplified formula given in Eq. 5.1, which was
previously proposed for concentric specimens. Except for giving
values just slightly under the elastic values for cases with no
eccentricity, this simplified formula gives a generally

conservative estimate of the bursting force for use in design.

Thuzst = 0.25° P+ (1L-a/h) (Eq. 5.1)

0.3
Finite Element
0.25 a/h=0.0

a/h=0.1

-
-’.

he0.2
a

a/h=0.3

0.2
Bursting \:Q:\\
. ~

|
>
A
Force X
0.15
Thurst O \L \\:\ __ ofh=0.4
> g \_ \ % Simplified Formula

T \- . a/h=0.0

Ir
0.05 1 ‘ N a/h=0.1
A A a/n=0.2

' ' } | x a/h=0.3
0 0.1 0.2 0.3 0.4 _..a/h=0.4

Relative Eccentricity e/h

Figure 5.5 Bursting Force across the Tendon Axis as a Function

of the Eccentricity for Various Plate Sizes
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Fig. 5.6 shows the relative location of the centroid as a
function of the eccentricity for various plate sizes. As already
noted for concentric configurations, the location of the centroid
is essentially independent of the plate size. The location of the
centroild remains nearly constant for loads within the kern of the
section. For larger eccentricities, the location of the centroid

decreases almost linearly with the eccentricity.

5.2.2 Flexural Tensile Stresses

Flexural tensile stresses are the stresses induced by the

0.6
0.5
a/h=0.0
Relative g 4 -
Location - a/h=0.1
of the
. h=0.2
Centroid e o/
a - L &/h=0.3
h .
_ a/h=0.4
0.1
0 I

0 0.1 0.2 0.3 0.4

Relative Eccentricity e/h

Figure 5.6 Relative Location of the Centroid of the Bursting
Stresses as a Function of the Eccentricity for

Various Plates Sizes
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combined axial and flexural loading of the section under an
eccentrically applied post-tensioning load (see Section 5.1).
These stresses and the corresponding flexural tensile force can be
determined using simple combined axial and flexural action theory.
If the load is applied inside of the kern of the section, all
stresses at the end of the general zone are in compression, as
shown in Fig. 5.la. However, if the load is applied outside the
kern, tensile flexural stresses are induced at the end of the

general zone opposed to the anchor, as shown in Fig. 5.1b.

2
1.8
1.8
1.4
Flexural 4
Tensile 1.2 | p
Stress 1 % =TT
P i
Oflex 0.8
o, i
0.6
0.4
0.2
0

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 045 05

Relative Eccentricity of the Load e/h

Figure 5.7 Maximum Flexural Tensile Stress Produced by
Eccentric Loading as a Function of the Eccentricity

of the Load (for a Rectangular Section)
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The maximum wvalue of the flexural tensile stress in a

rectangular section is:

Opax = 2 * 0Op (Eq. 5.2)
with
go =P / (hrt)

The corresponding maximum flexural tensile force is:

Tpax = 0.333:P (Eq. 5.3)

0.35

0.3

0.25
Flexural 7

Tensile 0.2
Force 7

Tflex 0.15
= 4

0.1

0.05

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Normalized Eccentricity of the Load e/h

Figure 5.8 Flexural Tensile Force Produced by the Combined
Axial and Flexural Action as a Function of the

Eccentricity of the Load

Because the anchorage plate has finite dimensions, the
values given by Egs. 5.2 and 5.3 are upper bounds, and are only
attainable with an infinitely small anchorage plate. Fig. 5.7

shows the maximum flexural tensile stress from combined stress
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theory (in a rectangular cross section) as a function of the
eccentricity of the load. Fig. 5.8 shows the flexural tensile
force induced by the combined axial and flexural action as a

function of the eccentricity of the load.

5.2.3 Spalling Stresses

As mentioned 1in Chapter 4, the spalling stresses in
concentrically loaded anchorage =zones are large but the
corresponding spalling force is small. This observation remains
valid for eccentric tendons with the load applied within the kern
of the section. For larger eccentricities however, the spalling
force increases rapidly to magnitudes close to the magnitude of
the bursting force. For example, compare the wvalues for the
spalling forces in Fig. 5.9 with the values for the bursting
forces in Fig. 5.5,

Fig. 5.9 also shows the flexural tensile force due to
combined axial and flexural action on the section. For large

eccentricities, the curve of the flexural tensile force is nearly
parallel to the curve of the Finite Element spalling force
results, indicating a linear relationship between the spalling
force and the flexural tensile force. The contour plot of the
maximum principal stress (in tension) shown in Fig. 5.10 and the
vector plot of the principal stresses shown in Fig. 5.11 further
illustrate the direct connection between the stresses induced by
the overall bending of the section and the spalling stresses at

the top surface.
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Figure 5.9 Flexural Tensile Force and Spalling Force as a
Function of the Eccentricity of the Load for Various

Plate Sizes
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Figure 5.12 Contour Plot of the Maximum [Principal Stress for
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The flexural tensile forces are necessary for the overall
equilibrium of the anchorage zone when the load is applied outside
of the kern. The spalling forces are in this case strongly related
to the flexural forces and are necessary for the overall
equilibrium. Figures 5.12 and 5.13 illustrate that cutting the
corners of the specimen does not eliminate the flexural and
spalling stresses, because these stresses are induced not only by
the conditions of compatibility, but are necessary for equilibrium

of the section.

5.2.4 Comparison with Published Values

As in the case of concentric configurations, Guyon'’s work is
the most complete and detailed for eccentric configurations. The
fact, mentioned in Section 5.1, that the state of bursting
stresses in eccentric configurations is similar to the state of
stresses in simpler concentric configurations led Guyon [75] to
introduce the concept of the symmetrical prism. The symmetrical
prism, shown in Fig. 5.14 is defined as the largest prism that
fits in the section with its symmetry axis coinciding with the
axis of the tendon. The width a; of the symmetrical prism is
limited by either an edge or by the boundary of a similar
symmetrical prism of an adjacent tendon in the case of multiple
tendons. If the tendon is placed concentrically in the middle of
the section, the symmetrical prism will correspond to the depth of

the member, in this case az = h.
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Symmetrical
Prism

Axis of
Symmetry
of the Prism

Figure 5.14 Geometric Definition of Guyon's Symmetrical Prism

for Eccentrically Applied Post-Tensioning Forces

The symmetrical prism provides an approximation to the
bursting stresses and forces for eccentric configurations by using
the results for concentric configurations. The bursting stresses
and forces acting on an eccentric configuration are computed as
the bursting stresses and forces acting on the symmetrical prism
defined in Section 5.2.4. Fig. 5.15 shows the value of the
bursting force predicted by the symmetrical prism method compared
to the results obtained from the Finite Element analysis,
normalized to the ratio ap/h instead of a/h to allow for
comparison with the symmetrical prism. The Finite Element
solutions are close to the simplified solution wusing the
symmetrical prism. The largest discrepancies occur for small

relative plate sizes, and are probably due to lack of convergence
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of the Finite Element solution, as described in Chapter 4. The
results for point loads have not been included in the figure. The
linearized expression of Eq. 4.2 for the bursting force, with a
factor of 0.25 is also shown in Fig. 5.15. As already observed for
concentric configurations (see section 4.2.3), this expression
gives very good results.

As pointed out by Stone, [172, 173] the symmetrical prism
method, however, does mnot take into account the considerable
difference in the spalling forces when the load is applied outside
of the kern. Originally, Guyon indicated only a constant value of

4% of the tendon load as the design value for spalling forces.

0.3
0.25
Concentric
O. 2 o E/h=015
Bursting e/h=0.20
Force <
Thurst 2 0%
P e/h=0.40
0.1 . -
___ Guyon Sym. Prism
05 | X®a |- Guyon 0.25
~~~~~~ X
0 . A
0 0.25 0.5 0.75 1

a/a2

Figure 5.15 Comparison of the Bursting Force from Finite
Elements Results with Guyon's Symmetrical Prism

Theory
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Fig. 5.16 shows that, for eccentricities larger than 0.25h this
value is too small compared to the force obtained from Finite
Element analyses. In later editions of his prestressed concrete
textbook [74], Guyon addressed this point by suggesting that the
total spalling force should be given by Equation 5.4 (rewritten

for the notation used here).
Ts = (0.04 + 1.6-(e/h)8)-P (Eq. 5.4)

This expression adds a term that is dependent on the

eccentricity of the load to the constant 4% term. This equation is

0.35

0.3

0.25

Tensile * FE Spalling Force
Force ~— 4/ /| |. Guyon 4%
—T— 0.15 Guyon Enhanced
P So—
_____ Flexural Tensile Force

0.1

0.05

0

0 0.1 0.2 0.3 0.4 0.5
Eccentricity of the Load e/h

Figure 5.16 Spalling Force According to Guyon compared with

- Finite Elements Results and Bending Force
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plotted in Fig. 5.16 along with the results of the Finite Element
analyses and the tensile bending force obtained from simple beam
theory. With the additional term, the improved Guyon formula is
generally conservative, but it ciearly overestimates the spalling

forces for loads within the kern.

5.3 Strut-and-Tie Model for Eccentric Configurations

While the simple concentric Strut-and-Tie Model of Moérsch
was proposed almost a century ago, Strut-and-Tie Models involving
more complex configurations have only been proposed in relatively
recent times. Schlaich et al [157, 158] give examples of Strut-
and-Tie Models for eccentric configurations, as shown in

Fig. 5.17.
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Figure 5.17 Strut-and-Tie Model for Eccentric Loading According
. to Schlaich et al. [158]
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5.3.1 Geometric Definition of the Strut-and-Tie Model

For the geometric definition of the Strut-and-Tie Model, the
procedures described in Section 4.3.1 will be used. Fig. 5.18
shows the steps of the procedure to develop the Strut-and-Tie
Model. The forces and reactions acting on the anchorage zone are
first determined using simple beam theory (Fig. 5.18a), then
lumped into discrete forces. The forces acting on one side of the
post-tensioning cable are lumped separately from the forces acting
on the other side; tension and compression forces are lumped
separately. (Fig. 5.18b)

Force paths for at least 80% of the total force are drawn.
Based on the force paths, corresponding struts and ties are drawn,
and the forces in the members are calculated (Fig. 5.18c and d).
Finally, the struts and ties corresponding to the remaining forces
are introduced in the Strut-and-Tie Model (Fig. 5.18e). It is
often necessary to slightly modify the geometry in order for the
model to be stable, or at least kinematic, that is, stable for the
given load case. These adjustments have usually only a small
influence on the main forces.

As in the case of concentric tendons, simple equilibrium
considerations would allow the determination of the ultimate load
knowing the magnitude and the location of the tie force Ti, but
the determination of the other tie forces, most notably T3z would
not be so evident. More elaborate Strut-and-Tie Models, including
thrust-lines (see Section 4.3.5), can also be used with eccentric
configurations. It is best to focus the use of thrust-lines on the

limited number of struts that carry the majority of the load.
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Because only equilibrium considerations are necessary to
determine the ultimate capacity associated with a given bursting
reinforcement pattern, the conclusions drawn in Chapter 4 for
concentric configurations still apply. In order words, the
ultimate capacity of the anchorage zone will not change if a
simple Strut-and-Tie Model is replaced by a more elaborate model
in the region of bursting stresses, as long as the centroid of the
reinforcing steel does not change.

The region subjected to spalling and bending stresses
involves forces smaller than the region subjected to bursting
stresses. Therefore, it does not appear very effective to further

refine the Strut-and-Tie Model in this area.

5.3.2 Parametric Study on the Influence of Eccentricity

A parametric study was performed using a Strut-and-Tie Model
developed using the rules described in the preceding sub-éection.
Figure 5.19 defines the geometry of the Strut-and-Tie Model used
for this parametric study and summarizes the additional
constraints that were placed on the model. The depth d; at which
the bursting force acts is defined as (h/2-e), which corresponds
to a diffusion angle of about 26 degrees. The relative plate size
is a/h = 0.2. The width b; of the first compression strut (force
P1) is equal to the distance from the axis of the tendon to the
edge of the concrete, b; = h/2-e. The width b; of the second strut
(force P;) is equal to the width of the compression strut b;. The
angle as of the strut between nodes (5) and (7) is held constant
at 35 degrees. This value is derived from the ratio of the
spalling force to the bending force observed in Fig. 5.9 for large
eccentricities. The location of the node (6) was iteratively
adjusted so that the node would be in equilibrium without

requiring a member between node (6) and node (5).
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Figure 5.19 = Geometric Definition of the Strut-and-Tie Model Used

for the Parametric Study of Eccentric Configurations
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Fig. 5.20 shows the geometry as it evolves with increased
eccentricity for a constant a/h = 0.2. Fig. 5.21 shows the forces

in the struts and the ties as a function of the eccentricity.
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Figure 5.20 Geometry of the Strut-and-Tie Model Used in the

Parametric Study for Various Eccentricities for

a/h=0.2
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Figure 5.21 Forces in the Struts and Ties as a Function of the

Eccentricity of the Load for a/h = 0.2

Fig. 5.22 shows the tension forces in the ties T; and Ti
as a function of the eccentricity, compared with the integrated
bursting forces obtained from the Finite Element analysis. The
correlation between the bursting force and T; is good, taking into
account the relative simplicity of the model used. The magnitude
of Tz, about one half of the bursting force Ti for most
eccentricities, indicates the necessity of extending the
reinforcement laterally well outside of the region defined by the
Guyon "symmetrical prism". Fig. 5.23 shows the flexural tensile
force (T4) and the spalling force (T3) from the Strut-and-Tie
Model compared to the results of the Finite Element analyses and
Guyon's enhanced formula for spalling forces. The flexural tensile

force obtained by the Finite Element method is not shown in the
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figure, since it is identical to the value obtained by the Strut-
and-Tie Model, and is defined by simple combined axial and

flexural action theory. Here again, the correlation is good.
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5.3.3 Comparison with Test Results
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Figure 5.24 Geometry and Local
7one Reinforcement of

Eccentric Specimens

In the overall TUT
Austin Research Project, a
series of tests including
eccentrically located
anchorages was performed;
the tests were labeled El to
E6. In addition, one test of
two anchors over the
thickness of the specimen
(M5) 1is also discussed 1in
this section, because of the
similitude of the geometry
in the main plane of the
specimen. The geometry of
the specimens for these
tests is shown in Fig. 5.24,
along with the local zone
reinforcement in form of a
spiral. Table 5.1 summarizes
the dimensions of the
specimens and of the
anchorage plate for the
eccentric test series, as
well as the concrete
strength at testing. The
outer diameter of the tendon
duct is 2.9 inches. More
details on the geometry, the
reinforcement and the

testing of Specimens E1-E6
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and M5 can be found in [153].
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Figure 5.25 General Zone Reinforcement for Specimen E1
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Table 5.1 Summary of the Dimensions of Eccentric Specimens with

Dimensions of the Anchorage Plate and Concrete

Strength
Dimensions Anchor Concrete
Specimen hwt-e a-b-tyiate £f'e fep

[in] [in] [ksi] [ksi]
EL 72-36°11+6 8-7-1 5.45 0.428
E2 72-36°11-12 8§:7-1 5.95 0.460
E3 72-36-11-12 8-7-1 6.13 0.492
E4 72-36°11-12 8-7-1 5.69 0.475
E5 72-36-8.5-4.5 6:6:1.5 5.71 0.459
E6 72-36+10-9 6.5:6.5.-7F 5.68 0.444
M5 60:32-17.8 6.5:6.5- 7" 4.67 0.330

Multiplane Anchorage. Total depth of the anchor.

Two Multiplane Anchors over the thickness. Dimensions of one

anchor.

The reinforcement of the general zone for the Specimen El is
shown in Fig. 5.25. The layout of the general zone reinforcement
for the specimens E1-E6 and M5 is similar to the reinforcement of
Specimen El. Table 5.2 summarizes the reinforcement for all seven
test specimens. The centroid of the bursting zone reinforcement
was located at a depth of approximately h-2e from the anchorage
plate; this reinforcement is shown as main bursting reinforcement
in Table 5.2 and is the only reinforcement that was taken into
account to determine the capacity of the section according to the
Strut-and-Tie Model. In addition, some reinforcement was placed
deeper in the section for specimens El to E4. This reinforcement
is shown as additional reinforcement in Table 5.2 and was not
considered when calculating the ultimate load capacity of the

specimens. In order to better investigate the spalling and bending
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forces, Specimen E3 was provided with crack formers 1in these

areas.

Table 5.2 Summary of the Bursting, Spalling and Additional

Reinforcement for Eccentric Specimens

Main Bursting Spalling Additional Spiral
Reinforcement Reinforcement Reinforcement
Speci- | As¥%fy|Centroid| As*fy |Centroid| As*fy Centroid| diam/
pitech/
length
men [kips] [in] [kips] [in] [kips] [in] [in]
E1l 132.1} 13.5 14.7 1 88.4 41.0 7.25/
E2 88.0 8.0 68.5 1 132.1 37.7 2.5/
E3 88.0 8.0 68.5 1 132.1 37.7 13.25
E4 88.0 8.0 0 N/A 132.1 37.7
E5 58.7 13.0 14.7 2 N/A N/A 6.5/2/8
E6 44.0 13.0 8.8 1 N/A N/A 8/2/9.5
M5 39.4 15.3 6.6 1 N/A N/A 7/2/10

Figure 5.26 shows the load causing cracking in the bursting
region compared with the load predicted from the Finite Element
analysis based on peak tensile stress and the split cylinder
strength measured from companion cylinders. The actual cracking
loads are generally slightly smaller than the predicted value.
Disregarding the cracking load for specimen E3, which had crack
formers, the average ratio of predicted to actual cracking load is
0.969, with a standard deviation of 0.106. The predicted cracking
loads are much closed to the actual values than in the case of
concentric specimens, for which the average ratio was 0.792
observed. The standard deviation is larger in the case of

eccentric specimens, perhaps showing that the phenomenon of
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cracking is more complex in eccentric specimens.

As in the test series for concentric specimens, two
predictions of the ultimate capacity are shown for the Strut-and-
Tie Model: the tie capacity is based on the tensile capacity of
the reinforcement acting as a tension tie and the strut capacity
is based on the compressive stress in the concrete at the critical
section, as defined in Section 4.3.9. The maximum effective
concrete strength on the critical section was assumed to be 0.60
f's. The lowest of the two +values obtained is the wultimate
capacity predicted by the Strut-and-Tie Model, Pgmv. A limit based
on the maximum stress in the concrete (labeled Compression) 1is

also given as a second estimate of the compressive capacity of

| 345 346 - - 365

Cracking 300 |PZZ2= 265 % 27 am 284 /

Load % — B = o = Z

n kips 500 / 2. — % — /
17 =Rt= % 7
= = =

NPl ]|

22 == = =

72 7= 727 =1

-~ Actual Cracking Load Predicted Cracking Load
=

Figure 5.26 Actual and Predicted Cracking Load in the Bursting

Region for Eccentric Specimens
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the concrete. This value is obtained by setting the compressive
stress at a distance a ahead of the anchorage device, as obtained
from the Finite Element Analysis, to 0.75f';.

Figure 5.27 shows the wultimate load for the eccentric
specimens compared with the ultimate load predicted by the Strut-
and-Tie Model assuming tie failure, strut failure, and compression
failure. It is apparent that the ultimate capacity of specimens
E1-E4 is related to a failure of concrete in compression. The
large amount of bursting reinforcement in specimens E2-E4 made
such a mode of failure unavoidable. The fact that specimens E5, E6
and M5 failed at loads greater than calculated based on the
tensile capacity of the available bursting reinforcement points
out the importance of the tensile concrete contribution to the
load carrying mechanism. Strain measurements in all eccentric
specimens showed that several reinforcing bars in the bursting
region did not yield during the testing. A prediction of the
ultimate load based on the Strut-and-Tie Model and neglecting the
contribution of the concrete in tension vyields conservative
strengths. The average tratio of measured ultimate load to
predicted ultimate load (taking the lowest of the two values
obtained from the Strut-and-Tie Model) is 1.26, with a standard
deviation of 0.192. Without the wvalue for M5 (that had a
significant tensile concrete contribution that increased its
ultimate load), the average is 1.20 with a standard deviation of
0.131. The lowest ratio of actual to predicted ultimate load is
1.006, slightly conservative. Because most specimens were
controlled by the compressive strength of the concrete, the
introduction of the correction suggested in Chapter 4 to consider
the node as located at a distance a/4 in the concrete, would not
significantly change the results. Figure 5.28 shows that, as in
the case of concentric specimens, there is a substantial increase

in load capacity between cracking and ultimate.
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Figure 5.29 shows the actual cracking load in the spalling
region compared to the cracking load predicted based on the peak
spalling stress from the Finite Element analysis and the tensile
strength of the concrete measured from split cylinder tests.
Because spalling stresses reach extremely high wvalues in
eccentrically loaded specimens (with values ranging up to 5 or 6
times the average stress P/(ht)), the predicted cracking loads in
the spalling region are extremely low. However, as shown in
Fig. 5.29, the actual cracking loads in the spalling region were
much higher, and appeared only in the specimens with the largest
eccentricity'(e/h=0.333).

Correspondingly, the predicted ultimate load based on the

capacity of the tension tie T3 located in the spalling region has
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little correlation with the actual ultimate load, as shown in
Fig. 5.30. Specimens E2-E4 had identical reinforcement in the
bursting region, and reached comparable ultimate loads, although
the omission of the spalling reinforcement in specimen E4 should
have reduced its ultimate strength to zero. These observations
show that there is a considerable room for redistribution of the
internal forces in the spalling region. As shown in Figs. 5.12 and
5.13, the stresses will be redistributed deeper in the cross
section if the area of spalling stresses is removed or loses its
stiffness. This was also observed during the testing, because the
reinforcing bars located in the spalling region did not reach the
stress levels expected from the Strut-and-Tie Model analysis, even

for specimen E3 with crack formers.
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Figure 5.29 Actual and Predicted Cracking Load in the Spalling

Region for Eccentric Specimens
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The compressive stresses at the interface between the local
zone and the general zone controlled the behavior and the ultimate
capacity of most eccentric specimens of this series. Figure 5.31
shows the level of compressive stresses in the concrete at
ultimate, based on the elastic stress distribution form the Finite
Element Analysis. The bearings stresses under the anchorage are
shown, as well as the compressive stresses at a distance equal to
one half the plate size (a/2), one time the plate size (a), and as

average over the compression strut Pj.
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While the average stresses in the compression struts remain
at a relatively low level (less than 0.6 f', at ultimate), the
Stresses at a distance equal to the plate size are almost larger
confirming the limiting value of 0.75 f’, previously observed for

concentric specimens.

5.3.4 Enhancement of the Behavior Model

As in the case of concentric specimens, a significant
contribution of tensile force from uncracked concrete, and
possibly of tensile force from reinforcement located at a larger
distance from the anchor (the additional reinforcement of
specimens El-E4, shown in Table 5.2) was observed, resulting in a

strength greater than expected from the strength of the tension
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tie for specimens E5, E6 and M5. However, because the ultimate
capacity of most of the eccentric tests was governed by the
compressive capacity of the concrete struts, taking into account
an increased capacity of the tensile ties would not have

significantly the prediction of the ultimate load.

5.4 Inclined Tendons

In most cases, post-tensioning tendons have some inclination
in the anchorage =zone. In typical girder applications, this
inclination is less than 20 degrees. Tendons also have a large
radius of curvature in the vicinity of the anchorage device.
Because the radius of curvature of the tendon is large, the
deviation forces in the anchorage zone due to the curvature of the
tendon can usually be neglected and the cable can be considered as
straight for the purpose of analysis of the anchorage zone.

In special applications, however, the inclination can be
very large. Configurations that include not only a large
inclination, but also large deviation forces due to the curvature

of the tendon will be described in Sections 5.7 to 5.9.

5.5 Finite Element Analysis for Inclined Tendons

A series of Finite Element analyses was performed on the
basis of the geometry shown in Fig. 5.32. To limit the number of
variables, the size of the anchor was kept constant at a = 0.125h.
It is expected that tendencies similar to the tendencies observed
for concentric tendons would be observed if the relative size of
the plate was varied. The angles of inclination a investigated in
this series are 10 and 20 degrees. Angles larger than 20 degrees

would require that the tendon be curved in the anchorage zone.



236

TI777T 777777777 7777777777

Figure 5.32 Geometry of Anchorage Zone with Inclined Tendon



237

5.5.1 Stress Distribution

The stress distribution due to tendons with a small
inclination is similar to the stress distribution observed in
concentric and eccentric configurations, with a zone of bursting
stresses along the axis of the tendon and zones of spalling
stresses on either side of the anchorage. However, the inclination
of the tendon changes the orientation of the principal stresses.
When the tendon is not inclined, the maximum tensile stresses in
the ©bursting and in the spalling regions are observed
perpendicular to the axis of the section. Therefore, plots of the
stresses in the x direction delivered adequate information on the
magnitude of the bursting and spalling stresses and forces. In
configurations with inclined tendons, however, the maximum tensile
stresses are no longer perpendicular to the axis of the section,
but more or less perpendicular the axis of the tendon, depending
on the angle of inclination. Contour plots of maximum principal
stress, that incorporate the influence of the angular deviation
from the specimen axes will be used in this section. Plots of
principal stresses unfortunately do not deliver information on the
direction in which the principal stresses are acting. The
complementary information is delivered by the principal stress
vector plots.

Fig. 5.33 shows the contour plot of the maximum principal
stress (in tension) for inclinations of 0, 10 and 20 degrees with
no initial eccentricity. Figure 5.34 shows the same contour plots
for an initial eccentricity e = 0.25h. Fig. 5.35 and 5.36 show the
corresponding principal stress vector plots which show the

direction in which the principal stresses are acting.
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Contour Plots of the Maximum Principal Stress (in

Tension) for e/h=0.0 and Inclinations of 0, 10 and

20 degrees
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Figure 5.34 Contour Plots of the Maximum Principal Stress (in

Tension) for e/h=0.25 and Inclinations of 0, 10 and

20 degrees
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Figure 5.39 Transverse Force as a Function of the Inclination of
the Tendon for Various Eccentricities of the Anchor

and Proposed Simplified Formula

In configurations with inclined tendons, the largest
principal stresses in tension and the largest transverse force are
generally perpendicular to a line which approximately follows the
axis of the tendon. Fig. 5.37 and 5.38 show the distribution of
stresses perpendicular to the tendon for various eccentricities
and inclinations of the tendon. It is important to notice that in
the case of inclined tendons, the transverse stresses do not
diminish to zero at a distance 1.5h from the anchor, as is the
case for tendons without inclination. The remaining stresses,
sometimes in compression and sometimes in tension depending on the
initial inclination and initial eccentricity of the tendon, are

caused by the transverse component of the tendon force, that does
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not disappear. Fig. 5.39 shows the variation of the transverse
force as a function of the inclination of the tendon for various
eccentricities. This force was obtained by integrating the
stresses perpendicular to a line going from the middle of the
anchor to a point located in a section at a distance h/cosa from
the anchor. Integrating over another length would lead to slightly
different results, due to the presence of shear stresses. 1In
general the transverse force, that is a combination of bursting
force and shearing force, increases with increased inclination of
the tendon. The figure also shows the values given by the proposed
simplified formula described in the next paragraph.

The change in the transverse force is due to the presence of
the transverse shear induced by the inclination of the tendon.
Fig. 5.40 shows the change in transverse force due to the
inclination of the tendon for various eccentricities, alohg with
the shear induced by the inclination of the tendon. This
illustrates the relationship between the increase in transverse
force and the shear force induced by the tendon. For angles of
inclination 1larger than about 5 degrees, the increase in
transverse force becomes significant. As an approximation, the
effect of the inclination of the tendon on the transverse
(bursting) force can be estimated as one half the transverse
component of the post-tensioning force. This approximation is
shown in Fig. 5.40 as "Proposed Increase". Introducing this

contribution into Eq. 5.1 gives the formula of Eq. 5.5.
Thurst = 0.25:P-(l-a/h) + 0.5P:sin(a) (Eq. 5.5)

The formula of equation 5.5 is plotted in Fig. 5.39 as
"Proposed Formula". The formula is generally conservative,
especially for cases with a large eccentricity, because the effect

of the eccentricity on the magnitude of the transverse bursting
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force is neglected in Egq. 5.1.
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Figure 5.40 Change in Transverse Force as a Function of the
Inclination of the Tendon for Various Eccentricities
of the Anchor and Proposed Formula for the Change

due to the Inclination of the Tendon

The approximate location of the centroid of the bursting
force as measured along the axis of the tendon can be estimated
using the expression given in Eq. 5.6. Fig. 5.41 shows the
centroid of the transverse force as a function of the inclination
of the tendon and the values obtained by using the approximate
formula. Although the formula is wvery simple, the correlation is

rather good.

deentr = 0.5°(h-2e) + 5.e-sin(a) (Eq. 5.6)
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5.5.2 Comparison with Published Values

There are very few

previously published studies
dealing with inclined
tendons. Guyon [75] has some

analytical results for a <4’ﬂﬁﬂ%ﬁ%

force applied transversely

N

to the section, but his «ig
0,8f1S

investigations are limited
5=02F

ZR:
|
N

to small inclinations of

!
about 1:10 (5.7 degrees). As iEf

a consequence, he reports no

stress distribution for

noticeable changes in the i}
I

tendons with a small

inclination. This

observation confirms the

d

.!‘._.—_r

tendency shown in Fig. 5.40

where the transverse force Fjgure 5.42 Distribution of the

changes little for such Transverse Stresses
small inclinations of the and Transverse Force
tendon.

According to Sargious
Leonhardt [99] shows [99, 154]

the results of a study by

Sargious [154] with an inclination of the tendon of 6.3 degrees
(Figure 5.42). The maximum transverse stress as well as the
transverse bursting force correlate well with the results obtained
in the present study. For the angles investigated, which were up
to 6.3 degrees, Leonhardt reports that no significant increase in

the transverse stresses and forces were observed.
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5.6 Strut-and-Tie Model for Inclined Tendons

Figure 5.43, shows the geometry, loads and reactions acting
on a free-body diagram of an anchorage zone with an inclined,
eccentric tendon. The reactions at the end of the general zone
include an axial component and a moment caused by the
eccentrically applied tendon force, as well as a transverse force
(shear) due to the inclination of the tendon. Because the tendon
is inclined relative to the axis of the section, the moment caused
by the post-tensioning force depends on the location I where the
cut is made at the end of the general zone. For the parametric
study of this section, the cut was made at one times the depth of

the section, I=h.
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Figure 5.43 Geometry and Loads of an Anchorage Zone with

Inclined Tendons
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5.6.1 Geometric Definition of the Strut-and-Tie Model for
Inclined Tendons

Figure 5.44a shows the elastic stress trajectories for the
case of an eccentric and inclined tendon along with the Strut-and-
Tie Model developed on the basis of these stress trajectories. The
eccentricity of the anchorage is 0.25h and the inclination of the
tendon is 20 degrees. Diagonal members were added in order to make
the Strut-and-Tie Model assemblage stable, but as can be seen in
Fig. 5.44b, the corresponding forces are comparatively small. The
total tensile transverse force is approximately 26% of the post-
tensioning load. Such a model can easily be drawn and forces

calculated to obtain design values for the transverse force.

3x33.3=100

\ —22
~N
—35
~ =L
—35
N 32
\ ~.
i d 13
39 57 g4 30  gg
a) Strut—and—Tie Model b) Forces in the Struts
with Stress Trajectories and Ties

Figure 5.44 Strut-and-Tie Model Developed on the Basis of the

Elastic Principal Stress Trajectories
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As can be observed in Fig. 5.44b, the presence of a
transverse cbmponent of force due to the inclination of the tendon
leads to at least some inclined compression struts at the end of
the general zone. While the vertical component of the reaction can
be readily obtained by integrating the axial stresses as in the
previous cases, the question of the distribution of the transverse
force between the struts is of importance, and will be further
developed in the next section.

In the Strut-and-Tie Model of Fig. 5.44, the transverse
force at the end of the general zone is distributed unevenly
between the compression struts, with a smaller force, 9% of the
applied load coming through the middle strut than through the
external struts which each carry 13% of the applied load. Adequate
transverse reinforcement should be placed at the interface between
the general zone and the rest of the beam in order to distribute

these forces to the entire cross section.

5.6.2 Parametric Study of the Influence of Inclination

To understand the influence of important parameters, a
Strut-and-Tie Model simpler than the one presented in the previous
section was developed, and is shown 1in Fig. 5.45. The
reinforcement was assumed to be lumped in one single tie oriented
perpendicular to the tendon. The total diffusion angle (sum of the
diffusion angles on either side of the tendon axis) was
constrained to 52 degrees, which corresponds to twice the wvalue
obtained in Chapter 4 for the diffusion angle on one side of the
tendon.

Because the Strut-and-Tie Model is based on the theory of
plasticity, arbitrary distributions of the transverse force at the
end of the general zone are possible, as 1long as overall

equilibrium is satisfied. This is also the case for the axial
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force, for which it was found satisfactory and practical to simply
use the resultants from the elastic stress distribution. Once the
method for distributing the transverse force has been chosen, the
geometry of this model is entirely defined, with the exception of
the force carried by each strut. For the Strut-and-Tie Model to be
in equilibrium, the location of the interface is iteratively
modified, until equilibrium is satisfied. It appears that for the

given constraints, only one equilibrium solution exists.

Figure 5.45 Geometry of the Strut-and-Tie Model Used for the

Parametric Studies
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Fig. 5.46 shows three series of two Strut-and-Tie Model,
each series being based on a different assumption for the
distribution of the transverse force. The Strut-and-Tie Models are
superimposed on the stress trajectories from the theory of
elasticity. The first Strut-and-Tie Model in each series is for no
initial eccentricity and a tendon inclination of 10 degrees; the
second Strut-and-Tie Model is for an initial eccentricity of 0.25h
and a tendon inclination of 20 degrees.

Fig. 5.46a shows two Strut-and-Tie Models based on a
distribution of the transverse reaction corresponding to the
parabolic distribution of the shear stresses as obtained from the
theory of elasticity. The transverse forces are not proportional
to the axial forces, leading to different inclinations of the
struts and reactions at the end of the general zone.

Fig. 5.46b shows two Strut-and-Tie Models derived based on
the hypothesis that the transverse reaction carried by the struts
is proportional to their width (measured perpendicular to the axis
of the member). This corresponds to a uniform (rectangular)
distribution of the shear stresses at the end of the general zone.
Here again, the inclinations of the struts at the end of the
general zone are not equal.

In the solution presented in Fig. 5.46c, the transverse
reaction carried by the compression struts is proportional to the
amount of axial force that they are carrying. In this case, the
inclination of the compression struts at the end of the general
zone 1is the same, and is the same as the inclination of the
tendon.

Because all Strut-and-Tie Models shown in Fig. 5.46 fulfill
the conditions of equilibrium, they can all be considered wvalid
plastic solutions. A parametric study of the value obtained for
the tie force T will show the relative advantages of the various

hypotheses.
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Figure 5.47 Tie Force as a Function of Inclination and
Eccentricity for a Parabolic Distribution of the

Transverse Reaction

Figure 5.47 shows the transverse force predicted on the
basis of a parabolic distribution of the transverse reaction as a
function of the inclination of the tendon for various
eccentricities of the anchor. The correlation with the results of
the Finite Element analyses is good. The tendencies observed in
the Finite Element solution are well represented by the Strut-and-
Tie Model. At the largest eccentricity, the values obtained are
less than the elastic values from the Finite Element Analysis.

Fig. 5.48 shows the tie force based on a wuniform
distribution of the transverse reaction. The results are in less
agreement with the results from the Finite Element study compared

\
to the parabolic distribution. The results indicate the same
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tendencies as the Finite Element Solution with the exception of
the largest eccentricity, for which the slight decrease in

transverse force for angles between 5 and 10 degrees 1is not

predicted.
0.35
Strut-and-Tie
0.3 . &0
0.75 *e/h:0.125
Transverse & &/h=0-25
Force > e/h=0.375
"‘T—' 0.15 Finite Element
P E—
o e/h=0.0
0.1
e/h=0.125
&
0.05 1 A e/h=0.25
__ &/n=0.375
0
0 5 10 15 20

Inclination of the Tendon in degrees

Figure 5.48 Tie Force as a Function of Inclination and
Eccentricity for a Distribution of the Transverse

Reaction in Proportion to the Width of the Struts

Figure 5.49 shows the tie force predicted by the Strut-and-
Tie Model that assumes that the struts carry a shear force
proportional to their axial load. The results are not in very good
agreement with the results of the Finite Element analyses. Certain
tendencies are reversed, as in the case of no eccentricity

(e/h=0.0) .
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Figure 5.49 Tie Force as a Function of Inclination and

Eccentricity for a Distribution of the Transverse
Reaction Proportional to the Axial Force in the

Struts

It should be emphasized, however, that the differences are

not as pronounced as they appear. The location of the resultant of
the transverse forces is not at the same location in the section.

This latter set of Strut-and-Tie Models, by assuming that the

struts carry a part of the shear proportional to their axial

force, that there

assumes is some additional resistance to

transverse forces available at the end of the general zone to
absorb the asymmetry induced by the model. This had already been

mentioned for the Strut-and-Tie Model presented in Section 5.6.1
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and is not a problem in itself, as long as this difference is not
overlooked and the necessary reinforcement is provided. If the
reinforcement necessary to re-center the resultant of the shear
forces is added to the reinforcement required to resist the
combined bursting and shearing forces in the general zone, the
results are much more comparable with the results of the
previously presented models. This example shows how important it
is to consider the Strut-and-Tie Model in a global context, not
only using it as a tool to obtain a given force, such as the
transverse force in the general zone, but also considering how the
reaction forces resulting from the Strut-and-Tie Model will be
resisted by the rest of the structure.

No tests were performed on anchorage zones with inclined
tendons without curvature, mainly because of the practical
difficulty of developing a test setup that would be able to
realistically model the boundary conditions involving different
transverse force distributions at the end of the general =zone.
Therefore, the results of the Strut-and-Tie Model were compared
only with the results of the Finite Element Analysis based on the
theory of elasticity in determining what geometric definition is

most suitable for the analysis.
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5.6.3 Strut-and-Tie Model with Tie Perpendicular to the Axis
of the Beam

P

T=0.30 .
/
S
/
/
a) No Eccentricity b) Eccentricity 0.25h
Inclination 10° Inclination 20°

Figure 5.50 Strut-and-Tie Models Based on the Assumption of a
Parabolic Distribution of the Transverse Reaction,

Tie Perpendicular to the Axis of the Section

In practical applications, it may not be very convenlent to
place reinforcement perpendicularly to the axis of the tendon, as
was assumed. in the previous subsection. Instead, it appears
desirable to place the reinforcement to resist the transverse
forces in the same orientation as the rest of the reinforcement,
most notably the stirrups that are typically perpendicular to the
axis of the member. Based on the results presented in Section
5.6.2, values of the required transverse force to be resisted
perpendicular to the tendon can be obtained and then distributed
into components parallel and perpendicular to the axis of the

beam, leading to design values for the tie forces. However, the
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Strut-and-Tie Model can directly account for the effective

orientation of the reinforcement, avoiding the intermediate step.

0.35
0.3
0.95 Strut-and-Tie
T e/h=0.0
ri:jii:se 0.2 -
e/h=0.125
T -+
e 0.15
P e/h=0.25
._A_.
0.1 e/h=0.375
_X._
0.05
O [

Inclination of the Tendon in degrees

Figure 5.51 Transverse Force as a Function of the Inclination of
the Tendon for Various Eccentricities. Tension Tie

Perpendicular to the Axis of the Section

Fig. 5.50 shows two Strut-and-Tie Models based on a
parabolic distribution of the transverse force at the bottom, a
total diffusion angle of 52 degrees and a tension tie
perpendicular to the axis of the section. Fig. 5.51 shows the
variation of the transverse force as a function of the inclination
of the tendon for various eccentricities. Notice that the values

are only slightly greater than the values presented in Fig. 5.47.
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5.7 Curved Tendons

5.7.1 Application with Curved Tendons in the Anchorage Zone

Anchorage zone configurations involving curved tendons occur
in diaphragms, in segmental box girder bridges built using the
free cantilevering method and in cantilever pier caps.
Intermediate anchors located close to the supports in continuous
bridges may have curved tendons in the anchorage zone. In general,
anchorage zones that involve curved tendons also involve an
inclination of the tendon at the anchorage. Stone and Breen [172,
173] describe applications of post-tensioning in segmental box
girders bridges with inclinations of the cables at the anchorage
up to 45 degrees. Applications with such an extreme inclination
are rather rare, but cases with inclinations of up to 30 degrees

are more common in practice.

5.7.2 Influence of Tendon Curvature on the State of Stresses
in the Anchorage Zone '

The presence of the deviation forces due to the curvature of
the cable complicates the state of stresses by introducing
discontinuities in the stress field near the tendon. Fig. 5.52
shows the deviation forces induced by a tendon with a radius of
curvature R. The part of the structure located on the inside of
the tendon is subjected to compressive stresses acting in the
radial direction that are induced by the curvature of the tendon.
These stresses decrease the tensile transverse stresses caused by
the lateral spreading of the concentrated tendon force and by the
inclination of the tendon. On the other hand, assuming that no
cracking has occurred, the part of the structure located on the

outside of the tendon sees an increase in the tensile transverse
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stresses due to the radial tensile force caused by the curvature

f:P

of the tendon.

Deviation Force:

STTT7777777777777777

Figure 5.52 Tendon Force and Deviations Forces Induced by the

Curvature of the Tendon

In an elastic body, like the ones studied using the elastic
Finite Element Method, the deviation force is transmitted in part
as a compression force to the inside of the tendon and in part as
a tension force to the outside of the tendon, in proportion of the
relative stiffness of both sides. In a real concrete structure,
especially in thin sections like girder webs, a crack is likely to
form along the axis of the tendon, because the largest transverse
tensile stresses are observed perpendicular to the tendon. This is
more likely to happen in thin sections, because the duct hole
additionally decreases the area of concrete available to resist
these stresses.

Once a crack forms along the tendon axis, the distribution
of the deviation force from the tendon depends exclusively on the
reinforcement that crosses the tendon axis. Thus, in addition to

resisting the lateral spreading of forces, the transverse



262

reinforcement has to tie part of the deviation force of the tendon
back across the crack. In practice, it is possible to use two
different sets of reinforcing bars to fulfill the two functions,
using one set of bars to provide the tie-back reinforcement and
another set of bars to provide the spreading reinforcement, or to
simply design the transverse reinforcement to resist both
components. As will be seen in the subsection dealing with Strut-
and-Tie Models for anchorage zones with curved tendons, it is
important to consider both contributions in the design of the

general zone reinforcement.

5.8 Finite Element Analysis of Curved Tendon
Configurations

The influence of the curvature of the cable was investigated

using the geometry described in Fig. 5.53. The inclinations

ST 7777777777

Figure 5.53 Geometry used in the Study of Anchorage Zones with

Curved and Inclined Tendons
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investigated were 0, 10, 20 and 30 degrees, and the eccentricitles
considered were e = 0.0 and e = 0.25h. In each case, the radius of
curvature was chosen so that the tendon is parallel to the member
axis at a distance 1.5h from the anchor. The radii of curvature
are 8.638h for 10 degrees, 4.386h for 20 degrees and 3.0h for
30 degrees initial inclination. The deviation forces are applied
as a uniform pressure at the location of the tendon.

In addition to the parametric studies, Finite Element
analyses based on the actual geometry of the experimental test
specimens described in Section 5.9.3 were performed, and used in
the design of the specimens.

Fig. 5.54 shows the distribution of maximum principal stress
(in tension) for four cases with no eccentricity and with initial
inclination of the tendon of 0, 10, 20 and 30 degrees. The
contours are shown only for a length of 1.2h. As can be seen, the
maximum transverse stress increases with increased inclination and
curvature of the tendon, and its location tends to move slightly
closer to the anchorage device. The length over which tensile
stresses are acting tends to remain the same with increased
initial inclination of the tendon. The discontinuity in the stress
field caused by the introduction of the radial deviation forces of
the tendon appears clearly. Fig. 5.55 shows the corresponding
principal stress vectors for the same four specimens. Because the
axis of the tendon is a line of principal stress, the
discontinuity in the stress distribution at the location of the
tendon does mnot show wvery clearly in principal stress vector
plots, except by the fact that the vectors representing tension

stresses on the outside of the tendon are much larger.



264

A =0.00 o,

B = 0.05 o,

C=0.10 o,

a) No Inclination b) Initial Inclination 10 degrees D = 0.15 Oa
N Radius 8.64h E=0.20 %o
o Curvature . F = 0.25 o,
G =0.30 o,

H=10.35 g,

I =0.40 o,

J = 0.45 o,

K = 0.50 o,

L =0.550¢0
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¢) Initial Inclination 20 degrees d) Initial Inclination 30 degrees
Radius 4.3%h Radius 3.0h

Figure 5.54 Contour Plot of the Maximum Principal Stress (in
tension) for Tendon Inclinations of 0, 10, 20 and 30

degrees and no Initial Eccentricity
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a) No Inclination b) Initial Inclination 10 degrees
No Curvature Radius 8.64h

A =0.000, B=0.05 0,C=0.10 0, D=0.150, E=0.20 0, F=20.250, G =0.30 o
H=0.350, 1 =0.400, J=0.450, K= 0.500, L=20.550, M=0.60 0o N =0.65 gq

c) Initial Inclination 20 degrees d) Initial Inclination 30 degrees
Radius 4.39h Radius 3.0h

Figure 5.56 Contour Plot of the Maximum Principal Stress (in
tension) for Tendon Inclinations of 0, 10, 20 and 30

degrees and Initial Eccentricity e = 0.25h
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Fig. 5;56 shows the contour plot of the maximum principal
stress for an eccentrically located tendon (e = 0.25h) and for the
four initial inclinations of 0, 10, 20 and 30 degrees. Fig. 5.57
shows the corresponding principal stress vector plots. The maximum
tensile stress does mnot change noticeably with the inclination,
but the length over which transverse tensile stresses are acting
increases with increased initial inclination. For an initial
inclination of 20 degrees or more, the transverse stresses across
the tendon have still not completely vanished at a distance 1.2h
from the anchor. This is more than double the length observed for
an eccentric tendon with no inclination, (compare with Fig. 5.10.)

Figure 5.58 shows the distribution of transverse stresses
along the tendon axis for three initial inclinations of 10, 20 and
30 degrees and the corresponding curvatures of the tendon. The
distribution is shown along three lines, instead of only one as
previously for straight tendons. Because there is a discontinuity
in the stress field at the location of the tendon, it is necessary
to look at the stresses along the axis of the tendon, along a line
slightly on the inside of the tendon axis, and along a line
slightly on the outside of the tendon axis to obtain a complete
picture of the state of stresses close to the tendon. The line
corresponding to the axis of the tendon is shown for completeness,
but it does not have much meaning, since this location is at the
discontinuity and the stresses are automatically averaged by the
Finite Element program. The other two 1lines give wvaluable
information. They are separated by what is approximately the value
of the deviation force of the tendon (P/r). The line located
slightly to the inside of the tendon, where the deviation forces
induce compressive stresses, shows smaller <values of the
transverse tensile stress than the line located slightly to the
outside of the tendon, where the deviation forces induce additive

tensile stresses. As a consequence, the controlling section for
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cracking and design of the reinforcement is located just to the
outside of the tendon, where cracking is more likely to initiate.
Similarly, the transverse reinforcement should be designed on the
basis of the force acting on the outside of the tendon.

Figure 5.59 shows the distribution of transverse stresses
for initial inclinations of 10, 20 and 30 degrees and an initial
eccentricity of 0.25h. The stresses on the outside of the tendon
are larger than the stresses on the inside, as in the case with no
initial inclination. The length over which tensile stresses act
perpendicular to the tendon tends to increase with increased
initial inclination. For the case of Fig. 5.59c, with an initial
inclination of 30 degrees and a radius of the tendon of 3.0h, the
transverse stresses become zero at a distance roughly equal to 1.5
times the depth h of the member. The tensile transverse stresses
are located at a larger distance from the anchor than for the
cases studied previously. These tensile stresses are mainly due to
the deviation forces introduced by the cable, and could therefore
be interpreted as a separate problem from the specific anchorage
zone problem because they would be present without an anchorage
zone. However, the fact that these stresses are in areas near the
transverse stresses induced by the lateral spreading of forces
makes it logical to consider both cases simultaneously. Fig. 5.60
and 5.61 show the transverse force integrated along the three
lines, on the inside, the axis and the outside of the tendon, for
no initial eccentricity and an initial eccentricity of e = 0.25h
respectively. Most significant is the force integrated just
outside of the tendon, where the largest values are observed. The
figures also show the transverse force previously obtained for an
inclined tendon that would be tangent to the curved tendon at the
location of the anchor, as well as the values given by Eq. 5.5 for

inclined tendons (see section 5.5.1).
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The values obtained for the transverse force with initial
inclination and curvature of the tendon are significantly larger
than the values obtained for straight cables with no inclination.
They are slightly larger than the results obtained for straight
cables with an initial inclination, with the increase more
pronounced for the eccentric case. Overall, the deviation forces
do not significantly change the final result, at least for initial
inclinations up to 20 degrees and radii of more than 4.5h. The
transverse force for larger initial inclinations and smaller
curvatures increases sharply, especially for the case with an
initial eccentricity. The formula of Eq. 5.5 1is generally

conservative.
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Figure 5.60 Integrated Tensile Force Across Integration Lines
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Inclination of the Tendon
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5.9 Strut-and-Tie Model for Curved Tendons

In anchorage zones with curved tendons, deviation forces
caused by the curvature of the tendon are present in addition to
the tendon load applied at the anchorage. Fig. 5.62 shows free
bodies of an anchorage zone with a curved tendon. Under the
assumption of no tensile concrete contribution across the tendon
axis (as it is likely a crack will form at that location), and if
no separate tie-back reinforcement is provided to anchor all or
part of the deviation force, the tendon deviation forces will be
distributed only to the part of the anchorage zone located to the
inside of the tendon (Fig. 5.62a). The struts located to the
inside of the tendon are curved because of the deviation forces,
while the struts located to the outside of the tendon are straight
between the reinforcing bars (Fig. 5.62c). The transverse
reinforcement obtained by solving the Strut-and-Tie Model based on
this hypothesis will resist the combination of both the lateral
spreading of the concentrated anchorage load and the deviation
forces.

If dedicated reinforcement is provided to anchor back part
or all of the deviation forces induced by the curvature of the
tendon force, as shown schematically in Fig. 5.62b, the deviation
forces will be distributed to the struts located both to the
inside and to the outside of the tendon, in proportion of the
amount of force that is anchored back. Due to these deviation
forces, the compression struts are curved between the transverse
reinforcing bars (Fig. 5.62d). The transverse reinforcement
obtained from the Strut-and-Tie Model based on this hypothesis
will only resist the lateral spreading of forces; it requires that
additional tie-back reinforcement be provided to resist the

deviation forces.
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a) Free Bodies with no b) Free Bodies with
Tie—Back Reinforcement Tie—Back Reinforcement

r

e) Strut—and-Tie Model d) Strut—and-Tie Model
with no with
Tie—Back Reinforcement Tie—-Back Reinforcement

Figure 5.62 Free Bodies and Strut-and-Tie Models for Curved

Tendons with and without Tie-Back Reinforcement

For a meaningful comparison  between the various
possibilities, it is necessary to add both lateral spreading and
tie-back of the deviation forces when comparing the forces

obtained by the Strut-and-Tie Model.
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In the next sections, the influence of the tie-back
reinforcement will be investigated on the basis of Strut-and-Tie
Models. The wvariable used to quantify the amount of tie-back
reinforcement provided is defined as the ratio F of the available
tie-back force to the deviation force produced by the curvature of
the post-tensioning tendon. Fig. 5.63 shows how the deviation
force from the tendon is distributed on both sides of the tendon,
with an amount F being tied back to the outside of the tendon and
the rest of the deviation force (1-F) being introduced as a
compression on the inside of the tendon. If no tie-back
reinforcement is provided, the tie-back ratio F = 0. For the

parametric studies, the value of the tie-back ratio F was defined

- (0.5h+e *ﬂ

/

P
R
p0-5htetby
2h
but F < 0.5

<—b1 —

Figure 5.63 Definition of the Tie-Back Ratio F for Anchorage

Zones with Curved Tendons
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as indicated in the formula of Fig. 5.63. The tie-back ratio is
given by the average part of the section that is located outside
of the tendon relative to the overall depth of the section, with a
limit of one half of the deviation force induced by the tendon.
The 1limit of one half on the tie-back reinforcement seems
reasonable for most cases because the transfer of more than 50% of
the deviation force to the back of the general zone would most
likely cause very wide cracks near the tendon. Tie-back ratios
greater than 0.5 are sometimes used in applications where the
tendon is located on the inside of a curved shell. The limitation
to 0.5 for this study includes standard applications of post-

tensioning to girders.

5.9.1 Geometric Definition of the Strut-and-Tie Model for
Curved Tendons

The presence of deviation forces and the hypotheses on the
distribution of the deviation forces have a significant influence
on the geometry of the Strut-and-Tie Model. In this section, only
thrust-line Strut-and-Tie Models were considered because of their
flexibility in handling complex loading conditions. Starting at
the end of the anchorage zone, two resultants are determined for
the forces to the left and to the right of the tendon. Then,
working toward the anchor, the deviation forces and the effect of
transverse reinforcement are introduced in the compression struts
at given locations in the general zone, according to the tie-back
ratio. A satisfactory Strut-and-Tie Model is obtained when the
thrust-lines converge to the quarter points of the plate. The
process is iterative, but can be stopped as soon as the thrust-
lines actually cross each other before reaching the plate. A
conservative (if not optimal) design is then obtained. For a

precise analysis of the wultimate load capacity of a given
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configuration, several iterations are required.

Fig. 5.64 shows two examples of Strut-and-Tie Models for
curved tendons with an initial eccentricity of 0.25h and an
initial inclination of the tendon of 20 degrees. The Strut-and-Tie
Model in Fig. 5.64a assumes that no tie-back reinforcement is
available, while the Strut-and-Tie Model in Fig. 5.64b has a tie-
back reinforcement to resist half the deviation forces. When the
contributions of all the reinforcement that crosses the axis of

the axis of the tendon are summed, the Strut-and-Tie Model with no

a) Strut—and—Tie Model b) Strut—and-Tie Model
with no Tie—Back with Tie—Back
Reinforcement (F=0) Reinforcement (F=0.5)

Figure 5.64 Strut-and-Tie Models of Anchorage Zone with a Curved
Tendon of Initial Inclination 20 degrees and Initial
Eccentricity 0.25h, for Tie-Back Ratios F=0 and
F=0.5
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tie-back reinforcement requires 37% of the tendon load, while the
Strut-and-Tie Model with tie-back reinforcement requires a total
of 38% of the tendon load, showing how close the results of the

two methods are.

5.9.2 Parametric Study of the Influence of the Curvature

A parametric study was performed on the influence of initial
inclination and curvature of the tendon using thrust-line Strut-
and-Tie Models. Fig. 5.62c¢ and 5.62d show the geometry used for
this study. In order to simplify the model, the reinforcement was
assumed to be located in one layer perpendicular to the axis of
the member. Because reinforcement is usually detailed
perpendicular to the axis of the member, this does not appear to
be restrictive. As in the previous parametric studies, the
diffusion angle from the center of the plate to the centroid of
the reinforcement was constrained to be 52 degrees. The parametric
study was performed for two values of the tie-back force: no tie-
back reinforcement (F=0) and tie back reinforcement as defined in
Fig. 5.63, equal to the average distance from the tendon axis to
the back of the anchorage zone, but not larger than 0.5 (F=F(e) in
Figs 5.65 to 5.68).

Fig. 5.65 presents the transverse force obtained from the
Strut-and-Tie Model as a function of the initial inclination of
the tendon for the two hypotheses on the tie-back reinforcement
(F=0 and F=F(e)) as well as the integrated forces obtained from
the Finite Element analyses for no initial eccentricity and the
approximate formula proposed in Section (?). Fig. 5.66 shows
similar curves for a case with initial eccentricity of the tendon
(e = 0.25h). The values obtained by the Finite Element method and

the approximate formula are also shown in the figures.
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The results obtained by both Strut-and-Tie Models are very
close if the tie-back reinforcement is included in the total
transverse force. There is a satisfactory correlation between the
force obtained by the Strut-and-Tie Model and the force obtained
by integrating the elastic stresses. Both methods predict a sharp
increase in the required transverse reinforcement as the initial
inclination of the tendon increases (and the radius of curvature

decreases).
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Figure 5.65 Transverse Force Obtained from the Strut-and-Tie
Model as a Function of the Initial Inclination for
Various Ratios of the Tie-Back Reinforcement with no

Initial Eccentricity
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Figure 5.66 Transverse Force Obtained from the Strut-and-Tie
Model as a Function of the Initial Inclination for
Various Ratios of the Tie-Back Reinforcement with an

Initial Eccentricity e = 0.25h
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Figure 5.67 Components of the Transverse Force as a Function of

the Initial Inclination for no Initial Eccentricity

Figures 5.67 and 5.68 show a comparison of the two Strut-
and-Tie Models used for this parametric study. The thick line
represents the transverse force required by the Strut-and-Tie
Model with no tie-back reinforcement, while the shaded areas
represent the two components present in the Strut-and-Tie Model
with tie-back reinforcement. As can be seen in the figures, the
component of the transverse force caused by the lateral spreading
of forces (labeled Transverse Spreading Force in the figures) is
nearly constant with increased inclination, while the contribution
due to the deviation force causes the majority of the increase in
the total transverse force. The approximate formula proposed to
estimate the magnitude of the transverse force 1is shown as a

dotted line. This formula is generally conservative for angles of
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inclination up to 20 degrees. For most practical application, the

results of the formula are conservative. A more detailed analysis

is recommended

for configurations involving angles in excess of

25 degrees and large eccentricities.

0.5
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Transverse 0.3
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Figure 5.68 Components of the Transverse Force as a Function of

the Initial Inclination for Initial Eccentricity
e = 0.25h

5.9.3 Comp
Proj

A series o

arison with Test Results of the UT Austin Research
ect

f four test specimens, labeled Il through I4, were

built and tested to investigate the influence of inclination and

curvature of the

tendon in the anchorage zone. Fig. 5.69 shows the
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geometry of the specimens in this series of tests. Table 5.3
summarizes the dimensions, the tendon layout and the properties of
the concrete.

Fig. 5.70 shows the layout of the reinforcement in the
general zone for the specimen Il, which is typical of the
reinforcement used for this test series. The transverse
reinforcement consists of closed stirrups of high strength #2 ties
(Tensile capacity 3.57 kips for one bar) at a distance of four
inches. The tie-back reinforcement consists of five closed
stirrups of the same high strength steel placed around the tendon.

The detailing of the tie-back reinforcement, with the ties just

Figure 5.69 Geometry of Specimens with Curved Tendons
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surrounding the tendons and being anchored somewhere in the middle
of the outside compression strut is not recommended for practical
applications. It was used for the experimental tests because it
allowed for a better separation between the functions of the two
types of reinforcement. For practical applications, it 1is
recommended that tie-back reinforcement of greater length be used.
The tie-back reinforcement should enclose the entire compression
strut, to ensure that the tensile force 1is properly introduced
into the strut. Table 5.4 summarizes the total yield force and
centroid for the two types of reinforcement, as well as the sum of
both. More details about the test setup and the testing procedures
can be found in Ref. 153.

Table 5.3 Summary of the Dimensions of Specimens with Curved
Tendons with Dimensions of the Anchorage Plate and

Concrete Strength

Dimensions Tendon Concrete
Specimen h-w-t a/radius/eccentricity f'c fep
[in] [degrees]/[in]/[in] [ksi] [ksi]
11 66-36-10 20/130.7/0 ) 5.72 0.358
12 663610 20/130.7/9 6.41 0.423
I3 66-36°10 10/238.6/0 4.51 0.348
I4 66-36-10 20/130.7/9 6.17 0.393
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Figure 5.70 Transverse and Tie-Back Reinforcement of Specimen Il

Table 5.4  Summary of the Transverse and Tie-Back Reinforcement

for Specimens with Curved Tendon

Transverse Tie-Back Total
Reinforcement Reinforcement Reinforcement
Specimen As*fy Centroid| As*fy Centroid | As*fy Centroid

[kips] [kips] [in] [kips] [in] [kips]
I1 39.4 12 32.8 32 72.2 21.1
12 39.4 12 71.2 32 110.6 24.9
13 39.4 12 26.2 30 65.6 12.2
I4 32.3 12 N/A N/A 32.3 12
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Figure 5.71 shows for the four specimens with curved tendons
the actual cracking load and the cracking load predicted based on
the peak tensile stress in the bursting region obtained from the
Finite Element Analysis and the concrete tensile strength as
measured in a split cylinder test. The actual cracking loads in
this test series were greater than the predicted values, with an
average ratio from actual to predicted of 1.25 and a standard
deviation of 0.157. Fig. 5.72 shows the ultimate strength of the
specimens with curved tendons and the predicted strength based on
the Strut-and-Tie Model for both tie and strut failure, as well as
the compression failure based on elastic stress calculations. For
all specimens, the failure of the tension tie controls the design.

However, as can be observed from Fig. 5.72, the actual ultimate
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=

Figure 5.71 Actual and Predicted Cracking Load for Specimens

with Curved Tendons
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load is considerably higher than predicted, and close to the value
predicted by a failure of concrete in compression. This may be due
to a contribution of concrete in temsion to the load-carrying
mechanism. As a consequence, the results predicted by the Strut-
and-Tie Model are quite conservative, much more than for the
previous configurations. This is especially true for specimen I4,

which did not have any tie-back reinforcement.

600
479
500 461
1 423 422 435 - 420 422
373 375 -
U’timote 400 | — 336 e
Load 285
. . 300 253 | 1
in kips : 212
= = 135
100 — — —]
0 |7 7 V/ |
1 12 13 14
Specimen
> Actual ultimate Load Predicted Ultimate Predicted Ultimate Predicted Ultimate
Z = (Tie Capacity) il (Strut Copac.) i (Compression)

Figure 5.72 Actual Ultimate Load and Ultimate Load Predicted by
the Strut-and-Tie Model (Tie-based Capacity and
Strut-based Capacity) for Specimens with Curved

Tendons

Fig. 5.73 shows the actual cracking and ultimate load for
all four specimens. There is still a sizeable increase in strength
between cracking and ultimate loads, but this increase is only of

20 percent for specimen I4. Specimen I4 is essentially identical
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to specimen 12, except that it does not have any tie-back
reinforcement. According to the Strut-and-Tie Model the absence of
tie-back reinforcement should drastically reduce the load carrying

capacity of the specimen, but this was not observed in the test

e

Spec imen

= Actual Cracking Load Actual Ultimate Load

%,

Figure 5.73 Actual Cracking and Ultimate Load for Specimens with

Curved Tendons

Fig. 5.74 shows the ratio of the actual ultimate load to the
predicted ultimate load from the Strut-and-Tie Model as a function
of the ratio of the actual location of the centroid of the
reinforcement to the location of the elastic centroid. The figure
shows two series of points. The first takes into account both the
transverse and the tie-back reinforcement. The second takes into
account the transverse reinforcement only. If both types of

reinforcement are included, the points for Specimens Il to I3 are
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well distributed around the abscissa of 1.0, corresponding to the
elastic centroid, while the point for I4 is at an abscissa of 0.4,
meaning that the reinforcement is located much closer to the
anchor. The apparent diffusion angle from the center of the plate
to the centroid of the reinforcement obtained by the Strut-and-Tie
Model is approximately 85 degrees, compared with the 52 degrees

used for the parametric studies, and recommended for design.
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Figure 5.74 Ratio of the Actual Ultimate Load to the Predicted
Ultimate Load as a Function of the Ratio of the

Actual Centroid to the Elastic Centroid

The average ratio of actual ultimate load to predicted
ultimate load is 2.00, with a standard deviation of 0.752 if all
specimens are taken into account. If only specimens Il to I3 are
considered, the average ratio is 1.63 with a standard deviation of

0.163. In all cases, the design values obtained by the Strut-and-
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Tie Model are conservative, albeit too much so. Additional
investigations would be needed to identify the possible additional

effects that cause such discrepancies.

5.9.4 Comparison with Other Test Results

A series of test specimens with inclined and curved tendons
has been reported by Stone and Breen [172, 173, 174]. Table 5.5
summarizes the dimensions and concrete strength for five specimens
with curved tendons reported by Stone. Table 5.6 gives the total
reinforcement provided for the specimens. Fig. 5.75 shows the
cracking and ultimate loads of Stone’s specimens. In this case, a
sizeable increase from the cracking to the ultimate load was
observed. This is accentuated by the fact that the ultimate load
reported for Specimens FS2A, FS2B and FS4A are not actual failures
of the anchorage =zone, but rather failures of the tendon.
Fig. 5.76 shows the ultimate load of Stone'’s specimens compared to
the ultimate loads predicted by the Strut-and-Tie Model for both
tie and strut capacity. As can be clearly seen, Stone’s specimens
were heavily reinforced. The tie based capacity is typically in
excess of three times the predicted strut capacity. This is
confirmed by looking at Table 5.6 which shows the transverse
reinforcement provided: the tensile capacity of the reinforcement
is of the same order of magnitude as the actual ultimate load. In
contrast, the wultimate load of the specimens reported in
Section 5.9.3 1s on average seven times greater than tensile
capacity of the reinforcement. Thus, it is more than likely that
Stone’'s specimens experienced a compression failure, which is
confirmed by the relative closeness of the actual ultimate load

and the ultimate load predictions based on the strut capacity.
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Table 5.5 Summary of the Dimensions and Characteristic Strengths

of the Concrete for Stone’s Specimens with Curved

Tendons
Dimensions Tendon Concrete

Specimen h.-w.t a/radius/eccentricity f'c fsp
[in] [degrees]/[in]/[in] [ksi] [ksi]
MI2 20.5-48"-3 30/65**/0 5.31 0.582
MI3 20.5-48"3 30/65™/0 5.21 0.606
FS2A 82-125%-12 15/500* /0 5.04 0.532
FS2B 82-125%-12 30/260"" /0 4.27 0.455
FS4A 82 .125*-12 30/260™ /0 5.2 .513

*: approximate value, depending on the specimen
**: assumed average radius. The radius is not constant in

Stone's Specimens

Table 5.6  Summary of the Transverse Reinforcement for Stone's

Specimens with Curved Tendons

Transverse

Reinforcement

Specimen As*fy Centroid

[kips] [in]

MI2 52.8 16.6
MI3 52.8 49
FS2A 720 49
FS2B 720 49
FS4A 820 49
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the Strut-and-Tie Model for Stone’s Curved Specimens
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5.9.5 Enhancement of the Behavior Model

It appears that some unaccounted load carrying mechanism is
involved in configurations with curved tendons, causing the
ultimate load to be significantly larger than the load predicted
on the basis of the Strut-and-Tie Model. An additional load
carrying mechanism possibly involving concrete in tension, may
cause this increase, although all specimens appeared to be cracked
all the way down to the base along the tendon axis before failure
occurred. The assumption that concrete contribution is causing the
increase in strength, especially for specimen I4, 1is partly
confirmed by the fact that specimen I4 had a smaller increase in
load between cracking and ultimate than the other specimens. In
all cases, the design values obtained by the Strut-and-Tie Model
are conservative, albeit seemingly too large. Additional
investigations would be needed to identify the possible additional
effects that caused such discrepancies. If they are due to
concrete contribution, they should probably be neglected in the
design, because cracking due to other load effects may reduce or
eliminate this contribution. The application of the proposed
design methodology to Stone'’s curved specimens was successful, but
not completely satisfactory because several of Stone’s specimens
did not fail in the anchorage =zone but rather had a tendon

failure.



Chapter 6: Multiple Anchorages and Non-Rectangular Cross
Sections

In Chapters 4 and 5, basic configurations of anchorage zones
involving one tendon acting on a rectangular cross section were
discussed. In most practical applications of post-tensioning,

however, several tendons are used to stress the member, which is

|
R

a) Multiple Anchorage Devices at
End of Girder

b) Multiple Anchorages for
Transverse Deck Post—Tensioning

Figure 6.1 Examples of Applications Involving Multiple Tendons

295
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generally not rectangular in cross section. This chapter deals
with the more general aspects of anchorage zones, such as multiple
anchorages, transverse post-tensioning of the anchorage zone, and

T-shaped cross sections.

6.1 Multiple Anchorages

Multiple anchorages are generally used to provide a post-
tensioning force that is not readily achieved with a single
tendon, as in the case of the post-tensioned girder of Fig. 6.1a
or to introduce a distributed post-tensioning force as in the case
of the transverse deck post-tensioning of Fig. 6.1b. The purpose

of the present section is to investigate the stress field in
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Figure 6.2 Geometry of Anchorage Zone with Two Anchors
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anchorages zones with multiple tendons and to compare the
deviation forces and stresses to the forces and stresses acting on
an anchorage zone with a single tendon.

This study will focus on configurations involving two
anchors. Although the methodology and design philosophy are of
general applicability and can be applied to any anchorage zone
problem, cases with more than two tendons in the anchorage zone
are not investigated here. Configurations involving more than two
tendons (or two groups of tendons) tend to be less critical from
the standpoint of the general zone, because the forces are already
partially distributed over the cross section, inducing less
transverse spreading of forces in the general zone. The case of
transverse deck post-tensioning is the subject of continuing
current experimental and analytical research at The University of
Texas at Austin [58]. From the preliminary results of these
studies it appears that, as would be expected, the general
anchorage zone tends to be less critical for structures with a
large transverse dimension or a large number of anchorage devices,
with the exception of the first few anchorages located close to an
edge. Problems with the local zone, or possible transverse failure
are more likely to be the main cause of failure in this type of
applications.

Fig. 6.2 shows the geometry of an anchorage zone with two
tendons in a concentric and in an eccentric configuration. The
variable chosen to characterize the location of the tendons is the
distance between the centroid of the section and the axis of each
individual tendon. This quantity corresponds to the eccentricity
as defined in Chapter 5 for a single tendon. In the concentric
configuration of Fig. 6.2a, s corresponds to half the spacing
between the center of the plates. In the eccentric configuration
shown in Fig. 6.2b, the two variables are s; and ss. For the

normalization of the stresses and forces, each anchorage device is
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subjected to a load of 0.5P, for a total load of P acting on the
entire anchorage zone. Thus the average stress on the cross

section due to post-tensioning is o, = P/(ht).

6.2 Finite Element Analysis of Multiple Anchorages

A parametric study of the influence of the distance between
the two anchors in a concentric configuration was performed using
the Finite Element method, based on the geometry described in
Fig. 6.2a. The size of each anchorage plate was held constant at
0.167h. Some additional cases with an eccentric resultant were

also investigated.

6.2.1 State of Stresses in a Concentric Configuration

Fig. 6.3 shows the contour plots of the stresses in the x
direction for various spacings 2s of the plates in configurations
where the resultant of the tendon forces is concentric. For cases
where the two anchorages are close (up to one plate size between
the plates), as for example Fig. 6.3a, the stress distribution in
the bursting region is similar to the stress distribution observed
for a single concentric anchorage in Chapter 4 (see Fig. 4.5 for
example). Figure 6.5 compares directly the distribution of
bursting stresses along the tendon axis for a single anchor plate
of size 0.3h, 0.4h or 0.5h with the bursting stresses produced by
two anchor plates of size 0.167h at a half tendon spacing of
0.111h or 0.167h. The latter give an overall width of the area
defined by the outside of the two plates of 0.278h and 0.333h. In
these cases, the bursting stresses produced by two plates are less
than the bursting stresses produced by a single plate of width
equal to the total width of the two plates.

As the half spacing between the tendon axes increases beyond
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one plate size, two clearly separated areas of bursting stresses
appear, one ahead of each anchorage device, along the axis of the
tendon (see Fig. 6.3c-f). The bursting stresses along the tendon
axis in configurations with two concentric tendons acting outside
the quarter points are comparable to the bursting stresses induced
by a single eccentric tendon load, as can be seen Ffrom Fig. 6.6
(see also Fig. 5.10 in Chapter 5). Once again, the stresses
produced by two plates are less than the stresses produced by a
single anchorage plate.

When the distance between the plates increases beyond
approximately the size of the plate, spalling stresses develop
between the two plates. As the distance further increases, the
area subjected to tensile bursting stresses decreases while the
area subjected to spalling stresses increases (Fig. 6.3e,f). When
the point of application of the forces moves outside the quarter
points of the section, the spalling forces are combined with
flexural tensile forces. Fig. 6.7 from Schlaich and al.
illustrates how the behavior of an anchorage zone with tendons
located outside the quarter points is similar to the behavior of a
deep wall supported on isolated columns or footings. In the case
presented by Schlaich, three tendons are acting on an anchorage
zone, two of which are acting on the outside of the section. This
configuration is analogous to a deep wall supported by three
supports subjected to a uniform loading, illustrating the fact
that the tensile forces in the spalling region are caused by the

flexure of the cross section in the transverse direction.
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Principal Stress Vector Plot of Multiple Anchor

Figure 6.4

Configuration with 2s = 0.333h and 2s = 0.667
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Figure 6.7 Analogy Between a Deep Wall and an Anchorage Zone

with Multiple Tendons (from Schlaich and al., [158])

Tendon loads acting outside the quarter points increase the
tensile stresses induced by transverse flexure very rapidly with
increasing spacing of the plates, as can be seen in Fig. 6.3e and
. For very large spacings, it becomes difficult to distinguish
between the spalling and flexural stress area and the bursting
stress area, because they merge together. The large difference in
principal stress vector plots is shown in Fig 6.4 for the cases of
2s = 0.167h and 2s = 0.333h.

Fig. 6.8 shows the location of the main tensile and
compressive transverse forces in an anchorage =zone with two
tendons. Travelling along the tendon axis from the anchorage, a
compression force close to the plate and a tension force further
ahead are observed, as in the case of a single tendon. For cases
in which the tendons are located within the quarter points, two
distinct zones of tension exist along the centerline, one close to
the surface and one deeper down, as shown in Fig. 6.8a. They are

separated by a compression zone. For the case of tendons located
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outside the quarter points Fig. 6.8b shows that there is only one
tension zone acting near the top of the centerline, with a

compression force acting further down.

i P
Compression 2 Tensi T 2 Tension on Top
on Tendon Axis of Centectine ¥ Compression \ / of Centerline
AN on Tendon Axis )

i Compression
—>i<—/ on Centerline
Compression
on Centerline

! Tension ]
! on Tendon Axis
|

i : Tension on Middle

of Centerline

V

Tension
on Tendon Axis

.

3.

a) Tendons Inside b) Tensons Outside
the Quarter Points the Quarter Points

Figure 6.8 Definition of the Main Transverse Forces Acting on

an Anchorage Zone with Multiple Tendons

Fig. 6.9 shows the variation of these forces as a function
of the half spacing s between the axes of the tendons. For small
spacings, the value of the tension force acting on the tendon axis
is comparable to the tension force acting on the middle of the
centerline. However, the tension force acting on the middle of the
centerline disappears when the tendon loads are acting outside the
quarter points. The tension force at the top of the centerline
increases slowly with increased spacing of the loads as long as

the loads are applied within the quarter points, and then
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increases rapidly with increased spacing. The magnitude of the
compression forces 1is equal to the sum of the corresponding

tension forces.

0.150

e
0.100 E\,
0.050 M Compression on Tendon Axis
4 E

Force °)< o Tension on Tendon Axis
-L 0.000 .A/A/.A ot ) Compression on Center|ine
P T T W T 1 _A.
d 0.1 0.2 0.3 0.4
A Tension on Top of Centerline
~-0.050
+ Tension on Middle of
Centerline
-0.100
-0.150 | A 4

Half Distance Between Anchors s/h

Figure 6.9 Variation of the Main Forces in an Anchorage Zone
with two Tendons in a Concentric Configuration as a
Function of the Half Spacing between the Anchorage

Devices

6.2.2 State of Stresses in an Eccentric Configuration

Figure 6.10 shows the contour plot of the stresses
perpendicular to the axes of the tendon for an anchorage zone with

two tendons applying a total load of P with an eccentric
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resultant. The size of the anchorage device is a = 0.167h as in
the cases with a concentric resuitant, and the relative location
of the anchorage plate is given by s; = -0.11lh and sz = 0.333h.
The distance between the anchorage devices 1is larger than one
plate size and the areas of bursting stresses ahead of each
anchorage device are clearly separated, as was observed in the

case of concentric tendons'(see Fig. 6.3d).
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Figure 6.10 Contour Plot of the Tensile Stresses Perpendicular
to the Tendon Axes for Specimen MEl with two Tendons

and an Eccentric Resultant
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6.2.3 General Remarks on the State of Stresses for
Configurations with Multiple Anchorages

Anchorage devices located within a short distance from one
another may be considered as one single plate for the purpose of
analysis. It 1is of course necessary to consider the actual
stressing sequence in determining the amount of reinforcement. By
choosing an appropriate stressing sequence, the cracking of the
general zone can be minimized, as well as the amount of
reinforcement necessary in the general zone.

In cases where the post-tensioning is to be distributed
evenly over the entire section, the analogy between an anchorage
zone with multiple tendons distributed over the cross section and
a deep wall is helpful in assessing the required reinforcement for
the spalling/flexural region of the anchorage zone. From this
analogy, it is evident that for a given total post-tensioning
force the required reinforcement in the spalling/flexural region

decreases rapidly with increased number of endons.

6.3 Strut-and-Tie Model for Concentric Configurations with
Multiple Anchorages

The basic principles used to develop Strut-and-Tie Models
for single anchor configurations will be used to develop Strut-
and-Tie Models for multiple anchor configurations. For the Strut-
and-Tie Models presented in this section, the reactions at the end
of the general zone were obtained by dividing the cross section
into struts separated by the axes of the tendons and by the
centroid of the section. Fig. 6.11 shows the geometry for
configurations with two tendons with a concentric resultant.
Fig. 6.1lla shows the geometry of the Strut-and-Tie Model when the
tendon loads act within the quarter points. Fig. 6.11b shows the

geometry of the Strut-and-Tie Model when the tendon loads act
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outside the quarter points.
Figs. 6.1lc and Fig. 6.11d show how the location of the

transverse ties 1s determined. For the load within the quarter

T

0.325P 0.175P 0.325P 0.16P 0.35P 0.35P 0.15P
0.175P
a) Load within the b) Load Outside the

Quarter Points Quarter Points

(s = 0.176h) . (s = 0.85h)
P P
2 Q
B

c) Detail of the d) Detail of the
Geometry of a) Geometry of b)

Figure 6.11 Definition of the Geometry of the Strut-and-Tie

Models for Anchorage Zones with Two Tendons
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points, as shown in Fig. 6.11la and c, the two internal struts (BE
and CF) converge until they reach the line of action of their
respective resultants (JE and KF), at which points they are
deviated by the same amount, creating a compression strut (EF)
between the two internal struts. The internal struts do not
require a tension tie for equilibrium. The two external struts are
balanced by a tension tie (GH) crossing the internal struts. The
horizontal equilibrium of the anchorage requires a compression
strut (BC) between the two plates. In the configuration with the
load outside the quarter points, shown in Fig. 6.11b and d, the
two external struts (AE and DH) extend to the line of action of
their resultants (KE and NH) from the end of the general zone, and
are balanced by tension ties (EF and GH) anchored back into the
corresponding internal struts (BFI and CGJ). The horizontal
equilibrium of the nodes at the anchorage device requires a
horizontal tension tie (AD) between the anchors close to the
surface of the concrete. This tie corresponds to the transverse
flexural tension stress previously observed in the results of the

Finite Element Analysis.

6.3.1 Parametric Study of an Anchorage Zone with Two
Anchorages

A parametric study was performed based on the geometry
defined in the previous section. The deviation angle was held at
26 degrees for the outside strut, while the angles of the internal
struts were so chosen that the average angle a from the plate to
the point where the internal struts becomes parallel to the axis
was also 26 degrees. The size of the plates wused for this
parametric study was a = 0.167h, the same wvalue used for the

Finite Element analyses.
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Figure 6.12 Tension Forces Obtained from the Strut-and-Tie Model
for an Anchorage Zone with Two Concentric Tendons
Compared with the Results from the Finite Element

Analyses

Figure 6.12 shows the horizontal forces in the tension ties
obtained from the parametric study performed using the Strut-and-
Tie Model described above, as well as the results from the Finite
Element analyses. Overall, there is a fair agreement between the
two methods, with a good prediction of the bursting force for the
case with small spacing between the plates and a good prediction
of the flexural tensile force for the larger spacings. When the
loads are located outside the quarter points, that is for half
spacings larger than 0.25h, the bursting force predicted by the
Strut-and-Tie Model is less than the value obtained by the Finite
Element method, probably because the Strut-and-Tie Model does not

consider the fact that the spalling and flexural forces tend to
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merge with the bursting force at large eccentricities. However,
this difference is probably not a serious concern because the
reinforcement provided for the flexural tensile force and the
spalling force would most likely extend all the way through the
bursting region and be anchored on the edge of the section. In
such a case, it is most likely that the reinforcement would be
designed on the basis of the larger of the two forces.

Because they are induced by the condition of compatibility,
the Strut-and-Tie Model does not predict any tensile forces at the
surface of the concrete between the anchorage plates for cases
where the anchorages are located within the quarter opoints.
Furthermore, the Strut-and-Tie Model tends to underestimate the
magnitude of the tensile force in cases where the anchorages are
located just outside of the quarter points. No test data are
available for two anchorages with a half spacing of about 0.25h,
so it is nbt possible to determine if these forces actually
develop. Data available for smaller spacings shows that, even
though the calculated elastic tensile stresses at the surface of
the concrete between the anchorages are very high, no early
cracking of the concrete was observed in this area. This indicates
that these compatibility induced stresses may be released by
microcracking and not develop to the level predicted by elastic
theory. In all cases, it appears prudent to at least provide some
reinforcement to distribute and limit the opening of possible

cracks in this region of the anchorages zone.
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6.3.2 Strut-and-Tie Model for a Configuration with Two
Tendons and an Eccentric Resultant

The Strut-and-Tie Model corresponding to the configuration
of a specimen with two tendons and an eccentric resultant is shown
on Fig. 6.13, superimposed on the principal stress vectors
corresponding to the elastic stress distribution. In this specific
case, the Strut-and-Tie Models corresponding to each tendon do not
need to be connected by struts or ties to achieve equilibrium. The
locations of the tension ties were obtained by assuming a
diffusion angle of 26 degrees from the center of the anchorage

devices to the corresponding external struts.
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6.3.3 Comparison with Test Results for Concentric

Configurations

N[ " T O e e 0 S G N e A = —

I 7 7

N
N
N

Figure 6.14 Geometry and Local
Zone Reinforcement
for Specimens with

Multiple Tendons

A series of physical test

specimens with multiple tendons

was investigated by Sanders
[153]. The specimens were
labeled M1 to M6. Only

Specimens M1 to M4 and M6 will
be discussed here. Because M5
which had two anchors side by
side was already discussed in
Chapter 5 with eccentric single
anchor configurations.
Fig. 6.14 shows the geometry of
Table 6.1

the test specimens.

gives the dimensions and

concrete properties for each
specimen. Due to problems with
the capacity of the original
test setup, tests M2, M3 and M4
were performed twice. Only the
relevant values were wused in
the comparison of cracking

loads and ultimate loads: the

concrete tensile strength at the time of the first loading for the

computation of the cracking load and the concrete compressive

strength at the time of the second loading for the computation of

the ultimate load. Fig. 6.15 shows the reinforcement layout for

specimen M2, which is typical of this series. The reinforcement of

all specimens is summarized in Table 6.2.
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Figure 6.15
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Table 6.1 Summary of the Dimensions and Concrete Properties of
Specimens with Multiple Tendons
Dimensions Anchor Concrete Concrete
First Test Second Test
Specimenp h:w+t-.s a*b tplate f'e fep fre fep
[in] [in] [ksi] [ksi]| [ksi]| [ksi]
M1 72-36:8.5+4 661 5.94 0.441| N/A N/A
M2 72:36-8.5'6 661 5.33 0.497} 5.73 | 0.500
M3 |72+36-8.5-12.5 6-6-1 5.33 0.497| 5.73 | 0.500
M4 72-36:8.5+6 6:6-1 5.57 0.441| 6.62 1 0.571
M6 60-32-17" 4 6.56.5-7° | 4.75 0.415) N/A N/A
* Four Multiplane Anchorage. Total depth of the anchor.
Table 6.2 Summary of the Bursting, Spalling and Additional
Reinforcement for Specimens with Multiple Tendons
Bursting Spalling Local Zone (Spiral)
Reinforcement Reinforcement Reinforcement
Specimer] Ag*fy | Centroid Ag*fy | Centroid Ag*fy diam/pitch/
length
[kips]| [in] (kips]| [in] | [kips] [in]
M1 105.6 26.9 N/A N/A 12.0 6/1.5/8
M2 92.4 16.6 N/A N/A 12.0 6/1.5/8
M3 91.7 17.6 50.9 2 12.0 6/1.5/8
M4 70.0 10.8 N/A N/A 12.0 6/1.5/8
M6 57.1 17.6 N/A N/A 12.0 7/2/9.5
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Fig. 6.16 shows the measured cracking load and the predicted
cracking load based on the maximum bursting stress obtained from
the Finite Element Analysis and the concrete tensile strength
measured in a split cylinder test for this series of specimens. To
1imit the contribution of concrete in tension to the load carrying
mechanism, crack formers were introduced for a length of 12 inches
along the axes of the tendons in specimens Ml and M4, so the
cracking load was not recorded. The three tests for which a
cracking load was recorded exhibit a large scatter in the accuracy

of the prediction. The average ratio of actual to predicted is

1000 925 70
' 7,
800 712 //
Cracki F ’ 032
| .
oo 1., #8 ws C o /
in kips rr ror /
40 1q m 7 1 4 g /
c e / 225 . /
200 |k r /
. k r
s 22;/ < /////
0 4 Y=} W
M1 M2 M3 M4 M6
Specimen
Actual Cracking Load Predicted Cracking Load
=

Figure 6.16 Actual Cracking Load and Predicted Cracking Load for

Specimens with Multiple Tendons
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0.625, with a standard deviation of 0.323.

Fig. 6;17 shows the actual ultimate loads for the specimens
with multiple tendons compared to the theoretical values. The
first two theoretical values were predicted by the Strut-and-Tie
Model based on the tie capacity and on the strut capacity. The
last value is the compression capacity, which was computed based
on a maximum effective concrete compression stress of 0.75f',
determined by using the stress at a distance a from the anchor
from the Finite Element solution. For specimens ML and M2, the
strut capacity controls the prediction of the ultimate capacity by
the Strut-and-Tie Model. For specimen M3, the capacity of the
tension tie in the spalling area controls the design. For
specimens M4 and M6 the tie capacity in the bursting region
controls the design. Taking all values into account, the average
ratio of actual to predicted is 1.71 with a standard deviation of
0.140. It is apparent from Fig. 6.17 that the tie-based capacity
is not the best indication of the capacity of the anchorage zone.
The compression strength as predicted based on the Finite Element
Analysis gives a much better estimate of the ultimate load. The
relatively low (and conservative) values of the strut capacity
given in the figure are a consequence the relative simplicity of
the model used to define the critical section of the struts. In
general, the external strut controls the strut capacity, while the
internal strut still has some reserve capacity. A model that would
define the width by redistributing part of the area attributed to
the internal strut to the external strut would give larger values

for the strut-based capacity
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For closely spaced anchorage devices, the elastic state of
stresses is similar to the state of stresses for a single
anchorage device. Fig. 6.18 shows the ultimate load reached by
specimen M1, M2, M4 and M6 compared to the ultimate load predicted
by the Strut-and-Tie Model considering only one plate. The
critical section for the strut capacity was located at the less of
the equivalent plate size or the thickness of the cross section.
The results are conservative, with an average ratio of actual to

predicted ultimate of 1.87 and a standard deviation of 0.91.

1400 -
1200 ] 1198 197
' 2
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Figure 6.18 Actual Ultimate Load and Ultimate Load Predicted by
the Strut-and-Tie Model for Specimens with Multiple
Tendons, Using a Single Tendon for the Strut-and-Tie

Model

A large contribution of the concrete in tension (below the
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crack former in the case of M4) apparently prevented an early
failure due to yielding of the ties. This hypothesis is reinforced
by the very high cracking load observed for specimen M6. In the
case of M6 which had a significantly larger cross-sectional area,
it is also possible that increased friction at the base of the
specimen could have increased the ultimate load capacity. If the
ratio of actual to predicted ultimate load is taken as the ratio
of actual to strut-based predicted ultimate load for M4 and M6,
the average ratio for all specimens becomes 1.098, with a standard
deviation of 0.090. This indicates a much better correlation

between the experimental and theoretical values.
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Figure 6.19 Actual Cracking and Ultimate Load for Specimens with

Multiple Tendons

Fig. 6.19 shows the actual values of the cracking load and

of the ultimate load for specimens with multiple tendons. A marked
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increase in capacity between cracking and ultimate is observed in
all cases, even for specimen M6 that was actually underreinforced
because its tie-based capacity was less than its expected (and

actual) cracking load.

6.3.4 Comparison with Test Results for the Eccentric
Configuration

One specimen with two tendons in an eccentric configuration
was investigated in the experimental program. Fig. 6.20 shows the
geometry and reinforcement used for this test specimen. Fig. 6.21
shows the actual and predicted values of the cracking load. The
predicted cracking load was Dbased on the elastic stress
distribution and the tensile strength of the concrete as obtained
from a split cylinder test. The actual cracking loads were greater
than the predicted cracking loads. Cracking initiated along the
axis of the left tendon, that is the tendon furthest from the edge
of the section, although the elastic stress distribution indicated
that the stresses would be higher along the axis of the right

tendon, that is closer to the edge of the section.
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Figure 6.20 Geometry and Reinforcement of Specimen MEl with two

Tendons and an Eccentric Resultant



323

1000 597
800
Load 00 565
" 420
kips 400 350 350
// 7 198
200 // / /
Cracking Left Cracking Right Cracking Spal ling
Specimen

Actual

% =

Predicted

Figure 6.21 Actual and Predicted Cracking Load for Specimen ME1l

with two Tendons and an Eccentric Resultant

Fig. 6.22 shows the actual ultimate load reached by the
specimen compared with the predicted ultimate load. The ultimate
load predicted by the tie capacity considers the reinforcement
that crosses each tendon axis. The strut capacity was calculated
using a nominal stress of 0.6 f'; at the critical section located
at a distance a from the anchorage. Because two struts converge at
each anchorage plate, a total of four strut capacities were
obtained. Only the smallest value 1is reported for each anchorage
plate. Of course, the smallest value controls the design, in this
case the capacity of the left tension tie. The compression
capacity was obtained on the basis of the elastic stress at a

distance from the anchorage equal to the lateral dimension of the
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anchorage device and using 0.75 f'c as the limiting stress.

The actual ultimate load was greater than the ultimate load
predicted by the tie capacity of either the left Strut-and-Tie
Model or the right Strut-and-Tie Model. It is presumed that
concrete in tension contributed to this increase in strength.
Extensive cracking was observed along the axis of the left tendon
at ultimate. When the crack extended all the way to the base of
the specimen, the tension force contributed by concrete was

released, leading to the failure of the anchorage zone.

1000 897
813

800 706

571 607

700
L‘f“d 600 408
in
kips 400
200 / Teft— ||| Lert Left | E=Rignt—] || | Rignt Right
—Tie— | { | $trut Anchor —Tie=——1 |} | 'Sthit Anchor
017 ///1 “"""_ [N R} "'"'. LIt L1

Actua! Predicted  Predicted Predicted  Predicted Predicted Predicted
Uitimate Uitimate Ultimote Ultimote Ultimate Uitimate Ultimate
Tie Strut Compresaion Tie Strut Comprassion
Capacity Copocity Copacity Capacity

Spec imen

Figure 6.22‘ Actual Ultimate Load and Ultimate Load Predicted by
the Strut-and-Tie Model for Specimen MEL with two

tendons and an Fccentric Resultant
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6.4 Lateral Post-Tensioning of the Anchorage Zomne

One of the major advantages of post-tensioned concrete is
the reduction, and ideally the suppression of cracks in the
concrete under service loads. Unfortunately, the local
introduction of post-tensioning forces in the anchorage zone
produces transverse tensile stresses that can lead to cracking of
the concrete. The main post-tensioning of the structure cannot
suppress this effect since it produces stresses that act
perpendicular to it. I1f non-prestressed reinforcement is used to
resist the transverse forces in the general anchorage zone, large
strains in the steel are necessary, leading to cracking of the
concrete. In cases where cracking is highly undesirable, one
solution is to add secondary lateral (or transverse) post-
tensioning in order to provide a compression in the concrete that
will counteract possible tensile stresses induced by the lateral
spreading of the main tendon forces. This section deals
specifically with the use of lateral post-tensioning in anchorage

ZOones.

6.4.1 Finite Element Analysis of Anchorage Zones with
Lateral Post-Tensioning

A series of Finite Element analyses were performed for
concentric single anchor configurations as shown in Fig. 6.23. The
main parameter investigated in this study was the amount of
transverse post-tensioning and its distance d relative to the
{ocation of the main anchor. Fig. 6.24a shows a contour plot of
the maximum principal stresses in tension caused by lateral post-
tensioning alone with a magnitude of Piax = 0.2P, P being the
capacity of the main tendon. Fig. 6.24b shows the max imum
principal stresses resulting £rom the combination of the main

tendon 1load P and the lateral post-tensioning Piag = 0.2P.
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Fig. 6.25 shows the corresponding principal stress vectors.
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Figure 6.23 - Geometry of an Anchorage Zone with Lateral Post-

Tensioning
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and Lateral Post-Tensioning (Piat = 0.2P)

Fig. 6.26 shows the distribution of transverse stresses
along the tendon axis caused by a lateral post-tensioning load.
The distribution of transverse tensile stresses along the tension
axis caused by a tendon load applied on a plate with size a =
0.36h is also shown in the figure. It is apparent that the most
efficient location for the transverse post-tensioning 1is a
location at about 0.5h from the main anchor. This location
corresponds more or less to the location of the centroid of the
tensile bursting stresses caused by the main post-tensioning. For
depths of the lateral post-tensioning greater than approximately
0.2h, the maximum compressive stress becomes constant. The
normalization of the stresses is based on the transverse dimension

h of the specimen described in Section 6.4.3, while the
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distribution of transverse stresses due to lateral post-tensioning
is mnot directly dependent on the transverse dimension. The
magnitude of the curves in Fig. 6.26 would be significantly

different for other proportions.
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Figure 6.26 Distribution of Stresses Perpendicular to the Tendon
Axis Caused by Various Locations of the Lateral

Post-Tensioning Force

Previous studies by Stone and Breen [172, 173, 174]
proposed to. locate the lateral post-tensioning as close as

possible to the main anchorage device. As discussed in Chapter 5,
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Stone's specimens were generally overreinforced in the general
anchorage zone, forcing the failure to occur in the local zone or
at the interface between the local zone and the general zone,
close to the anchorage device. It is logical that, under these
circumstances, the conclusion mentioned above was drawn. A
transverse compressive force will indeed increase the capacity of
the local zone. In addition, the large inclination of the main
tendons at the location of the anchorage in Stone's specimens
induced high spalling stresses, which were greatly reduced by the
lateral post-tensioning. Under more typical cilrcumstances,
however, the local zone 1s sufficiently reinforced to transmit the
tendon force to the general anchorage zone and the level of stress
in the concrete struts at the interface between the local zone and
the general zone is not excessive. If these hypotheses are met,
taking into account that cracking wusually initiates at some
distance ahead of the anchorage device, the best location for the
transverse post-tensioning is at a distance of about 0.4h from the
main anchor for anchorage zones with a small to moderate

inclination of the tendon (up to 25 degrees) .

6.4.2 Strut-and-Tie Model for Anchorage Zones with Lateral
Post-Tensioning

Figure 6.27a shows the principle of the Strut-and-Tie Model
for use with lateral post-tensioning. The lateral post-tensioning
is considered as an external force acting on the anchorage zone.
Its effect is to deviate the flow of forces coming from the
anchorage device. The Strut-and-Tie Model of Fig. 6.27a also
incorporates a layer of non-prestressed reinforcement that will
contribute to the ultimate strength. Fig. 6.27b shows a two level
thrust-line Strut-and-Tie Model with two layers of non-prestressed

reinforcement.
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The top layer has the same capacity as the force introduced
by the lateral post-tensioning. Notice that, with the exception of
the compression strut coming from the anchorage devices for the
lateral post-tensioning, both Strut-and-Tie Models are identical.
This means that the methods previously developed for anchorage
zones using conventional, non-prestressed reinforcement can be
directly applied to anchorage zones using lateral post-tensioning.
It appears prudent to take the nominal post-tensioning force
(0.7Apfpy in the current code) and not the yield value, as for
conventional non-prestressed reinforcement. During the physical
tests of such specimens [153], the strains in the unbonded strands

used for the lateral post-tensioning were measured. Although some

P P
Plat Plat _
-Tension Force
from
Non Prestressed

Reinforcement ———
a) Strut—and—Tie Model b) Strut—and—Tie Model
with Lateral with Non Prestresssed

Post—Tensioning Reinforcement

Figure 6.27 Strut-And-Tie Model for an Anchorage Zone with
" Lateral Post-Tensioning Compared with an Anchorage

Zone with Non-Prestressed Reinforcement Only
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increase in strains was observed between the initial condition and
failure, the increase was not sufficient to ensure that the full
yield capacity of the tendons would be reached. Because the
tendons used for the lateral post-tensioning would most likely not
be grouted when the main post-tensioning 1is applied, it seems
reasonable to count only on the effective lateral post-tensioning
force at the time of stressing of the main tendons.

The main differences between non-prestressed and prestressed
lateral reinforcement for the anchorage zone lie in the presence
of secondary local zones at the anchors for the transverse post-
tensioning and the lateral spreading of forces due to the lateral
post-tensioning before the main post-tensioning is applied. Once
the main post-tensioning is in place, the anchorage zone will be
essentially subjected to compressive stresses. However, as shown
in Figures 6.24a and 6.25a tensile stresses acting parallel to the
main tendon axis are induced by the lateral post-tensioning.
Although these forces should mnot be very large, because the
lateral post-tensioning required to prevent cracking 1s only a
fraction of the main tendon force, it is possible to use a Strut-
and-Tie Model to determine the forces caused by the spreading of

the lateral post-tensioning load.

6.4.3 Comparison with Test Results

A series of four experimental specimens were prepared and
tested in the overall anchorage zone investigation. The location d
and the amount of transverse post-tensioning were varied, and
compared with the results obtained for a specimen reinforced with
non-prestressed reinforcement. The geometry of the test specimens

is the same as the geometry shown in Fig. 6.23.
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Table 6.3 Dimensions and Concrete Properties for Specimens with

Lateral Post-Tensioning

Dimensions Anchor Concrete
Specimer] h-w.t-d a'b- tplate t'e fsp
[in] [in] [ksi] [ksi] [ksi]

TPT1 42-18-10-N/A 6.5:6.5:7" 4.95 0.326
TPT2 42+18-10-10.5 6.5:6.57" 4.95 0.326
TPT3 42-18-105.5 6.5-6.5:7" 5.15 0.409
TPT4 42+18:10-5.5 6.5:6.5°7" 4.95 0.326

¥ .

Multiplane Anchorage. Total depth of the anchor.

Table 6.4 Non-Prestressed and Prestressed Reinforcement for

Specimens with Lateral Post-Tensioning

Non-Prestressed Lateral
Reinforcement Post-Tensioning
Specimen As*fy | Centroid 0.7Ap%Epy Centroid

[kips] [in] [kips] [kips] [in]
TPT1 28.6 11.5 N/A N/A
TPT2 28.6 11.5 10.15 10.5
TPT3 28.6 11.5 28.92 5.5
TPT4 28.6 11.5 20.30 5.5

Table. 6.3 summarizes the geometry and the material
properties of the concrete at time of testing. Fig. 6.28 shows the
layout of the reinforcement for Specimen TPT2, and Table 6.4
summarizes the prestressed and non-prestressed reinforcement for
the specimens in this serles. |

Fig. 6.29 shows the predicted cracking loads based on the
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largest tensile stress from the Finite Element Analysis and the
concrete tensile strength measured in a split cylinder test for
the various specimens, along with the actual values. Specimens
TPTL and TPT2 reached cracking loads greater than the predicted
values. The average ratio of predicted to actual cracking load is
1.02, with a standard deviation of 0.204. Fig. 6.31 compares the
actual test results with the ultimate load predicted based on the
capacity of the tension tie (both non-prestressed and prestressed
reinforcement), the ultimate load predicted based on the capacity
of the struts, as well as a compression 1limit obtained by setting
the elastic compressive stress at a distance a from the anchorage

device to 0.75f'¢.

C:ESE}: zzz 7;/}0 - % 207 ? 7/2/;
2 = | .
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Actual Cracking Load Predicted Cracking Load

[

Figure 6.29 " Actual and Predicted Cracking Load for Specimens

with Lateral Post-Tensioning
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Figure 6.30 Actual Cracking and Ultimate Load for Specimens with

Lateral Post-Tensioning
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Specimen TPT1l reached an ultimate load larger than specimen
TPT? with the same non-prestressed reinforcement and an additional
lateral post-tensioning. This behavior is probably due to a large
contribution of concrete in tension to the tie capacity, which is

also indicated by the comparatively high cracking load of Specimen

| 31 wf 300303347345 7329 3139_7 332 299??3345
. / — 1 7 1 |
Ultinate %228 / éE %
inLokoids 00 %f % %
g =l =(iml =
100 Z: Z—E_ %i_:j
| Elimt =
s =l =lim

TPT1 TPT2 TPT3 TPT4

Actual Ultimote Load Predicted Ultimate Predicted Ultimate D Predicted Ultimate

VA
= Load (Tie Capacity) [ Load (Strut Capac.)

Load (Compression)

Figure 6.31 Actual and Predicted Ultimate Load for Specimens

with Lateral Post-Tensioning

TPT1. A reloading of all specimens reached approximately the same
load for Specimens TPT2 to TPT4, while Specimen TPT1 reached only
240 kips, very close to the predicted ultimate load based on the
tie capacity. The strut capaclty seems to control the load

capacity of most specimens of this series, although the tile
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capacity is very close. The average ratio of predicted to actual
ultimate load is 1.14, with a standard deviation of 0.158.
Fig. 6.30 shows the actual cracking and ultimate loads for all
specimens of the TPT series. As in previous tests, a significant
additional capacity is observed between the cracking load and the

ultimate load.

6.5 Non-Rectangular Cross Sections

In most applications of post-tensioning, especially for
bridge girders, the cross section over which the post-tensioning
acts is not rectangular. In typical bridge applications, the post-
tensioning forces are applied to the webs and distribute over the
entire cross section. Fig. 6.32 illustrates how two tendon forces
acting on the webs of a box girder section are distributed first
to the web, and then to the top and bottom flanges. The
distribution of forces in the various components of the cross
section is similar to the distributions observed for rectangular
cross sections. The top and bottom flanges are only indirectly
subjected to the tendon forces, which are introduced over a
certain distance. This is significant because it indicates that
the 1local introduction of forces into members mnot directly
subjected to the post-tensioning forces is not as severe as in
members which are directly subjected to the post-tensioning force.
The tendon force acting on these components of the cross section
is not applied at one concentrated location, but rather 1s
introduced over a certain length. Notice also that the forces
acting on the top and bottom flanges are applied at a larger
distance from the anchorage device than in the case of rectangular
cross sections. As a consequence, the general anchorage zone will
be longer in the case of a cross section made of several

components than in a rectangular cross section.



339

Figure 6.32 Flow of Forces in the Anchorage Zone of a Box Girder

Cross Section
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Figure 6.33 Three-Dimensional Strut-and-Tie Model of the

Anchorage Zone of a Box Girder Cross Section

Fig. 6.33 shows a Strut-and-Tie Model of the same box girder
cross section, where all struts and ties are represented as thin
lines, and all nodes are considered as points. This type of Strut-
and-Tie Model is appropriate for calculations of the forces in the
various components of the cross section, but it should be kept in
mind that some struts and nodes actually are distributed over
areas larger than suggested by this representation. It 1is
advantageous. whenever possible to analyze separately the
individual components instead of solving the complex three-
dimensional Strut-and-Tie Model. The principles for developing
Strut-and-Tie Models for cross sections involving several
components are the same as for the rectangular cross sections

presented in the previous sections. Starting at the end of the
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general zone, the stresses can be determined based on simple beam
theory. The resultant forces on the various components on the
cross section are computed as resultants of these stresses. It has
been found practical to have at least two struts corresponding to
each anchorage device, with the tendon axis acting as line of
separation between the two. A path for the post-tensioning force
from the anchorage device to the end of the general anchorage zone
can then be drawn. Once the magnitude and point of application of
the forces acting on each component on the section are known, each
component can be analyzed and designed independently using the
methods presented for rectangular cross sections. Alternatively, a
single, three-dimensional Strut-and-Tie Model can be developed.
The transfer of forces from one component of the cross
section to another component occurs over 4a certain distance, as
shown conceptually in Fig. 6.32. Components that do mnot have an
anchorage device acting directly on them, properly speaking, do
not have an area of local introduction of forces corresponding to
the local zone. For the sake of simplicity, the Strut-and-Tie
Model used for the design of the component (for example the top
flange of Fig. 6.33) assumes that the force 1is introduced
completely at a specific point, which would correspond to the
local zone in a rectangular cross section. However, the
concentration of forces in this area is much less severe than the
concentration that occurs in the viecinity of an anchorage device.
Fig. 6.34 shows a detail of the special smeared node at the
interface between the web and the top flange. This type of node is
essentially subjected to compression forces. Provided that the web
reinforcement is properly detailed so as to go around the node,
this reinforcement will introduce a compression force in the node.
Assuming that the levels of stresses in the compression struts in
the web and the top flange are acceptable, the node itself will

not be critical. In a similar fashion, the tensile tie forces
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obtained from such a Strut-and-Tie Model will probably differ from
the values obtained from an elastic analysis because of the larger

uncertainties in defining the geometry of the Strut-and-Tie Model.

Figure 6.34 Three-Dimensional Representation of the Node at the

Intersection of the Flange and the Web

The simplest non-rectangular section is a "T-ghaped”, or
flanged cross section, that consists of two rectangular plates.
This is a very common cross section for bridge girders, and it
will be the main focus of the investigation of the state of stress
and the tensile forces in the anchorage zone in mnon-rectangular

cross-sections.
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6.5.1 Finite Element Analysis of a Flanged Section

A series of Finite Element analyses were performed on
flanged sections to investigate the influence of the presence of
the flange on the overall state of stresses. Fig. 6.35 shows the
geometry of the flanged section used for the parametric studies.

Shell elements were used to model the structure. Fig. 6.36 shows

Anchorage
Device
axb

Figure 6.35 Geometry of the Model Used for the Finite Element
Analyses of Anchorage Zones in Flanged Cross

Sections

the Finite Element mesh used for the parametric studies. To
facilitate the parametric studies, the height of the web was kept
constant up to the middle of the top flange (labeled h in
Fig. 6.35), instead of the total height (hiot in Fig. 6.35). The
location e of the tendon load is defined as the distance from the

bottom of the cross section to the center of the tendon. For the
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the centroid of the two forces

anchorage plates,

The output of the Finite Element program was processed to allow

the use of the program used previously for the display of

principal stresses of two-dimensional structures.

 Finite Element Model Used for the Analysis of

Figure 6.36

Flanged Configurations
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Fig. 6.37 shows the contour plot of the stresses
perpendicular to the tendon axis for a configuration with two
anchorage plates of size 0.1%h located at 0.65h and 0.88h from the
bottom of the cross section. The state of stresses in the web is
similar to the state of stresses in an eccentrically loaded
rectangular cross section, while the top flange presents
similarities with a concentrically loaded rectangular cross
section. Fig. 6.38 shows the two corresponding plots of principal

stress vectors.
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Figure 6.38 Vector Plot of the Principal Stresses in the

Anchorage Zone of a Flanged Cross Section

Fig. 6.39 shows the distribution of tensile stresses along
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the axes of the two tendons, along the interface between the
flange and the web, and along the centerline of the flange. Notice
how the distribution of the stresses in the top flange is shifted
away from the anchorage device, compared to the curves of the
stresses in the web. The length over which the tensile stresses
are appreciable is large than in rectangular cross gsections. It is
approximately equal to the sum of the lateral dimensions of the

cross section.

0.35
0.3
0.25
Bursting = Bottom Tendon
Stress T4 - Top Tendon
G
—Eﬁt— 0.15 Interface Web-Flange
L R § <
Top Flange
0.1 r
0.05
0
0

Relative Distance from the Anchor x/h

Figure 6.39 Transverse Bursting Stresses along Various Lines
Parallel to the Axes of the Tendons in an Anchorage

- Zone of a Flanged Section

Because more area is available in a non-rectangular cross
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section for the distribution of stresses, each component of the
cross section has to resist a force smaller than it would have to
resist in a similar rectangular cross section subjected to the
same post-tensioning force. Therefore, the contribution of
concrete in tension will have an larger influence on the actual
behavior of the anchorage zone. Because of the large contribution
of concrete in tension, it is expected that the design of the
local zone and the compressive stresses in the concrete at the
interface between the local zone and the general zone will control

the behavior of anchorage zones in non-rectangular cross sections.
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Figure 6.40 Influence of the Flange Dimensions on Predicted
Cracking Loads for the Flange and the Web of a
Flanged Cross Section with an Overall Depth
hiot = 36 inches and an Assumed Tensile Strength

Capacity of the Concrete of 0.4 ksi
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Furthermore, a substantial contribution of concrete in
tension to the load capacity had been observed in experimental
tests [153]. To ensure that the flanged test specimen would not
fail without cracking of the cross section, an extenslve series of
Finite Element Analyses was conducted, investigating the influence
of various geometric and loading parameters on the cracking loads
of the web and the flange. Fig. 6.40 shows the predicted cracking
loads for the flange of the specimen as a function of the
predicted cracking load for the web of the specimen. The
parameters under investigation are the width and the thickness of
the top flange. The results of are normalized for an overall depth
hpot of the section of 36 inches.

The cracking loads are obtained by setting the largest
calculated tensile stress in the web and in the flange to the
tensile strength of the concrete, assumed to be 0.4 ksi. The
reduction in cross section of the web caused by the tendon duct
was neglected in this parametric study. To be able to observe the
development of a Strut-and-Tie Model in the test specimen, it was
desirable that both the flange and the web have similar cracking
loads. In the previous tests [153], it had been observed that the
ultimate strength of the specimens was less than twice the first
cracking load. According to this criterion, mnone of the
configurations presented in Fig. 6.40 were suitable for a test
specimen. From this parametric study, it was found that, beyond a
ratio bg/h of 1.0, there is little change in the state of stresses
in the top flange. The thickness of the top flange has a certain
influence, but, for the considered test setup, ratios tg/h smaller

than 0.125 were not practical.
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Fig. 6.41 shows the influence of additional parameters like

the point of application of the load, the thickness of the web and

the number of tendons on the cracking loads of the web and the

flange. The most important changes occur when the load is applied

through two plates, with one plate acting mainly on the top flange

and the other acting on the web. Based on this parametric study,

the dimensions of the test specimen described in Section 6.5.3

were chosen to follow the proportions of the configuration

as a black triangle in Fig. 6.41.
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6.5.2 Strut-and-Tie Model for a Flanged Section

The general principles for the development of Strut-and-Tie
Models for mnon-rectangular cross sections, as presented in
Section 6.5 were applied to the test specimen described in
Section 6.5.3. The angle used for the diffusion of the compressive
forces was 26 degrees, as in the previous models. Minor
adjustments were made to simplify the geometry. Fig. 6.42 shows
the Strut-and-Tie Model with the force in the main members. The
total transverse force in the web is 0.11P, compared with 0.085P
from the Finite Element solution, and the total transverse force
in the flange is 0.105P, compared with 0.082P from the Finite
Element analysis. Considering the number of assumptions necessary
to obtain a Strut-and-Tie Model of this level of complexity, the
results of the Strut-and-Tie Model are quite close to the elastic

valued obtained from the Finite Element Analysis.

Figure 6.43 Geometry of Specimen F with Anchorage Zone in a

Flanged Section
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6.5.3 Comparison with Test Results

One specimen with a T cross section was tested [153]. The
geometry of the specimen and the reinforcement of the local zone
are shown in Fig. 6.43. The reinforcement of the general zone 1s
shown in Fig. 6.44. The local zone reinforcement consists of a
#4 spiral with a diameter of 7 inches, a pitch of 1.5 inches and a
length of 8 inches. The compressive strength of the concrete at
testing was 4.54 ksi, and the split cylinder tensile strength was
0.316 ksi.

Figure 6.44 General Zone Reinforcement of Specimen F with

Anchorage Zone in a Flanged Section

Fig. 6.45 shows the cracking loads for the specimen,
compared with the values predicted based on the results of the
Finite Element Analysis and the tensile strength of the concrete

measured in a split cylinder test. The first cracking occurred at
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the interface between the flange and the web, at a load much less
than predicted. This is probably because the results of the shell
model are mnot very accurate at the interface between the
components of the section. The cracking load of the flange was

close to the predicted value, but the web never really cracked.

42
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Figure 6.45 Actual and Predicted Cracking Load for Specimen with

Flanged Cross Section

Fig. 6.46 shows the ultimate load reached by the flanged
specimen compared to the load prediction based on the Strut-and-
Tie Model and on the elastic stress compression capacity. The
strut capacity was obtained by setting the average stress to
0.60f'; on the critical section located at a distance a from the
anchorage device. The compression stress capacity was obtained by
setting the compressive stress at a distance a from the anchor

obtained from the Finite Element Analysis to 0.75f',. The ultimate
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1oad exceeded the loads predicted based on the tie capacity only,
but was less than both the strut capacity and the compression
capacity. The failure occurred suddenly, after that longitudinal
cracks developed in the top flange. It is assumed that the failure
was due to the release of the tensile stresses in the concrete of

the top flange caused by the progressive cracking.
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Figure 6.46 Actual Ultimate Load and Ultimate Load Predicted by
the Strut-and-Tie Model for Specimen with Flanged

Cross Section
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6.6 Conclusions of the Study of Multiple Anchorage Zones
and Non-Rectangular Cross-Sections

The methodology developed in Chapters 4 and 5 was applied to
more complex configurations involving multiple anchorages, lateral
post-tensioning and mno-rectangular cross-sections. The general
methodology for the development of Strut-and-Tie Models for the
design of anchorage zones was found to be applicable for these
more complex configurations. The predictions of the Strut-and-Tie
Models were compared with the results of physical tests, and the
method was found to be conservative. In most cases, the ultimate
load predicted based on the capacity of the tension ties was
exceeded by the test specimens, probably due to the effect of
tensile stresses in the concrete. In such cases, the strut
capacity was found to be an upper limit for the actual capacity of
the anchorage zone. For plates located within a small distance
from one another (the spacings investigated were up to 1.23 times
the plate size), it is possible in design to consider the plates

as one large anchorage device.



Chapter 7: Summary of the Results and Specification Proposal

The results of a total of 30 experimental test specimens
from the study by Sanders [153] were used to éalibrate and
evaluate the analytical predictions based on the results of the
Finite Element Analyses and the Strut-and-Tie Model, as described
in the previous chapters. In this chapter, the results from the
analysis and the experimental test results of anchorage zones are
summarized. The accuracy of the predictions and the influence of
the various hypotheses made in the analysis are evaluated. As a
part of the overall UT Austin research project on anchorage zones,
a mnew AASHTO specification for the design and analysis of
anchorage zones is proposed. The development of this specification
proposal for the design and analysis of the general anchorage zone
is part of the present dissertation. The parts of the proposed
specification that are directly related to the present work are

discussed.

7.1  Prediction of the Cracking Load

The cracking load was predicted based on the maximum elastic
tensile stress obtained from a Finite Element Analysis and the
tensile strength of the concrete as measured in a split cylinder
test. Fig. 7.1 shows the measured and the predicted cracking loads
for all test specimens. For most specimens, the actual cracking
load was slightly less than the predicted value. This is further
illustrated in Fig. 7.2 which shows the ratio of the actual
cracking load to the predicted value for all specimens. Fig. 7.3
shows the statistical distribution of the ratio of the actual
cracking load to the predicted value. The average ratio of actual
to predicted cracking loads is 0.907 with a standard deviation is

0.220. Considering the complexity of most configurations and the
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uncertainties usually related with the prediction of cracks in
concrete, these results are satisfactory. It could be possible to
improve the estimate of tensile failure of the concrete by
considering an appropriate biaxial stress failure theory such as
that suggested by Ottosen [129]. Because the level of compressive
stress along the tendon axis is fairly high, this would lower the
tensile strength below the split cylinder value and would improve
the average. However the scatter of the predictions would still be
appreciable. The results of a Finite Element analysis of the
anchorage zone can therefore be used to estimate the cracking load
of the anchorage zone. Because the tests were of short duration, a
smaller value of the concrete tensile strength should be used if
it is desired that the anchorage zone remain uncracked for the

lifetime of the structure.

7.2 Prediction of the Ultimate Capacity

Two distinct modes of failure can occur in the general
anchorage zone. The first mode of failure is caused by
insufficiency of tensile reinforcement to resist bursting forces.
The second mode of failure is caused by an excessive level of
compressive stresses in the concrete, typically occurring at the
interface between the local zone and the general zone. The first
mode of failure was predicted using the tensile force obtained
from the Strut-and-Tie Model. Two methods were proposed to predict
the second mode of failure. The first method is based on the
Strut-and-Tie Model and the second uses the elastic stresses as
determined from a Finite Element Analysis. Fig. 7.4 shows the
actual ultimate load reached by the test specimens and the
ultimate load predicted by the Strut-and-Tie Model. In most cases
the ultimate load predicted by the Strut-and-Tie Model is less

than the actual ultimate load. This is also clear when considering
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Fig. 7.5, which shows for all specimens the ratio of the actual
ultimate load to the ultimate load predicted by the Strut-and-Tie
Model. The very large ratio obtained for Specimen I4 is due to the
fact that this specimen had very little bursting reinforcement,
but nonetheless reached a high capacity due to the presence of
tensile stresses in the concrete. Specimen B5 is shown with the
value of the predicted ultimate load based on an assumed tensile
capacity of the concrete acting as a tension tie.

Fig. 7.6 shows the statistical distribution of the ratio of
the actual ultimate load to the ultimate load predicted by the
Strut-and-Tie Model. The average ratio of actual to ultimate is
1.44 with a standard deviation of 0.44. In the figure, thick lines
surround those test specimens for which the compressive capacity
of the concrete struts controlled the design. Fig. 7.7 shows the
statistical distribution of the results obtained if the
compressive capacity is estimated based on the elastic stresses
obtained from the Finite Element Analysis. The estimation of the
ultimate load is slightly improved, with an average ratio of 1.32,
but the standard deviation is essentially the same at 0.45.
Because most of the designs are controlled by the capacity of the
tensile ties, for which the results of the Strut-and-Tie Model are
used for both figures, the improvement obtained by using an
improved model for the prediction of the compressive stresses is
not substantial. However, the prediction of the ultimate load
based on the results of the Finite Element Analysis is
substantially improved when the mode of failure is a compressive
failure of the concrete at the interface between the local zone
and the general zone.

Fig. 7.8 shows for all specimens the two values of the
ultimate load predicted by the Strut-and-Tie Model. The lowest
value controls the design. The actual ultimate load is also shown

with a horizontal dash. Because in most cases the actual ultimate
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load is larger than the lowest of the design values, the method is
conservative. It is interesting to consider the cases where the
ultimate load is substantially larger than predicted. This is the
case for Specimens I1-I4, M2, M2-M6, MEl and Fl. Except for M2 and
M3, the tie capacity controls the design of these specimens.
However, probably because of a substantial contribution of
concrete in tension, the actual ultimate load is much larger. In
all cases, the actual ultimate load does not increase to values
much greater than the predicted strut-based capacity of these
specimens. It is likely that in such cases a compression failure
occurs, and not a tension failure as predicted. The most obvious
example is specimen M6 which reached almost twice the ultimate
load predicted based on the capacity of the tensile reinforcement.
A possible exception is presented by Specimen I4, which exhibited
a very brittle behavior and probably failed when the tensile
cracks in the bursting region propagated to the end of the
specimen.

All specimens exhibited a substantial increase in load
between first cracking and ultimate. This fact is illustrated by
Fig. 7.9 which shows the ratio of the ultimate load to the
cracking load for all specimens. This result contradicts Stone'’s
[169] finding that the cracking load and the ultimate load are
close for anchorage zones. As indicated previously, it is likely
that many of Stone’s observed failures were not failures caused by
bursting forces, but rather failures of the local zone, which were
carefully avoided in the present study, or compressive failures at

the interface between the local zone and the general zone.
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7.3 Proposed AASHTO Specification for the Design of Post-
Tensioned Anchorage Zones

As part of the overall UT Austin research project on
anchorage zones, a specification proposal was developed for the
analysis and design of anchorage =zones. Part of this proposed
specification deals with local zone requirements and is reported
by Roberts [146]. The parts of the proposal that are directly
related to the general zone and stem from this dissertation are
presented and discussed in the next sections. The numbering of the
sections of the specification proposal corresponds to the
numbering in the current AASHTO Bridge Design Specification [7].
The text of the Specification proposal is shown with margins wider
than the normal margins in the next sections. Only limited
portions of the proposal concerning the design of the local zone
are included in this discussion, for discussion of the geometry of
the local zone. Most of the new provisions are inserted in
Chapter 9 of Division I, Design of the AASHTO Bridge Design
Specification. The procedures for the testing of anchorage zones

will be inserted in Chapter 4 of Division II, Construction.

7.3.1 Notations

A few mnotations frequently occurring in the design of
anchorage zones of post-tensioning tendons need to be inserted in

Section 9.1.2.

9.1.2 Notations [add to current Section 9.1.2]
fy, average concrete compressive stress under
bearing plate of anchorage device
Fpu guaranteed ultimate strength of the prestressing
tendon, Ag¥f,’

P, factored tendon force
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7.3.2 Load and Resistance Factors

9.14 Load Factors [add to current Section 9.14]

The computed strength capacity shall not be less than
the largest value from load factor design in
Article 3.22. For the design of anchorage zones and
regions of large tendon curvature a load factor of 1.3
shall be applied to the maximum tendon jacking force.
The following strength reduction factors shall be

used:

For anchorage zones ¢ = 0.75

For effects of tendon curvature ¢ = 0.75.

The proposed load factor of 1.3 is ordinarily applied to the
maximum tendon jacking force of 0.8F,,, so that the anchorage zone
is designed to resist a force larger (by about 4%) than the
maximum force that the tendon can develop. This value takes into
account the possibility that more strands; or strands of a larger
diameter or tensile strength inadvertently could be fitted into a
given anchorage device.

The ¢-factor of 0.75 is relatively low, reflecting the
importance of the anchorage zone, the desire that failure of the
anchorage zone be avoided, the brittle nature of compression strut
failure and the uncertainties related to the design of anchorage

zones.

7.3.3 Definitions

The purpose of this section is to present in a concise
manner the concepts used in the analysis and design of anchorage
zones. The order of the articles in this definition section has

been reorganized to allow for a more logical presentation of the
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items. In the final specification, the various definitions are

organized alphabetically for more convenient use.

9.1.3 Definitions [add to current Section 9.1.3]
Anchorage Device - The hardware assembly wused for
transferring a post-tensioning force from the tendon
wires, strands or bars to the concrete.

Anchorage Zone - The portion of the structure in which
the concentrated prestressing force is transferred
from the anchorage device onto the concrete (Local
Zone), and then distributed more widely into the
structure (General Zone).

End Anchorage - Length of reinforcement, or mechanical
anchor, or hook, or combination thereof, beyond point
of zero stress in reinforcement. [Delete remainder of
current definition]

Intermediate Anchorage - Anchorage not located at the
end surface of a member, for tendons that do not
extend over the entire length of the member; usually
in the form of embedded anchors, blisters, ribs, or

recess pockets.

The definition of the anchorage device is very broad,
allowing for any type of device transferring a force to the
concrete. End  anchorages of post-tensioning cables are
incorporated in the existing definition for end anchorages, while
intermediate anchorages are the object of a separate definition.
Only end anchorages were investigated in this study, but
intermediate anchorages are currently under investigation by

Wollmann [189].
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General Zone - Region within which the concentrated

prestressing force spreads out to a more linear stress
distribution over the cross section of the member
(Saint Venant Region).

Local Zone - The volume of concrete surrounding and
immediately ahead of the anchorage device, subjected

to high local bearing stresses.

Because the general zone is geometrically identical to the
anchorage zone itself, and is never directly used in the design

procedure, no separate definition of the anchorage zone is needed.

7.3.4 Geometry of the Anchorage Zone

9.21 Post-tensioned Anchorage Zones

9.21.1 Geometry of the Anchorage Zone

9.21.1.1 The anchorage =zone is geometrically
defined as the volume of concrete throughout which the
transverse spreading of the prestressing force occurs
from the concentrated load at the anchorage device to
a more linear stress distribution across the entire
cross section at some distance from the anchorage
device.

9.21.1.2 For anchorage zones at the end of a
member, the transverse dimensions may be taken as the
depth and width of the section, but not larger than
the longitudinal dimension of the member or segment.
The longitudinal extent of the anchorage zone in the
direction of the tendon shall be at least equal to the
larger of the transverse dimensions of the anchorage
zone and shall not be taken as more than one and one

half times that dimension.



9.21.1.3 For intermediate anchorages the anchorage
zone also extends in the direction opposite to the
anchorage force for a distance at least equal to the
larger of the transverse dimensions of the anchorage
zone.

9.21.1.4 For design purposes, the anchorage =zone
shall be considered as comprised of two regions; the
general zone as defined in Section 9.21.2.1 and the
local zone as defined in Section 9.21.2.2.

9.21.2 General Zone and Local Zone

9.21.2.1 General Zomne

The general zone is identical to the overall anchorage
zone and includes the local zone. Design of general
zones shall meet the requirements of Sections 9.14 and
9.21.3.

9.21.2.2 Local Zone

9.21.2.2.1 The 1local zone is defined as the
rectangular prism (or equivalent rectangular prism for
circular or oval anchorages) of concrete surrounding
and immediately ahead of the anchorage device and any
integral confining reinforcement. The dimensions of
the local zone are defined in Section 9.21.5.
9.21.2.2.2 Design of 1local =zones shall meet the
requirements of Section 9.21.5 or shall be based on
the results of experimental tests required in
Section 9.21.5.3 and described in Section 4.33.11 of
Division II. Anchorage devices based on the acceptance
test of Division II, Section 4.33.11, are referred to

as special anchorage devices.

374



375

The anchorage zone is defined very broadly as the zone of
transition between the concentrated introduction of forces at the
anchorage device and the rest of the structure. The width of the
general zone is generally the larger of the depth or the thickness
of the cross section. If the length of the member is smaller than
one of its transverse dimensions, the width of the general zone
will be taken as the length of the member. This condition was
added to take into account cases where one of the lateral
dimensions of the member is essentially infinite, as in the case
of transverse post-tensioning of a bridge deck. The length of the
general zone is one to one and one half times the width of the
general zone ahead of the anchorage device. In the case of
intermediate anchorages, tensile forces occur behind the anchorage
device as well. In this case, the anchorage zone extends behind
the anchorage for a distance equal to the width of the general
zone.

The distinction is made between the local =zone and the
general zone. The general =zone is identical to the entire

anchorage zone, including the local zone.

7.3.5 Responsibilities for the Analysis, Design and
Execution of the Anchorage Zone

9.21.2.3 Responsibilities

9.21.2.3.1 The engineer of record is responsible for
the overall design and approval of working drawings
for the general zone, including the specific location
of the tendons, anchorage devices, and general zone
reinforcement as well as the specific stressing
sequence.

9.21.2.3.2 1If special anchorage devices are used, the

anchorage device supplier is responsible for
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furnishing anchorage devices which satisfy the
acceptance test requirements of Section 9.21.5.3 and
of Division II, Section 4.33.11. The anchorage device
supplier shall provide records of the acceptance test
by an accredited independent testing agency in
conformance with Division II, Section 4.33.11.8 to the
engineer of record and shall specify auxiliary and
confining reinforcement, minimum edge distance,
minimum anchor spacing, and minimum concrete strength
at time of stressing required for proper performance
of the local zone.

9.21.2.3.3 The responsibilities of the constructor

are specified in Division II, Section 4.33.17.

' As mentioned in Chapter 1, there are several unclarities in
the present distribution of responsibilities for the analysis,
design and execution of anchorage =zones. This section of the
proposed specification attributes clear responsibilities to the
three parties involved. The design engineer has the specific
responsibility to indicate the location of the individual tendons
and anchorage devices, and not simply the desired centroid of the
tendon force. Should the designer initially choose to indicate
only total tendon force and eccentricity, the designer retains the
responsibility of approving the specific tendon layout submitted
by a post-tensioning specialist or the constructor. The designer
is responsible for the proper design of general zone reinforcement
required by the approved tendon layout. The responsibility for the
adequacy of the anchorage device and for the proper reinforcement
of the local zone is assigned to the supplier of the hardware. It
is expected that anchorage device suppliers will deliver specific
product information indicating the required cover, edge distance

and concrete strength to the designers in the form of manuals, in
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a manner similar to the current practice in European countries. In
addition, it 1is expected that the supplier will furnish
independent verification of the adequacy of those details. The
constructor is responsible for the proper execution of the
instructions of both the engineer of record and the anchorage
device supplier. A warning is given in Section 4.33.17 about the
necessity to follow the stressing sequence 1indicated by the

engineer.

7.3.6 Methods for the Design of Anchorage Zones

9.21.3 Design of the General Zone

9.21.3.1 Design Methods

The following methods may be used for the design of
general zones:

(1) Equilibrium based plasticity models, generally
termed "Strut-and-Tie Models" (see
Section 9.21.4)

(2) Elastic stress analysis (Finite Element Method
or equivalent)

(3) Approximate methods for determining the
compression and tension forces given in Sections
9.21.3.4 to 9.21.3.9, where applicable.

The effects of stressing sequence and three-
dimensional effects shall be considered in the design.
Three dimensional effects may be approximated by

considering two or more planes independently.

The list of methods that can be used to compute the various
forces acting in the anchorage zone does not pretend to be
exhaustive, but corresponds to the state of the art for the

analysis of anchorage zones. The emphasis on the three-dimensional
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nature of the spreading of forces 1is important, because it was
observed that transverse reinforcement is often neglected by
designers (for example across the web of a girder). This leads to
designs that must rely completely on tensile stresses in the
concrete to distribute the force transversely, which 1is

undesirable.

9.21.3.2 Nominal Material Strengths

9.21.3.2.1 The nominal tensile strength of bonded
reinforcement is limited to fgy for non-prestressed
reinforcement and to £," for prestressed
reinforcement. The mnominal tensile strength of
unbonded prestressed reinforcement is limited to
fse + 15,000 psi.

9.21.3.2.2 The effective nominal compressive strength
of the concrete of the general zone, exclusive of
confined concrete, is limited to 0.7f';,. The tensile
strength of the concrete shall be neglected.
9.21.3.2.3 TUnless otherwise specified, stress shall
not be transferred to concrete until the compressive
strength of the concrete as indicated by test
cylinders, cured by methods identical with the curing
of the member, is at least 3,500 psi.

9.21.3.3 Use of Special Anchorage Devices

Whenever special anchorage devices which do not meet
the requirements of Section 9.21.5.2 are to be used,
additional . confinement reinforcement similar in
configuration and equivalent in volumetric ratio to
that used in satisfying Division II, Section 4.33.11.3
shall be placed in the portion of the general =zone

ahead of the local zone for that anchorage device.
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The specification allows a compressive stress on the
concrete of 0.7f’;, compared with 0.6f’; used earlier in this
dissertation. Considering the statistical distribution of the
results presented in Fig. 7.6, this value seems a little high.
Only one of the specimens of Series E would have reached this
level of stresses. The other specimens of this series failed with
strut stresses between 0.65 and 0.68f’., which is close to the
value proposed in the code. In other tests, strut stresses in
excess of 0.7f'; were observed, showing that this value is not
highly unconservative.

It 1is important to mnotice that reliance wupon tensile
stresses in the concrete to resist the tensile forces in the
anchorage zone is explicitly forbidden. For practical
applications, this means that anchorage zone reinforcement should
be provided in all three directions. Section 9.21.5.3 specifies
that if a given anchorage device has been tested in a testing
block involving confinement outside the local zone, a similar
reinforcement must be placed in the general zone of thé actual

structure.

9.21.3.4 Compressive Stresses
9.21.3.4.1 The compressive stresses in the concrete
ahead of the anchorage device shall be checked at a
distance measured from the concrete bearing surface
equal to the smaller of:
(1) The depth to the end of the local confinement
reinforcement.
(2) The smaller lateral dimension of the anchorage
device.
If these stresses are obtained from an elastic stress
analysis, local stress maxima can be averaged over an

area equal to the bearing area of the anchorage



device. Section 9.21.4.3 defines the critical
section if a Strut-and-Tie Model is used.

9.21.3.4.2 In the absence of a more accurate
analysis, the concrete compressive stresses induced by
isolated anchorage devices 1in rectangular cross
sections can be approximated by Equation (9-32),
provided the smaller edge distance of the anchor,
measured parallel to the larger dimension of the cross
section of the member, is at 1least one times the
corresponding lateral dimension, a, of the anchorage
device. The compressive stress induced by closely
spaced anchorage devices with a center to center
spacing of the anchorage devices less than two times
the lateral dimension of the anchorage device are
estimated by increasing the stress at the interface
between the local zone and the general zone f;, by the
correction factor sk given in Equation (9-33). In the
case of anchorages disposed in several rows,
Equation (9-33) shall be applied to both transverse

directions.

fea = 6-0.6P/[a b(L + a(l/b-1/t))]  (9-32)
kK =1+ [2 - (s/a)]-[0.3 + n/15] < 2.0  (9-33)

where

fea 1s the concrete compressive stress ahead of the
anchorage device;

a is the lateral dimension of the anchorage device
measured parallel to the larger dimension of the
cross section;

b is the lateral dimension of the anchorage device

measured parallel to the smaller dimension of

380



381

the cross section;

Py 1is the factored tendon load;

t is the thickness of the section;

s is the center to center spacing of the anchorage
devices;

K is the correction factor for closely space
anchorage devices, taken as 1.0 for isolated

anchorages.

The critical section is defined at one times the lateral
dimension of the anchorage device in the concrete, as proposed in
the present dissertation. An allowance is made for the fact that
the stresses obtained from a Finite Element Analyses are local
peak values, by permitting the stresses to be averaged over an
area equal to the area of the anchorage device. This specific
method of averaging was not used in the present work, but a higher
compressive stress in the concrete (0.75f'.) was used. The method
of averaging the stresses on a certain area appears to be
preferable because only one value needs thus to be prescribed for
the compressive strength of the concrete.

Equation (9-32) is based on Fig. 7.10 (same as Fig. 4.37),
which shows the compressive stress in a concrete strut at a depth
a ahead of the anchorage device. The value 0.6P/(asb) was obtained
by assuming that the strut angle is approximately 12 degrees. In
the case of strut angles less than this value, the stress obtained
from Equation (9-32) will be slightly unconservative,

Fig. 7.11 shows the ratio of the compressive capacity
predicted by the approximate formula to the compressive capacity
predicted by the Finite Element Solution and the strut capacity
predicted by the Strut-and-Tie Model. The approximate formula
gives results close to the values predicted by the Finite Element

Method. The formula approximates the strut capacity predicted by
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the Strut-and-Tie Model with more scatter. As shown in Fig. 7.12,
the results are slightly unconservative for the cases in which

compression controls the design (Specimens E1-E4 and M1).

1
0.8 N

0.8 h\ a=b=t
Strut 0.7 ,,
Stress 0.6
ata 0.5
strut 0.4
fb 0.3
0.2 | |Bearing Pressure fb=P/{ab)
0.1
0

0 5 10 15 20 25 30 35 40 45

Strut Angle in degrees

Figure 7.10 Stress in the Compression Struts at .a depth a as a

Function of the Strut Angle
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The derivation of the corrective factor 1/(1 + a(l/b - 1/t))
is shown in Fig. 7.13 (same as Fig. 4.14), and corresponds to the
lateral spreading of the stresses. Recognizing that the term
P/(a b) is the bearing pressure under the anchorage device and
setting the strut stress to the maximum value of 0.7f',
Equation (9-32) can be rewritten as Equation 7.1 which gives a

limit on the bearing stress under the anchorage device.
fomax = 1.17¢f' (1 + a-(1/b-1/t)) (Eq. 7.1)

In the most unfavorable case where the transverse dimension
of the anchorage device is identical to the thickness of the

member, the maximum stress is 1.174f';, or 0.88f',. Fig. 7.14

h
-2

I

A ITTTIIIVI]

!
i

o(x)
I‘ hert " - herf = a[1+x (%—%;)]

1
1 1

1+ x E_H>

Figure 7.13 Assumed Spreading of Stresses for Approximate

Computations of Compressive Stresses
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shows the value of the maximum bearing stress as a function of the
available concrete cover for various typical anchorage sizes, for
a square anchorage device. It should be noted that this expression
was developed for thin members, in which the ratios a/t and b/t
were close to unity. Therefore, the values corresponding to very

large concrete covers should be used with caution.

2.25
Plate S
5 ate Size
1.75 (b=a)
MoxiTum 1.5 - a=2in
Bearing i
Stress 1-29 i o 97 4in
n 1 a="561In
Fraction -
of f’c 0.75 a=18in
_o-
0.5 a=10 in
A
0.25
A~ a=151in
0
6o 1 2 3 4 5 6 7 8 9 10

Concrete Cover in Inches

Figure 7.14 Maximum Bearing Stress Under the Anchorage Device as
a Function of the Concrete Cover and the Dimension
of the Anchorage Device, Based on the AASHTO

Specification Proposal

The correction factor k of Equation (9-33) was derived with
the assumption that anchorage devices with a center to center
spacing of more than two times .the size of the anchorage device
act independently from one another. Equation (9-33) 1is a

linearization of the exact formula describing the increase in
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stress caused by the reduction of the strut area in case of close

spacing.

9.21.3.5 Bursting Force

9.21.3.5.1 The bursting force is the tensile force in
the anchorage =zone acting ahead of the anchorage
device and transverse to the tendon axis. The
magnitude of the bursting force, Tpurst, and its
distance from the loaded surface, dpust, can be
calculated using the Strut-and-Tie Model procedures of
Section 9.21.4 or by integrating the tensile stresses
determined from a Finite Element Analysis along the
tendon path. Three-dimensional effects shall be
considered for the determination of the bursting
reinforcement requirements.

9.21.3.5.2 In the absence of a more accurate

analysis, values for Tpurst and dpurst can be estimated
by Equations (9-34) and (9-35) respectively, provided
that:

(1) The member has a rectangular cross section and
its longitudinal extent is at least equal to the
largest transverse dimension of the cross
section.

(2) Only one anchorage device or one group of
closely spaced anchorage devices is located in
the anchorage zone considered. Anchorage devices
can be considered as closely spaced if their
center-to-center spacing does not exceed one and
one half times the width of the anchorage device
in the direction considered.

(3) The angle of inclination of the tendon as

defined in Equations (9-34) and (9-35) is



between -5 degrees and +20 degrees.
In the application of Equations (9-34) and (9-35) the
specified stressing sequence must be considered if

more than one tendon is present.

Tourst = 0.25Py* (1-a/h) + 0.5Py- |sina| (9-34)

dpurst = 0.5(h-2e) + Se.sinae  (9-35)

where
Py 1is the sum of the total factored tendon loads
for the stressing arrangement considered;
a is the lateral dimension of the anchorage device
or group of devices in the direction considered;
e is the eccentricity (always taken as positive)
of the anchorage device or group of devices with

respect to the centroid of the cross section;
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h is the lateral dimension of the cross section in
the direction considered;

o is the angle of inclination of the resultant of
the tendon forces with respect to the centerline
of the member, positive for concentric tendons
or if the anchor force points toward the
centroid of the section, negative if the anchor
force points away from the centroid of the
section.

9.21.3.5.3 Resistance to bursting forces shall be
provided by non-prestressed or prestressed
reinforcement, in the form of spirals, closed hoops,
or well anchored transverse ties. This reinforcement
is to be proportioned to resist the total factored

bursting force. Arrangement and anchorage of bursting
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reinforcement shall satisfy the following:

(1) Bursting reinforcement shall extend over the
full width of the member and must be anchored as
close to the outer faces of the member as cover
permits.

(2) Bursting reinforcement shall be distributed
ahead of the loaded surface along both sides of
the tendon throughout a distance of 2.5 dpyrst
for the plane considered, but not to exceed 1.5
times the corresponding lateral dimension of the
section. The centroid of the bursting'
reinforcement shall coincide with the distance
dburst used for the design.

(3) Spacing of bursting reinforcement shall exceed

neither 24 bar diameters nor 12 inches.

The guidelines for the determination of the bursting force
and for the disposition of bursting reinforcement attempt to lead
the designer toward reinforcement patterns which are relatively
close to the elastic stress distribution. The experimental test
results show that this leads to a satisfactory behavior under
service loads, by limiting the extent and opening of cracks and at
ultimate by limiting the required amount of redistribution of
forces in the anchorage zone. The formulas to estimate the total
bursting force and the location of the centroid of the tensile
stresses were developed in Section 5.5.1. No investigations were
made for the case of negative angles, but it is felt that a
negative inclination of five degrees should not greatly modify the
stress distribution and that the formula should also be adequate

in this case.



9.21.3.6 Edge Tension Forces

9.21.3.6.1 Edge tension forces are tensile forces in
the anchorage zone acting parallel and close to the
transverse edge and longitudinal edges of the member.
The transverse edge is the surface loaded by the
anchors. The tensile force along the transverse edge
is referred to as spalling force. The tensile force
along the 1longitudinal edge is referred to as
longitudinal edge tension force.

9.21.3.6.2 Spalling forces are induced in
concentrically loaded anchorage zones, eccentrically
loaded anchorage =zones, and anchorage =zones for
multiple anchors. Longitudinal edge tension forces are
induced in eccentrically loaded anchorage zones. The
edge tension forces can be determined from a Finite
Element Analysis, Strut-and-Tie Models, or in
accordance with Section 9.21.3.6.4 and
Section 9.21.3.6.5.

9.21.3.6.3 In no case shall the spalling force be
taken as less than two percent of the total factored
tendon force.

9.21.3.6.4 For multiple anchorages with a center-to-
center spacing of less than 0.4 times the depth of the
section, the spalling forces are adequately
approximated by the requirement of Section 9.21.3.6.3.
For larger spacings the spalling forces are similar to
the tensile tie forces existing between footings in
deep walls supported on individual footings and must
be determined from a more accurate analysis, such as
Strut-and-Tie Models or other analytical procedures.
9.21.3.6.5 If the centroid of all active tendons is

located outside the kern of the section both spalling

390



391

forces and longitudinal edge tension forces are
induced. The longitudinal edge tension force can be
determined from an axial-flexural beam analysis at a
section located at one half the depth of the
section away from the loaded surface. The spalling
force can be taken as equal to the longitudinal edge
tension force but not less than specified in
Section 9.21.3.6.3.

9.21.3.6.6 Resistance to edge tension forces shall be
provided in the form of non-prestressed or prestressed
reinforcement located close to the longitudinal and
transverse edge of the concrete. Arrangement and
anchorage of the edge tension reinforcement shall
satisfy the following:

(1) Minimum spalling reinforcement satisfying
Section 9.21.3.6.3 shall extend over the full
width of the member.

(2) Spalling reinforcement between multiple
anchorage devices shall effectively tie these
anchorage devices together.

(3) Longitudinal edge tension reinforcement and
spalling reinforcement for eccentric anchorage
devices shall be continuous and shall extend
over the full length of the anchorage zone and
from the longitudinal edge to the other side of
the eccentric anchorage device or group of

anchorage devices.

The Edge Tension Forces is the name given in the proposed
specification to the forces called Spalling Forces in this
dissertation. They include spalling forces induced by the

condition of compatibility and axial-flexural forces. The minimum
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edge tension force for the design is two percent of the total
post-tensioning force. This value is smaller than the four percent
proposed by Guyon, and reflects both analytical and experimental
findings which show that Guyon’s values for spalling forces are
high, that spalling cracks are very rarely observed in
experimental tests, and that no direct evidence connects failures
to spalling forces. In the case of eccentrically loaded anchorage
zones, the edge tension force induced by the axial-flexural action
can be simply computed by a combined axial load and flexure
analysis. In the case of multiple anchorages, the tensile force
between the anchors remains small as long as the distance between
anchors 1is less than 0.4 times the lateral dimension of the
member, as Fig. 6.12 shows. In cases where the tendons are located
further apart, the deep wall analogy presented in Section 6.2.1
can be used to compute the multiple anchors tensile forces. It
should be noted that these forces are likely to become large only
in the case of two or three anchorages located as far apart from
one another as possible. In all other cases, the minimum value

will control.

7.3.7 Use of the Strut-and-Tie Model for the Design of
Anchorage Zones

9.21.4 Application of the Strut-and-Tie Model to
the Design of Anchorage Zones

9.21.4.1 General

9.21.4.1.1 The flow of forces in the anchorage zone
may be approximated by a series of straight
compression members (struts) and straight tension
members (ties) which are connected at discrete points
(nodes). Compression forces are carried by concrete

compression struts, tension forces are carried by non-
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prestressed or prestressed reinforcement.

9.21.4.1.2 The selected Strut-and-Tie Model shall
follow a load path from the anchorages to the end of
the anchorage =zone. Other forces acting on the
anchorage =zone, such as reaction forces, tendon
deviation forces, and applied 1loads, shall be
considered in the selection of the Strut-and-Tie
Model. The forces at the end of the anchorage zone can
be obtained from an axial-flexural beam analysis.
9.21.4.2 Nodes

Local zone details in accordance with the provisions
of Section 9.21.5 or Division II, Section 4.33.11 can
be considered as properly detailed and are adequate
nodes. The other nodes in the anchorage zone are
adequate if the effective concrete stresses in the
struts meet the requirements of Section 9.21.4.3 and
the tension ties are properly detailed to fully
develop the reinforcement yield strength.

9.21.4.3 Struts

9.21.4.3.1 The effective concrete compressive
strength for the general zone shall usually be limited
to 0.7¢f'c;, where ¢ is 0.75, as specified in
Section 9.14 and Section 9.21.3.2. In areas where the
concrete may be extensively cracked at ultimate due to
other load effects, or if large plastic rotations are
required, the effective compressive strength shall be
limited to 0.6¢f'.;.

9.21.4.3.2 1In anchorage zones the critical
section for compression struts is ordinarily located
at the interface with the local zone node. If special
anchorage devices are used, the critical section of

the strut can be taken as that section whose extension
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intersects the axis of the tendon at a depth equal to
the smaller of the depth of the local confinement
reinforcement or the lateral dimension of the
anchorage device.

9.21.4.3.3 For thin members the dimension of the
strut in the direction of the thickness of the member
can be approximated by assuming that the thickness of
the compression strut varies linearly from the
transverse lateral dimension of the anchor at the
surface of the concrete to the total thickness of the
section at a depth equal to the thickness of the
section.

9.21.4.3.4 The compression stresses can be assumed as
acting parallel to the axis of the strut and as
uniformly distributed over its cross section.

9.21.4.4 Ties

9.21.4.4.1 Tension forces in the Strut-and-Tie Model
are carried uniquely by non-prestressed or prestressed
reinforcement. Tensile strength of the concrete shall
be neglected.

9.21.4.4.2 Tension ties must be properly detailed and
must extend beyond the nodes so that the full tension
tie force is developed at the node. The reinforcement
layout must follow closely the directions of the ties

in the Strut-and-Tie Model.

The use of a Strut-and-Tie Model is permitted for the design
of the anchorage zone. The stress limitations are the same as for
the other analysis methods, except in cases where a large plastic
redistribution of the internal forces is expected. This should be
avoided in anchorage zones, because of their inherent lack of

ductility. However, it is possible that, because of other load
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effects, oblique cracks may be present in the anchorage zone. In
this case, the use of a reduced compressive strength for the
concrete in the struts is necessary. Because of the great freedom
that is given to the designer in choosing the geometry of the
Strut-and-Tie Model that will be used for design, it is wvery
difficult to codify the application of the Strut-and-Tie Model to
ensure that wunsafe designs are impossible. Placing tight
constraining limits on the use of the Strut-and-Tie Model would
most likely make it useless for the many cases which cannot be
anticipated by codes and regulations, but which can successfully
be analyzed by the Strut-and-Tie Model. It is therefore
recommended that only designers with a familiarity in the
application of the Strut-and-Tie Model use it for the design of
anchorage zones.
9.21.5 Design of the Local Zone

[not included]

7.3.8 Effect of the Tendon Curvature

9.29 Effects Of Tendon Curvature [new section]

9.29.1 General

Curved tendons induce deviation forces in the plane of
tendon curvature. Curved post-tensioning tendons with
multiple strands or wires also induce forces

perpendicular to the plane of tendon curvature.

9.29.2 In-Plane Forces
9.29.2.1 In-plane forces are given by Equation (9-
40).

F: = Po/R  (9-40)

where

Fr is the in-plane deviation force per length,



Py, 1is the total factored tendon force,
R is the radius of curvature of the tendon at the
considered location.
9.29.2.2 No reinforcement for in-plane forces is
required if the radial tensile stresses induced by the
in-plane forces are smaller than 24f’,; (Equation(9-
41).

Fr < 2¢f':1(2-D)  (9-41)

where

Fr is the in-plane deviation force in pounds per
inch;

f'ci 1s the concrete compressive strength at the time
of stressing in psi;

D is the smaller of the tendon duct diameter or
the concrete cover over the tendon duct in
inches.

9.29.2.3 If the in-plane deviation forces are
larger than specified in Section 9.29.2.2, fully
anchored tie-back reinforcement to resist all of the
in-plane deviation forces shall be provided in the
form of prestressed or non-prestressed reinforcement.
9.29.3 Out-of-Plane Forces

9.29.3.1 Out-of-plane forces can be estimated using

Equation (9-42):
Fout = Fr/ﬂ' (9'42)

9.29.3.2 No reinforcement for out-of-plane forces
is required if the nominal shear stress induced across
the concrete cover by these out-of-plane forces is

smaller than 2¢f’.; (Equation (9-43)).
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Fous < 26£':1(2C)  (9-43)

where

c is concrete cover over the tendon duct in

inches;
f'ci is the concrete compressive strength at the time
of stressing in psi;

Fout 1s the out-of-plane force in kips.
9.29.3.3 If the nominal shear stress induced across
the concrete cover 1is larger than 2¢f’c.;, local
confining reinforcement shall be provided throughout
the curved tendon segments to resist all of the out-
of-plane forces, preferably in the form of spiral
reinforcement.
4.33.17 Anchorage Zones [new section]
The constructor 1is responsible for the proper
placement of all materials and correct performance of
all stressing operations according to the design
documents of the engineer of record and the
requirements stipulated by the anchorage device
supplier. Stressing operations may not be initiated
before the minimum concrete strengths specified by the
engineer of record and the anchorage device supplier
are verified. Modifications to the local zone details
verified wunder provisions of Section 9.21.5.3 in
Division I and Section 4.33.11 in Division II shall be

approved by the engineer of record.

Provisions covering transverse multi-strand effects are not
a direct part of the present dissertation, but are part of the
project statement of NCHRP. The formulas presented here are

simplifications of the formulas originally proposed by Stone and
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Breen [173] and implemented in the PTI Post-Tensioning Guide
[140]. Equation (9-42) simply gives the deviation force caused by
a circular cable of radius of curvature R. Assuming that the
strands fill half of the tendon duct, Stone and Breen's formula
can be rewritten as Equation (9-43) which gives the transverse
force induced by the multi-strand effect. This force can be
resisted by the concrete cover according to Equation (9-43), with
a maximum shear stress of 2/f'.;. If the deviation force is larger
than that value, confining reinforcement, preferably in the form
of a spiral, shall be provided for the transverse deviation force

Fout .

7.3.9 Example of Application of the Proposed Specification

The example chosen for this application of the approximate
design method of the proposed specification is the sample problem
which was submitted to the nations participating to the CEB survey
[29] described in Chapter 1. Fig. 7.15 shows the geometry of the

girder and the anchorage zone to be designed.

Design Procedure

- The individual tendon loads are 450 kN or 99 kips, for a
total of 2,700 kN or 594 kips.

- The anchorage devices are assumed to be squares with a side
dimension of 133 mm or 5.23 in instead of a circular plate
with a diameter of 120 mm (4.7 in) as given in the CEB
problem, so that the anchorage devices can be considered as
closely spaced in both the main plane and across the
thickness, according to Section 9.21.3.5.2, point (2). The
size of the overall equivalent anchorage device is
300 + 133 = 433 mm or 17.0 in, resulting in a ratio
a/h = 433/1,200 = 0.361.
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Figure 7.15 Geometry of the Sample Problem of the CEB Survey

(all dimensions in millimeters)

- The average eccentricity of the tendons is
700 - 1,200/2 = 100 mm or 3.94 in, resulting in a ratio
e/h of 0.083, well inside the kern of the rectangular
section.

- The average angle of inclination of the tendons is
7.7 degrees. The bursting force Tpurst can be designed:

Tourst = 0.25Py- (1-a/h) + 0.5P,* |sina| (9-34)
Tpurst = 0.25-2700-(1-0.361) + |O.5'2700-sin(7.7)| = 612 kN
or 134.6 kips

- The required area of reinforcement is:
1.3-612/(0.7560/145) = 2,563 mm® or 3.97 sq in

- The centroid of the reinforcement should be placed at the

location dpurst:
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dpurst = 0.5(h-2e) + 5e-sina (9-35)

dpurst = 0.5-(1,200-2 100) + 5-100-sin(7.7) = 567 mm or
22.3 in

According to Section 9.21.3.5.3, point (2), the bursting
reinforcement should be distributed over a distance of
1,420 mm or 55.9 in ahead of the anchorage device.

Assuming that the anchorage devices are provided with a
local zone confining reinforcement extending for 133 mm or
5.23 in, the increase in compressive stress caused by
closely spaced anchorage devices in both directions is:
k =1+ [2 - s/a]-[0.3 + n/15] £ 2.0 (9-33)

Kmain plane = 1 + [2 - (150/133))]-[0.3 + (3/15)] = 1.44
Ktransverse = 1 + [2 - (200/133)]1-[0.3 + (2/5.5)] = 1.22

Ktot = 1.44+1.22 = 1.75

The compressive stress in the concrete at the interface
between the local zone and the general zone is:

fea = £°0.6P/{a*b(1 + a(l/b-1/t))] (9-32)
foa=1.75-0.6-1.3-450,000/{133-133 - (1+133+(1/133-

1/250))] = 23.7 MPa or 3,355 psi.

The concrete quality is €30, with a cube compressive
strength of 30 MPa, or a cylinder compressive strength of
3,625 psi. In this case, the stresses in the concrete at the
interface between the local zone and the general zone are
3,355 psi or 0.92f';, which is more than the allowable value
of 0.7:0.75°3,625 = 1,903 psi or 0.52f';. The minimum
concrete strength for  this application should be
0.92/0.52-3625 = 6,500 psi.

Spalling reinforcement must be provided for the minimum
value of 2% of the total force, of 0.02-450:6 = 54 kN or
11.9 kips. The required cross sectional area is
54/(0.75-60/145) = 174 mm? or 0.20 sq in. Spalling

reinforcement will be provided in both the main plane and
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the transverse direction.
- The transverse bursting force is:
Tourst = 0.25P;* (1-a/h) + 0.5Py* |sina| (9-34)
Thurst, trans = 0.25-2700 (1-333/500) = 225 kN or 49.5 kips
- The required area of reinforcement is:
1.3 225/(0.75:60/145) = 942 mm? or 1.43 sq in
- The 1location of the centroid for the transverse
reinforcement is:
dpurst = 0.5(h-2e) + 5e-sina (9-35)
dburst,trans = 0.5°(500) = 250 mm or 10 in
- The length over which the transverse reinforcement needs to

be distributed is 625 mm or 25 inches.
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Figure 7.16 Final Reinforcement for the Example Problem of CEB

Survey According to Specification Proposal
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Fig. 7.16 shows a possible reinforcement layout for the
anchorage zone of the example problem. Fig. 7.17 shows the
solution to the CEB problem using a Strut-and-Tie Model. The
centroid of the reinforcement is slightly further from the
anchorage device than given by the approximate formula, leading to

a smaller amount of reinforcement (2220 mm?). The compressive

-~ 680 ——\

a) Strut—and—Tie Model ,
with Member Forces

T \
=

b) Check of the Critical Section
of the Compression Struts

Figure 7.17 Solution of the CEB Problem Using the Strut-and-Tie
Model
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stress at the interface between the local zone and the lower

strut, which is the most critical, is

foa = 1.3-(1480-220)/[(243/25.4) -(328/25.4)] = 3,425 psi
>1,903 psi

As in the case of the approximate formula, the concrete
strength given in the problem is not sufficient for the
application of the post-tensioning load. The minimum concrete
strength required for this application is
(3,425/1,903) -3,625 = 6,500 psi.

The magnitude of the transverse force, the amount of
reinforcement and the extent over which the reinforcement must be
distributed are greater than the largest values obtained from the
countries participating in the CEB survey on anchorage zones [29].
In the survey, the largest predicted tension force was 450 kN,
with a corresponding reinforcement of 2000 mm?. For more details
on the CEB survey, see Section 2.8. Fig. 7.18 shows the transverse
force obtained as answer to the CEB survey, compared with the
proposed specification. The results are larger than any of the
answers obtained by the CEB, but relatively close to the largest
value, which probably did mnot consider the effect of the
inclination of the tendons. It is significant that the concrete
strength specified in the CEB example problem 1is clearly
insufficient to prevent a failure in compression at the interface
between the local zone and the general zone, which is predicted by
both the Strut-and-Tie Model an the approximate code formula. This
is caused by the very small center to center spacing of the
anchorage devices in the main plane of the member. Manufacturer’s
specifications indicate that a center to center spacing of four
third the plate size are generally recommanded in practice. If the

center to center spacing is increased from 150 mm to 180 mm, the
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compressive stress at the interface between the local zone and the
general zone becomes 2,740 psi, or 0.76f',. The minimum concrete
stength for that layout of the anchorage devices 1is then
5,300 psi, which is a more reasonable value than the 6,500 psi

obtained previously.

. Strut-and-Tie
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- Mode |
600 Simplified
Formula
500
Transverse

. 400

Tensile 4
Force 300

in KN 4
200
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Figure 7.18 Results of the CEB Survey on Anchorage Zones Compared

with the Results of the Proposed Specification



Chapter 8: Conclusions

8.1 Introduction

The original research statement by NCHRP which initiated the

overall UT Austin research program on anchorage zones stated that:

"The AASHTO Standard Specification for Highway
Bridges does not provide adequate guidance for
designing reinforcement for tendon anchorage zones of
post-tensioned concrete girders and slabs. Current
designs can result in excessive cracking or congested
reinforcing details. The wide variation of design
practices currently suggests the need for research in

this area. [...]

"Design Criteria are needed for reinforcement
details for inclined, sharply curved and highly

eccentric tendons, and for intermediate anchorages."

At the conclusion of the first phase of the research
project, and considering the concepts presented in the present
dissertation, it is felt that decisive progress has been made
toward ensuring more reliability, more consistency and more
clarity in the design process of anchorage =zones of post-
tensioning tendons. The concept of the local zone and the general
zone subdivision of the anchorage zone allows for more flexibility
in the choice of the post-tensioning hardware, and at the same
time ensures that the selection of a specific, satisfactory

anchorage device does not have a major influence on the design of

405
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the rest of the structure. The distinction between three possible
modes of failure allows a better understanding of the behavior of
the anchorage zone. It emphasizes the need to systematically
combine adequate uniaxial compressive strength of the concrete,
adequate confining reinforcement in the local zone and adequate
reinforcement in the general zone in the design process. The
elaboration by Roberts [144] of a testing procedure for local
anchorage zones is an important step towards effective
standardization of the performance of the anchorage devices. The
present study, by focusing on failures occurring in the general
zone, shows that the amount of reinforcement provided is not the
only parameter to consider when computing the ultimate capacity of
an anchorage zone. The hypotheses for the distinction between the
various modes of failure were verified by comparing the
theoretical predictions with the test results of Sanders [151] and
Stone [167]. A good agreement was found between theoretical and
experimental results. According to the model wused in this
dissertation, several of Stone's experimental test specimens
failed in the local zone or at the interface between the local
zone and the general zone, without mobilizing the bursting

reinforcement provided in the general zone.

8.2 Analysis of Anchorage Zones Using the Finite Element
Method

The results of linear Finite Element Analyses of anchorage
zones can be used in various ways for the design of anchorage
zones. Principal stress vector plots can used in constructing and
evaluating the Strut-and-Tie Models discussed in the next section.
The distribution of the elastic tensile stresses can be used to
estimate the cracking load for the experimental specimens. The

distribution of compressive stresses can be used to estimate the
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maximum compressive strength of the anchorage zones. Because of
the great flexibility of the Finite Element Method, a large number
of parametric studies can be performed, exploring more general
configurations which could not be experimentally tested within the
limits of the current research project.

Estimations of the cracking load based on the maximum
tensile stress in the bursting region, taking into account the
presence of the tendon duct and using the tensile strength of the
concrete as measured from split cylinder tests predict cracking
loads slightly greater than the actual cracking load. In general,
the results are within a reasonable range considering the
uncertainties involved with concrete in tension. Some limited
amount of cracking should be expected in most anchorage zones
located in thin members. If the anchorage zone 1is otherwise
properly designed, this cracking should not be a source of concern
as far as the strength of the structure is concerned.

Using the results of the Finite Element Analyses, the
maximum compressive force that can be applied on the anchorage
zone can be estimated. Because of the presence of confining
reinforcement in the local =zone, the bearing stresses under the
anchorage device can be in excess of the uniaxial compressive
strength f';. of the concrete. The concrete of the general zone, on
the other hand, 1is unconfined and can resist only compressive
stresses in the vicinity of 0.75f';. The critical section for the
compressive stresses 1is therefore generally 1located at the
interface between confined and unconfined concrete. Because the
length of the confining reinforcement is usually about equal to
the lateral dimension of the anchorage device, it was found, that
by allowing the compressive stress in the concrete at a distance
equal to the lateral dimension of the anchorage device ahead of
the anchorage to be 0.75f'’;, a reasonable prediction of the

ultimate compressive strength of the anchorage zones was obtained,
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assuming that failure does not occur at a lower load for another
reason such as local zone failure or tension tie failure.

An extensive series of parametric studies on the influence
of the various geometric parameters of the anchorage =zone
confirmed the results of Guyon [74], and investigated the
influence of additional parameters 1like the inclination and
curvature of the tendon.

A practical design formula for the tensile bursting force
Tpurst, incorporating the influence of relative size of the
anchorage device, the eccentricity of the tendon and the
inclination of the tendon was developed, and 1is given in

Equation 8.1.
Tpurst = 0.25P(1-a/h) + 0.5:P-sin(a) (Eq. 8.1)

A corresponding equation giving the location of the centroid
of the tensile stresses, dcentr, was also developed and is given in
Equation 8.2. The quantities involved in the two equations are

given after Eq. 8.2.
deentr = 0.5-(1-2e/h) + 5-e-sin(a) (Eq. 8.2)

Where

P 1is the total factored tendon load for the stressing
arrangement considered,

a 1is the lateral dimension of the anchorage device or group of
devices in the direction considered,

e 1is the -eccentricity (always taken as positive) of the
anchorage device or group of devices,

h 1is the transverse dimension of the cross section in the
direction considered,

a 1is the angle of inclination of the resultant of the tendon

or tendons with respect to the centerline of the member,



409

positive for concentric tendons or if the anchor force
points toward the centerline of the member, negative if the

anchor force points away from the centroid of the section.

These two equations can be used for a very wide variety of
applications, with angles of inclinations varying from -5 degrees
(extrapolated) to 20 degrees. In the proposed specification for
the AASHTO Bridge Design Specification, the use of this formula
has also been proposed for closely spaced groups of tendons,
making its range of applicability even wider.

Spalling stresses can be caused by compatibility in the case
of concentric or slightly eccentric tendons or by flexural action
in the case of eccentric tendons or between multiple anchorages.
No anchorage zone failure was directly related to the spalling
stresses or forces. In fact, spalling cracks were very rarely
observed in concentric specimens and a tendency for redistribution

of internal forces was observed in eccentric specimens.

8.3 Analysis of Anchorage Zones Using the Strut-and-Tie
Model

One important concept at the beginning of the research
project was the idea of trying to apply the Strut-and-Tie Model to
the analysis and design of anchorage zones. In recent times, a
large emphasis has been placed on the use of the Strut-and-Tie
Models for the design of discontinuity regions in reinforced and
prestressed concrete structures [20, 156]. However, little
research had been done so far on the applicability of the Strut-
and-Tie Model to regions like anchorage zones where, because of
local confinement, the stresses in the concrete can exceed the
uniaxial compressive strength and very strong gradients of

stresses are present. The distinction made between failure of the
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local zone and failure of the general zone made possible the
application of normal Strut-and-Tie Model techniques to the
general zone, excluding the local zone from the Strut-and-Tie
Model and treating it as a separate problem.

While most applications of the Strut-and-Tie Model to design
practice try to prevent a failure of the concrete in compression,
this is not easily possible for anchorage zones, because the
tensile strength of the concrete is much more significant than for
cases involving bending or shear. In most cases, the ultimate load
of the anchorage zone test specimens was less than two times the
cracking load, which is a much smaller ratio than observed in
bending for example. Only a few cracks typically develop before
failure of the anchorage zone, leaving a large part of the
concrete uncracked and able to resist substantial tensile forces.
The presence of an important component of tensile stresses in the
concrete makes the failure of an anchorage zone generally very
brittle, and the ductility of an anchorage zone is relatively
small. However, a series of tests showed that the distribution of
the tensile bursting reinforcement in the bursting region can
diverge from the elastic stress distribution without substantial
deterioration of the performance. For design, it appears desirable
that the Strut-and-Tie Models of anchorage zones be reasonably
close to the elastic stress distribution. To that effect, the
principal stress vectors and principal stress trajectories
obtained from a linear - elastic Finite Element Analysis are
helpful.

Comparisons between the results of parametric studies using
the Strut-and-Tie Model with parallel parametric studies using the
Finite Element Method show that the results of both methods can
give very close agreement. The main geometric parameter needed for
the development of a Strut-and-Tie Model is the location of the

centroid of the tensile bursting force. This location can be
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determined by setting the diffusion angle of the compression
forces to 26 degrees on either side of the tendon path, measured
from the center of the anchorage device, or to a total of
52 degrees for cases with inclined or curved tendons. This is a
very advantageous property, because, although Finite Element
programs tend to be more and more available to the designer, it
does mnot appear desirable nor 1likely that a Finite Element
Analysis will be performed for each and every anchorage zone. The
results of the Strut-and-Tie Model are sufficient to safely design
the reinforcement. The stresses in the concrete struts at the
interface between the local zone and the general zone must be
considered and can often control the design. The accuracy of the
prediction of the compressive strength based on the Strut-and-Tie
Model decreases with increasing complexity of the specimens. For
very complex configurations, it appears desirable to use the

results of a numerical analysis.

8.3 Proposed Specification for AASHTO

Based on the results of the present analytical study and on
the experimental results of Sanders [151] and Roberts [144], a
proposal for an expanded section of the AASHTO Bridge Design
Specification was made. The new sections clearly delineate the
responsibilities of the parties involved in the analysis and
design of anchorage zones, by attributing the responsibility for
the performance of the local =zone to the anchorage device
supplier, the responsibility for the overall design and
specifically the design of the general zone to the engineer of
record, and the responsibility for the proper execution to the
constructor. The forces that need to be considered for the design
of anchorage zones are defined and the various possible modes of

failure of the anchorage zone are described. Methods suitable for
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the analysis and design of anchorage zones are presented, and
approximate formulas are given for the design of anchorage zones
located at the end of girders. A load factor of 1.3 on the maximum
applied tendon force (generally 0.8Fpu) is proposed, in
conjunction with a ¢-factor of 0.75. The maximum stress in the
reinforcing steel can be assumed as the yield value for bonded
reinforcement. The maximum compressive stress in the concrete can
be assumed as 0.7f'. for most cases. The tensile strength of the
concrete is neglected. The use of Strut-and-Tie Models is allowed
by the proposed code specifications, and guidelines are given for

the design based on this analysis method.

8.4 Possible Areas of Future Research

The results of the present study constitute an Iimportant
step in analytical and experimental investigations of anchorage
zones of post-tensioning tendons. A rational model of the behavior
of anchorage =zones was proposed, and it can be expanded to
configurations that are mnot included in the present study.
Additional aspects are presently under investigation as part of
the second phase of the overall UT Austin project on anchorage
zones. These additional configurations include anchorage devices
located in blisters, ribs and diaphragms, as well as slab anchors.
The effect of a transverse reaction will also be investigated.

Further experimental research should include a more
comprehensive treatment of the state of stresses at the interface
between the local zone and the general =zone, including the
possible use of additional confining reinforcement in the general
zone. Long term testing, as well as observation of actual
structures should assess the dependability of concrete tensile
stresses, possibly leading to the introduction of a contribution

of concrete in tension in the design equation.
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Additional analytical research should include the use of
non-linear models for the behavior of the concrete. An analytical
study of the influence of the tensile strength of the concrete on
the behavior is highly desirable to allow comparison with
experimental test results. Although it has mainly been used for
stress fields with small gradients, the compression field theory
of Collins et al. [36] offers promising possibilities for the
modelling of concrete after cracking, including nonlinearities in
tension as well as in compression.

The purpose of this dissertation was mnot to develop a
perfect design equation that would fit every specific case, but
rather to develop consistent and safe design methodologies that
can be used in the absence of other information. The reader is
reminded of the results of the CEB survey mentioned in Chapter 2,
where the designs of anchorage zones according to the national
codes of six developed countries exhibited a scatter of almost
1,000%. In this context, the economy of a given anchorage =zone
detail is secondary to its safety. The design procedures developed
in the present dissertation should permit reduction of the scatter
in the designs to maybe 10% when the simplified design formulas
are applicable and maybe 20% when Strut-and-Tie Models need to be
developed, which 1is a substantial improvement. If the proposed
desipgn guidelines were used to design experimental test specimens,
it is expected that the scatter of the actual ultimate load of the
specimen would be larger, maybe in excess of 25%. One specific
area of research that will be generated by the implementation of
the proposed design guidelines is the many questions that will
unavoidably be raised by special details which are not covered in
the present study. It is expected that Highway Departments or
other organizations will desire that special anchorage detailing
procedures be closely investigated in order to ensure consistent

and economical designs.
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