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Abstract

Three-dimensional photoelastic investigations were carried out on eight photoelastic models to
study the behaviour of end blocks by establishing the magnitude and distribution of stresses on critical
planes. The effect of area concentration ratio, cable duct, position of the anchorage unit and interactive
effect of multiple anchorages has been investigated. Stress concentrations under the anchorage unit were
studied and the role and magnitude of critical sub-surface shears established.

Recommendations have been made for the design of the anchorage block. Concrete blocks were
carried out to study the failure mechanism of end blocks.
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ABSTRACT

Three-dimensional photoelastic investigations were
carried out on eight photoelastic models to study the
behaviour of end blocks by establishing the magnitude and
distribution of stresses on critical planes. The effect
of area concentration ratio, cable duct, position of the
anchorage unit and interactive effect of multiple anchorages
has been investigated. Stress concentrationsunder the
anchorage unit were studied and the role and magnitude of

critical sub-surface shears established.

Recommendations have been made for the design of
the anchorage block. Concrete blocks were carried out to

study the failure mechanism of end blocks.
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INTRODUCTION

1.1 THE ANCHORAGE ZONE PROBLEM

One of the most important factors in the design of
post-tensioned prestressed concrete members is the magnitu-
de and distribution of the stresses associated with the
diffusion of highly localized and discontinuous prestress-
ing loads applied by anchoring the stressed cables at the
end of the anchorage blocks. The creation of large pre-
stressing forces through cables or bars gives rise to a
high concentration of stresses in the region around the
anchorage. On the bearing or end surface itself the stress
distribution is extremely complex; regions directly under
the anchorage carrying very large forces, whilst the re-
mainder of the surface remains almost completely undeformed.
However, at distances normally equal to, or greater than,
the depth of the beam, only longifudinal normal stresses
exist which are usually distributed in a linear format.
These longitudinal stresses can be conveniently evaluated
using the familiar concepts of strength of material. In the

process of progressive transformation from a discontinuous,



irregular and highly localized stress system at the end
surface to a regular longitudinal normal distribution at
some distance from the end, a complex system of transverse
tensile and shear stresses is set up within the body of the
end block. '"Anchorage zone'" is the most commonly used term
to designate the length wherein the stress transformation
from one stage to another takes place and the part of the
member within this zone is known as "anchor block" or "end
block". Guyon''®%however, has given this zone an alternative

name of '"Lead-in-Zone".

To be more specific, when a prestressed structural
unit is post-tensioned by a group of separate tendons,

tensile stresses are set up in the anchor block

(i) Underneath the anchorages
(ii) Between the anchorages, and

(iii)In areas near the corners of the end face.

The magnitude of the maximum tension in each of the
three aforesaid categories can easily be critical in view
of the low tensile strength of concrete. This could lead
to a tensile failure of the end block if suitable local
reinforcement is not designed and detailed to withstand
these splitting, bursting and spalling stresses. This en-

tails a precise evaluation of the magnitude and distribution



of the critical stresses as a prerequisite to an optimiza-

tion of such structural units.

In the anchorage zone of the prestressed beams, for
example, the state of stress is of an exceedingly complex
three-dimensional nature and is entirely different from
that prevailing in the remaining length of the beam. As
the critical end zone stresses are located in the immediate
vicinity of the anchorages, Navier's classical theory of
bending proves to be inadequate to provide a reasonable
evaluation of the magnitude and distribution of those
essentially parasitic complex transverse tensile stresses

in the bursting and spalling zones of the anchor block.

The precise nature and pattern of the transverse stress
distribution in the anchorage zone is influenced by a large

number of factors including

1) The ratio of the loaded area to the area of cross-
section of the end block (hereafter called concentra-
tion ratio k and defined as Ai1/A),

2) The proximity and interaction of other anchorages.

3) The method of anchoring the tendons.

4) The shape and position of the anchorage unit.

5) The geometry of the cross-section of end block and

that of the structural unit adjoining it.



Several instances of the failures of the anchor blocks,
some from the construction of a few major structures, have
been reported. Due to the complexity of the stress distri-
bution system associated with the anchorage zone as well as
because of a large number of commonly interactive parameters
present in the design situation, codes of practices on
structural prestressed concrete in most of the countries,
even to this day, either do not include any recommendations
or at best make some general comments or suggest some empi-

rical formulae which have little relevance to this problen.

1.2 COMMENTS ON THE PRESENT STATUS OF KNOWLEDGE ON THE

ANCHORAGE ZONE PROBLEM

Several theoretical solutions have been presented which
are in fact approximate or exact solutions of the mathema-
tical models assumed to simulate the anchorage zone problen.
Most of these are based on a two-dimensional approach 2:345%:78
and on assumptions which represent a highly simplified form
of the actual physical situation with respect to almost all
.the parameters which are known to affect the magnitude and
distribution of the critical stresses in the anchorage zone.
The two-dimensional approach alone, made to simplify the
theoretical derivation, introduces considerable inaccuracies

in the magnitude of the resulting stresses. The transverse



stresses in the direction of the depth of the beam are
significantly decreased and the tensions across the width

of the beam are completely ignored. In almost every theory
there are other approximations and assumptions which al-
though primarily introduced to simplify the mathematical
approach, inevitably lead to a less accurate description

of the actual behaviour. It is probably on this account
that considerable discrepancies exist between these theo-
ries. To the author's knowledge only four theoretical
solutions®!®1 112 haye been formulated todate which take

into account the three-dimensional nature of the problem;
two of these conceive the mathematical model as axisymmetric,
having a co-axial cable duct under a circular load - an
idealization far from being realistic. The other two are
closer to the actual geometrical configurations with respect
to the endblock and the loading pad. However, the results
of these solutions are contradictory with respect to certain
important considerations and, more significantly, are shown
by tests on concrete endblocks to seriously underestimate

the critical stresses.

Table 1.1 compares the results of the better known
theoretical solutions with the measurements made by

Zielinski and Rowe'}, and Taylor!*on concrete endblock test



specimens. This data indicate that the theoretical pre-
dictions for the maximum elastic tensions in the surface

are invariably low and confirm the need to undertake a

more detailed examination of the elastic stresses in typical

end anchorage units.

The experimental investigations on actual or model
concrete endblocks are mostly piecemeal and fail to provide
comprehensive test data to enable satisfactory conclusious
to be drawn on the behaviour, design and failure character-
istics. The two exceptions are the tests carried out by
Zielinski and Rowe'!?at the Cement and Concrete Association
Laboratories and by Taylor!'* at the University of London.
The strain measurements made were,however, confined to
surface planes and therefore provide little insight into
the complexities of the internal distributions of the

critical tensile and shear stresses.

Two-dimensional photoelastic investigations have been
carried out by several investigators but comprehensive
three-dimensional photoelastic tests have been made only
by S.P.Christodoulides'®whose work has been widely reported
and used by designers and researches. Unfortunately, the
analysis contains an error in the signs of the shear slope

contributions which have resulted in considerable distortion



of the stress distributions in the anchorage zone. There
are other shortcomings in the experimental techniques used
in this work which are likely to induct serious inaccuracies.

These are discussed in detail in Chapter
1.3 THE SCOPE OF THE PRESENT WORK

The work presentéd in this thesis consists of

(i) Three-dimensional photoelastic investigations on end
block models prestressed by single and multiple ancho-
rages of the external and embedded types with and
without cable ducts; and

(ii) Tests on concrete endblock models.

The content of the photoelastic work can be enumerated as

follows:

Firstly, it is a study to establish the qualitative
and quantitative picture of stress distribution in the
anchorage zone when the anchor block is post-tensioned with
single and multiple anchorage units. The magnitude and
nature of all the important stress components on critical
planes are obtained. The principal stress trajectories
are drawn for typical cases to examine the diffusion of
transverse tensile stresses and the longitudinal stresses

in the whole body of the end block. The external anchorages



used correspond to CCL compact plate, Lee McCall or Magnel-
Blaton Systems, all of which employ a rectangular thrust
plate acting on the face of the concrete end block. The
embedded anchorage units simulate the Freyssinet system of
prestressing which employs a cylindrical thrust block. The
justification for adopting the anchorage units of the type
described for a comparative study is in the sharp contrast
of their several essential characteristic features; geomet-
ric, positioning in the member, method of anchoring wires
and in the mode of transmitting the forces to the body of

the end block.

Secondly, the degree of stress concentration (hereafter
called concentration ratio) expressed by the ratio of the
loaded area(A;) to the area of the anchorage block, (A) being the
most important parameter influencing the magnitude of the
tensile stresses, one special series of tests have been so
planned as to establish a relationship between the value
and position of the maximum transverse tensile stresses and

the concentration ratio.

Thirdly, all photoelastic work and most of the concrete
testing that have been carried out hitherto, use external
rectangular or circular thrust plates to simulate the

anchorage units of all types. These experimental techniques
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tend to ignore a vital difference which occurs in the mode
of transmitting the forces to the body of the end block if
the anchorage unit is embedded within the body of the

anchor block instead of being external to it. Whereas in

the case of the later, the total applied load is transferred
by bearing action in the case of the former part of the load
will almost certainly be transferred by the shear action

and only the balance by bearing. One series of the present
photoelastic investigations employs the embedded anchorage
unit and the results of this series tend to establish the
precise mode of load transfer to the end block when an
embedded anchorage unit is used for prestressing. The ratio
of loads transferred by shear and bearing has been establish-
ed and the magnitude and pattern of the critical tensile and
shear stresses have been established on surface and internal
planes for purposes of comparison with the corresponding
values for the end block employing the external type of

anchorage.

Fourthly, photoelastic tests have been planned in one
series to enable the effect of cable duct to be established
on the magnitude and location of the critical stresses. As
there are very substantial difficulties in successfully

obtaining internal measurements in concrete end blocks, it
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is noteworthy that information on the effect of cable
duct or on the mode of load transfer on internal planes is

unlikely to be reliable from that source.

Fifthly, a series of three-dimensional photoelastic
tests has been planned to study the interactive effect of
multiple anchorages. The model of a prestressed concrete
beam end block has been post-tensioned using a group of
three external plate anchorages. The configuration of these
loading pads has also been varied with respect to the width
of the beam to obtain information on the magnitude and
location of critical tensile stresses in the surface plane
as affected by the proximity of the loading pad to this

plane.

Sixthly, tests have been carried out on model concrete
end blocks to establish the failure characteristics of
concrete situated in the complex three-dimensional stress
system of the anchorage zone. Actual concrete is a two-
phase heterogeneous, anisotropic, material showing noticeable
quasi-elastic deformational responses to loads in all ranges
but specially so in the range obtainable in anchor blocks.

It would be a gross over simplification to think in terms
of a limiting tensile strain or stress as a criterion of

concrete failure when subjected to complex states of stress
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such as those exist in the anchorage zone. Actual concrete
tests under realistic conditions will go a long way to
provide valuable guidance in establishing a viable empirical
design methodology which appears to be the best approach

to this problem with the existing state of knowledge on the

subject.

The strain measurements from concrete tests were also
used with the supplementary purpose to establish the degree
of influence of the Poisson's ratio effect by comparing the
computed concrete surface stresses with those obtained

from photoelastic tests and models,

Further, the data obtained from the photoelastic and
concrete tests has been analyzed and arranged in such
formats as to be of direct use to the designer of the end
block. Guyon's'2?symmeterical prism method is the most
commonly adoptéd concept for computing maximum tensile
stresses and the magnitude of tensile forces along critical
planes in multi-anchorage applications. The data obtained

in the present investigations seeks to test this concept.

Finally, in the whole range of the experimental
programme an attempt has been made to seek refinements and
innovations in the techniques. Unlike other researchers,

techniques have been developed and used:
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(1) to represent correct physical features,

(ii) to allow for the appropriate stiffnesses of anchorage
unit and end block material, and

(iii)eliminate differential thermal expansion at the metal-
epoxy interface which is likely to introduce high
local shear stresses and thus distort the stress

distribution in the vicinity of the anchorage unit.

In concrete testing pulse velocity techniques were used
to identify the onset of cracking and photostress techniques
have been used to provide a full field visual picture of
the strains on the surface plane and the loaded end face of

the anchor block.

1.4 SPECIAL FEATURES AND POSSIBLE LIMITATIONS OF THE

INVESTIGATIONS

The anchorage zone problem invariably incorporates
significant features which can only be clarified and covered
by a three-dimensional study. Amongst others, these features
include the effect of the cable ducts, stress concentrations
near the edges of the loading pad, shears developed under
the surface of the anchorage due to the restraining action
resulting from the friction between the loading pad and

the end block, stress distribution in the controversial
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spalling zones, the proportion of load transferred by shear
in the case of the embedded anchorage, the mode of stress
diffusion into the body of the end block, and the evaluation
of the magnitude and distribution of stress on internal
planes. The anchorage zone problem falls in the following
two of the several categories which are specially suited

to the genius of the three-dimensional photoelastic technique!®.

(i) the analysis of three-dimensional structures too
complex to be modelled numerically within the
limitations of the available programmes and machines,
and

(ii) modelling structures composed of two or more contacting
components and in which the contact boundary conditions

change with increased load.

It was felt that photoelastic method at present is the
only possible experimental approach to the anchorage zone
problem if its three-dimensional constitution based on
aforesaid factors (listed in para 1 of this section) is
to be examined adequately. Further the photoelastic method
provéd to be a quick and inexpensive technique and it
enabled a complete and full investigation of all the fea-
tures listed in para 1 of this section. Almost 2500

observations were recorded on a large number of slices
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removed from light photoelastic models which manufactured

for this investigation.

The photoelastic method suffers from the obvious dis-
advantage that the models have to be made from material
having special optical properties and having little re-
semblance to concrete. The later is a two-phgsg hetero-
genous, anisotropic, quasijelastic material of a most
complicated nature which does not show a simple response to
the action of applied loads. The photoelastic material used,

however, ﬁéy_ﬁé treated as elastic and isotropic for all
practical purposes. As failure conditions are approached

in concrete structures, the deformation behaviour becomes
exceedingly complex and there is considerable uncertainty

as to the true nature of the mechanics of internal stresses.
To this general difficulty is added the specific complica-
tion that the failure conditions of concrete are undoubtedly

modified under the action of combined compressive and tensile

stresses as is the case in the anchorage zone.

In view of these difficulties an attempt has been made
to design an experimental programme which meets some of the
aforesaid limitations and difficulties effectively. The
belief that photoelastic measurements will predict the

stresses in actual concrete end blocks fairly accurately
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in the working range is based on the following justifica-

tions:

(1)

(ii)

Although very few materials are homogenous and
isotropic, but the average behaviour over a
sufficiently large sample very often corresponds

to the ideal condition. In metals, over a few
hundred grain sizes, in concrete over ten times the
maximum aggregate size, and even in soils on samples
of hundreds of particles, measured strains have been

shown to agree with the ideal states.

Differential Poisson's ratio effect usually figures
in a three-dimensional analysis and is the usual
factor causing concern to the photoelastician. The
value of Poisson's ratio for concrete is usually

0.15 to 0.20, while the value for Araldite B is about
0.45. This difference, it is generally believed!7»!®
only influences the minor stresses in such a way that
the effect does not exceed the usual experimental
error of + 10 percent.Previous work by Iyengar? on
the anchorage problem as well as favourable outcome
of comparisons made in this thesis between the

photoelastic results and measurements on concrete end

blocks tend to substantiate this conclusion.
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It is,however, true that the behaviour of concrete
near failure cannot be predicted on the basis of photoela-
stic tests. Here, the photoelastic data is only useful
in exposing the critical stress conditions in the vicinity
of the anchorage unit. Therefore, tests on actual concrete
end blocks have been carried out to study the specific
aspect of the failure mechanism of anchorage zone. The
lucid stress picture provided by photoelastic tests in
conjunction with the observations on concrete end blocks
provide a tenable failure mechanism which has been presented

in Chapter

It may also be noted that the present investigations
are related to rectangular end blocks carried at the end
of rectangular beams. For rectangular end blocks carried
at the end of I-shaped beams, although the stress distri-
bution near the loaded end remains similar to the one
presented here, an additional zone of tension is reproted
in the region of juncture between the I-section of the

beam and the rectangular end block.
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chapter 2

Review oF PrRevious Work

The problem of calculating stresses associated with
the application of concentrated forces received attention
as early as 1888 when concrete hinges were used in bridge
construction. Many theories have been presented since
then to date which are applicable to the anchorage zone
problem in varying degrees. Also, experimental work, mostly
confined to the measurement of strains on the surfaces of
concrete end blocks has been reported by some investigators.
This chapter briefly reviews the theoretical and experimen-

tal work carried out to date on the anchorage zone problem.
2.1 REVIEW OF THEORETICAL SOLUTIONS

Bleich?(1923) considered the problem as two-dimensional
and has obtained a solution in the form of Fourier Series.
Bleich's solution, however, does not satisfy the compatabi-

lity conditions.

Morsch?®(1924) has proposed an empirical formula for
the computation of the total tensile force on the basis

of the assumption that the resultant compressive stress
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trajectories on either side of the central axis have the
form of a second degree parabola. The total tension is

computed from
7 = %p (a'al)

Figure 2.1 taken from Morsh's original paper shows the
pattern of stress trajectories adopted to calculate the

transverse tensions.

Bortsch® (1935) has made a theoretical study of the
problem of stress concentration in a rather general way.
He has considered the block as a deep beam 6f infinite
depth and the load distribution on the contact area as a
cosine function of amplitude p;= %gl (Figure 2.2). The
solution has been obtained with the help of an Airy's
stress function. Results of this solution are not complete-
ly valid for the end block problem as the effect of
longitudinal boundaries on the stress distribution has
been ignored.

Magnel's?®

(1949) method of calculating the stresses
in the anchorage zone is based on a foundation block analogy.
His fundamental assumption is in regard to the nature of
stress distribution along planes parallel to the central

axis of the beam. He assumes the transverse stress
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distribution due to a bending moment M on a plane AB to be
a cubic parabola (Figure 2.3). The constants in the cubic
equation for transverse stress are determined from boundary
conditions. Magnel's solution is approximate as it does not

satisfy the two-dimensional elasticity equations.

Guyon's!’2(1951) analysis of stress distribution under
anchorages is the most widely used method of designing the
end blocks. Guyon has considered the end block as a two-
dimensional semi-infinite strip subjected to the action of
normal or oblique fo-ces on a narrow edge. An approximate
solution is first obtained by means of a Fourier's series
which is then improved for normal symmetrical loads by a
process of reiteration of calculations. It may be mentioned
here that Guyon has corrected only the transverse normal
stress fy. The longitudinal stress fx and the shear stress
have not been corrected. This implies that the calculation
of principal stresses would be in error. The general case
considered by Guyon, the variation of transverse stresses
along the longitudinal axis for varying values of concentra-
tion ratios and the general form of the transverse stress
distribution are shown in Figures 2.4, 2.5 and 2.6 res-
pectively. To calculate the anchorage zone stresses due to

several prestressing forces Guyon has introduced the
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concept of "symmetrical prism (Figures 2.7 and 2.8).
Sievers®(1952-1956) modified Bleich's solution by consi-
dering a modified block of variable thickness (Figure 2.9).
The expression for the transverse stress fy is derived
only for the central section of the end block. He has
further concluded that the position of zero and maximum

transverse stress does not change with the type of loading.

Ramaswamy et al'® (1957) and Gilder?°(1953) have proposed
the solutions of the two-dimensional anchorage zone problem
by the method of lattice analogy (Figures 2.10 and 2.11).

The analogy consists in replacing the solid body of the
end block in a two-dimensional problem with an articulated

framework.

Douglas and Trahair® (1960) have reported a three-
dimensional solution for an axisymmetric case. The effect
of concentration of the prestressing forces has been evaluated
theoretically in an idealized problem where a circular con-
centrated load is applied at one end of a cylinder having a
central duct (Figure 2.12). Formulae have been derived for
the calculation of shear and normal stresses in terms of
cylindrical co-ordinates from which the distribution of

principal stresses is determined (Figure 2.13).
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Gerstner and Zienkiewicz?! carried out two-dimensional
analysis of the stress distribution caused by a line load
on a semi-infinite medium, using a theory of elasticity

approach. The results agreed well with Guyon.

Rydzewski and Whitbread?? have proposed an approximate
method for evaluating the tensile stresses in short
rectangular end blocks carried at the ends of I-beams
(Figure 2.14). The analytical results have been compared
with those obtained from three-dimensional photoelastic

models as well as mortar models.

Schlech?®treated the anchorage zone as a deep girder
and analyzed the transverse and longitudinal stresses by
the application of Fourier series. The value of the total
tension force on the line of axis between anchorages for
various values of bearing width to spacing ratios has been

calculated.

Som and Ghosh?" have obtained a solution in the form
of Fourier series. The solution does not satisfy some
boundary conditions. Both concentric and eccentric loads
have been dealt with and numerical results presented.
Their estimation of the maximum tensile stress is lower

than those of Guyon and Maguel.
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Lenschow and Sozen?® (1965) using a physical analog
(Figure 2.15) have presented a simple equation for the
distribution of transverse stress in the anchorage zone.
The transverse stress distribution obtained has been shown

to agree fairly well with that given by Guyon.

Iyengar and Yogananda'? (1966), using similar idealiza-
tion as Douglas and Trahair, obtained an exact solution for

the axisymmetric problem.

Gaynor?® (1966) assumed the existence of a crack on the
centre-line of an axially loaded prism and used a beam on
elastic support analysis approach to determine the trans-
verse stress distribution. He concluded that the total

bursting force is higher than that predicted by Guyon.

Yettram and Robbins!2(1970) have obtained a solution
considering the problem as three-dimensional and using the
finite element procedure. The transverse stress distribu-
tion along the centroid and surface has been obtained for

a wide range of load concentration ratios.

Iyengar and Prabhakara !'(1971) formulated a three-
dimensional elasticity solution for a finite rectangular
prism subjected to end concentric and eccentric loads. The
results obtained by this solution for the magnitude of the

transverse tensile stress and force are consideriably lower
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than the values obtained by tests on concrete end blocks.

Gergely and Sozen 27 (1967) considered the equilibrium
of the end zone, assuming a horizontal crack at the critical
level. They have proposed a method for determining the
amount of vertical steel based on assumed length of crack

and limiting strain across the crack.
2.2 REVIEW OF EXPERIMENTAL INVESTIGATIONS

Christodoulides?®(1957) was the first to obtain
systematically the stress distribution in the anchorage
using photoelasticity on two-dimensional models. Results
were obtained for single concentric and double symmetrically

placed loads.

Christodoulides!'® (1957) obtained the three-dimensional
stress distribution in the anchorage zone of a prestressed
concrete crane girder using frozen stress technique
(Figure 2.16). His results showed that the two-dimensional
solutions underestimate the magnitude of the maximum
transverse tension. He also obtained strain measurements
at internal points of the prototype gantry beam using
embedded electric strain gauges. The good agreement of the
photoelastic results and concrete measurements made him to

conclude that Poisson's ratio has no significant effect on
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the stress distribution.

Ban et al’Tonducted tests on 40 rectangular concrete
end blocks and in all these tests surface strains were
measured using electrical strain gauges. The studied va-
riables included the load concentration ratio, thickness
of the anchorage plate, dimensions of the anchor unit,
amount and position of reinforcement and strength of
concrete. The influence of those variables on the stress
distribution as well as on the cracking and ultimate load
was studied. It has been concluded that the measured
strain distribution agrees well with the results of the

Bleich-Sievers theory.

Sargious®® (1960) conducted an investigation on the
stress distribution of the stresses in the end block using
two-dimensional photoelastic techniques. He considered the
effect of prestressing force applied through a single or
group of anchorages - concentric as well as eccentric - and

the vertical reaction in determining the stress distribution.

Zielinski and Rowe'?(1960,1962) were the first to carry
out a comprehensive investigation on the actual concrete
end blocks carried on rectangular and I-beams and post-
tensioned by single and multiple anchorages. On the basis of

their test data the authors have proposed methods for
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evaluating the total tensile force and the maximum transverse
tensile stresses. Zielinski and Rowe have shown that the
values of tensile stresses and forces observed on surface
planes were considerably higher than the corresponding

values predicted by the theoretical solutions.

Rydzewski and Whitbread®'used frozen stress photoelastic
technique to study the three-dimensional stress distribution
in a short rectangular end block carried on I-beam. These
tests were to confirm a suggested theoretical solution for

the anchorage zone problen.

Huang®? (1964) tested on I-beam with rectangular end
blocks, where internal and surface strains were measured
using electrical resistance strain gauges. No general
conclusions are presented but it was observed that the
results obtained from Magnel and Guyon's two-dimensional
theories can error considerably in the evaluation of

maximum transverse stresses.

Taylor '* (1967) made a detailed study on the stress
distribution using concrete prisms with a central duct.
The load was applied through steel plates and surface
strains were measured using electrical strain gauges. His
results indicate the maximum transverse surface tensions

to be much higher than those predicted by the two-dimensional
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theories. His computed stresses were,however, somewhat

lower than those observed by Zielinski and Rowe.

Tassi and Windisch?® tested stepped end blocks with an
overall depth of about 1 m. The reinforcement for the
different specimens was designed by different methods:
those of Guyon, Zielinski and Rowe, and Yettram and
Robbins. The specimens designed by the latter two methods
showed insignificant cracking at the design prestress
load, while the reinforcement designed by the Guyon's
method appeared to be insufficient to the authors in view

of the recorded actual widths of the cracks.

Higashida and Nakajima®" tested large blocks, each
stressed by 18 bars, in three vertical lines of six. They
concluded that the theories for single anchorages could
be extended to multiple anchorages but suggested that the
majority of the steel should be situated on the outside

of the section.

Abdullah Al-Musallam*“carried out photoelastic investiga-
tions at the University of Petroleum & Minerals of the
stress distribution in the anchorage zones of post-tensioned
concrete slabs. The general form of stress diffusion was

established and the critical tension zones have been identified.
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The critical shear and tensile stresses as well as tensile
forces have been evaluated and their sensitivity to the
interactive load positions established. The results of
critical values are compared with the various theoretical
solutions in common use for design purposes. A mechanisnm
of failure was suggested and recommendations were made for

the design of the anchorage zone.
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chapter %

3.1

EXPERIMENTAL TECHNIQUES

APPARATUS

The apparatus used in this investigation consisted of

the following items:

(i)

- (i)

—(iii)

(iv)
(v)

(vi)

A transmission polariscope specially suited for
observations on frozen slices removed from the

three-dimensional models (Figure 3.1).

A 17-inch diffused 1light transmission polariscope

(Figure 3.2).

A telemicroscope consisting of a 4 x digitive lens,
10 x eyepiece, £/3.5 43-86 mm zoom lens giving an
overall maximum magnification of approximately

15 x (Figure 3.2).
A casting and stress-freezing oven (Figure 3.3).

Loading frames to load the single and multiple

anchorage models (Figure 3.4).

Instron 250k Newton capacity universal testing
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machine for loading the concrete end blocks

(Figure 3.5).

(vii) Ultrasonic pulse velocity equipment for detecting

the cracking of concrete end blocks (Figure 3.6).

The transmission polariscope (Figure 3.1) which was
used most of the time for recording photoelastic data is
a specially designed equipment which is admirably functional
for normal incidence photoelastic measurements. The slice
is simply supported on a precision x-y table and without
any further adjustments all measurements can be performed.
The built-in magnification (calibrated 10X) enables the
examination of details on the slices with a clear bright
image of the photoelastic pattern appearing on a 12-inch

screen.

The assembly of the diffused light polariscope and the
telemicroscope is shown in Figure 3.2. This equipment was
used from time to time to discern the movement of isoclinics
in a wider field. The diffused light polariscope consists
of a polarizing assembly, analyzing assembly, diffused
white light source, mechanical drive coupling system for

remote control of all four filters.

The special features of both the transmission polari-

scopes are:



38

(1) Suitability for reading fractional fringes by the

Tardy method.

(i1) The analyzer is independently rotatable ensuring
accurate measurement of fraction of fringe order
within 1/100 of a fringe on a specially graduated

dial.

(iii) Monochromatic light is obtained by an efficient narrow
and interferential filter. It provides a bandpass
of less than 100°A at the wavelength of the tint of
passage, producing an almost black fringe at every
location at which the tint of passage is observed

in white light,

The telemicroscope is mounted in position on x-y rack
and the front zoom lens permits observation of a relatively
wide area to locate the point of interest and then zooms
to high magnification forthe desired detail by projecting the

image at the focal point of the rear mounted microscope.

The casting and stress-freezing oven is a highly
efficient model which has a 12" x 12" stress free viewing
window with built in polarizers. It has a cam programme,
variable from 25 to 600 hours with heating or cooling rate

continuously adjustable from 1/2°F/hour to 25°F/hour with
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pen recorder. Horizontal forced air circulation ensures

a reasonable uniformity of temperature.

Three loading frames shown’in Figure 3.4 'were
specially designed and fabricated for this research
project. In the design of each frame special attention

was paid to three considerations. Firstly that model is
properly and rigidly supported; secondly, the forces
applied are correct in magnitude and direction and

continue to maintain the prescribed values for sometime

at high temperatures of 130-140°C when the models are

being stress-frozen; and thirdly, that the auxiliary
members transmitting forces and reactions to the model

are designed kinematically, so that straining movements

do not affect the loading conditions. Figure 3.4(a) shows
a loading device wherein the model is very securely
supported on a rigid platform which can be moved up and
down. The load is applied to the model by means of a

lever and weights, and several holes are provided in both
lever and frame so that a suitable positioning of the

lever with respect to the model can be obtained. A

vernier adjustment with the help of a screw is incorporated
in the frame for levelling the lever after the load is

applied. The levelling position is monitored by a level
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affixed to the lever arm. This adjustment ensures cons-

tancy in the lever ratio and the truly vertical direction

of the applied load.

The frame shown in Figure 3.4(b) has a rigid load
supporting base with the loading plate mounted on four
pillars through highly efficient bearings. Loads are
placed on predetermined position which ensures a truly

central and vertical force application.

The end block of the beam wherein multiple anchorages
were used was post-tensioned in the frame shown in
Figure 3.4(c). This is a simple rigid frame with carefully
located holes through which hang the cables which carried
plate anchorages at the upper end and were loaded with

weights on discs at the lower end.

The detection of onset of cracking in concrete was
made using an ultrasonic pulse technique. The apparatus
used was a portable ultrasonic non-destructive digital
indicating tester shown in Figure 3.6 and Figure 3.7
describes the system. Two transducers of 80 HZ frequency
were used. An ultrasonic pulse of longitudinal vibrations
is produced by one of the electro-acoustical transducer,

which is held in contact with one surface of the concrete
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member under test. After traversing a known path length
in the concrete the pulse vibration is converted into an
electrical signal by the second electro-acoustical trans-
ducer, and the electronic timing circuits enable the
transmit time of the pulse to be measured and displayed.
Knowing the path length and time, the pulse velocity is
computed. As pulses cannot traverse cracks, they take

a longer path and hence more time to reach the second
transducer. This causes a sudden decrease in the pulse
velocity signalling the onset of cracking. Figure 3.7
shows the end block models in instron compression testing

machine with the transducers in position.

3.2 MODEL MATERIALS

The properties of Araldite B have been studied exten-
sively by Baud and RackeiSSpooner and McConnel’®and also
Dixonl’ At room temperature the resin in combination with
30 percent by weight of hardener HT901 has an average
values of Young's Modulus of 4.2 x 108 1b/sq. inch and a
material fringe value of 59 1b/in fringe. At 135°C it has

an avefage vaiﬁé‘of Young's Modulus of about 1950 1b/sq.

in, a friﬁgé_Y?%EE_Qf_l;?§h1P/i“ fringe, and a figure of

merit, defined by Leven®as E/f, of 1300. On the basis of
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this criterion the stress-optical sensitivity of Araldite

B is higher than most other materials in use. Moreover,it
can be cast relatively free from initial stress if the model
is not large size as it has low curing shrinkage and
exotherm and unlike Araldite MY 753 has a high stability of
stress pattern. Its machinability is good and the time edge
effects can be eliminated by maintaining the models at a
room temperature of about 60°C. For these reasons, all the
models used in the present investigation were made from
Araldite B in combination with 30 percent by weight of
hardener HT 901. The resin and the hardener were heated
separately to 130° - 140°C in an oven till both were
melted. The hardener was then added to the liquid resin
through a very fine mesh sieve and stirred thoroughly till
a homogeneous and clear mixture was obtained. It was poured
through the fine mesh into the moulds which were preheated
to a temperature of 130°C. After 10 minutes of cooling the
moulds were placed in the casting oven, the temperature
having been set to 120°C, where they were held for about
16-20 hours for the curing of the castings. After the
curing period was over, the oven was cooled down to room
temperature at the rate of 2°C/hour and finally examined to
ensure that the initial stresses did not excee one fringe

per inch.
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3.3 MODELS

The three-dimensional photoelastic models of the
rectangular prestressed concrete beams were machined from
oversize blocks of Araldite B, previously annealed to
remove initial stresses. Various machining operations
were performed with the normal workshop equipment using
tungsten carbide tipped tools. In general, sharp tools,
very light cuts (0.001 - 0.003 inch per revolution),
moderate cutting speeds and proper support of the model
were always employed to avoid introducing undesirable

machining stresses.

The specimens were first finished a little oversize
by cutting on a band saw using moderate speed and a blade
having about 18 teeth per inch. The feed was kept extremely
low and the temperature rise of the blade was closely
controlled using a vacuum cleaner with nozzle set above the
work. The models were then finished by careful milling
milting operations using a normal high speed steel helical
milling cutter 2" diameter. The surfaces obtained were
found to be completely satisfactory. Holes to simulate
cable ducts were drilled using long spiral drills and the
cavities for the plug simulating the Freyssinet anchorage

unit were formed by cutters specially made for this
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purpose. The tension pieces for calibration purposes were

made from the same material block as used for model making.

The finished models were kept in a temperature con-
trolled oven at 60°C to prevent the development of time

edge stresses. Typical models used are shown in Figure 3.9.

3.4 ANCHORAGE UNITS

The Lee-McCall, CCL compact plate,Magnel-Blaton and
Gifford-Udall systems employ some form of anchor or thrust
plate which is usually rectangular in shape and is posi-
tioned external to the concrete. The load in all these
systems is thus transferred to the beam through a plate or
bearing action. In the photoelastic tests the external
anchorage was therefore simulated by steel plates which
were, however, applied to the photoelastic model material
through a pad of silica filled Araldite (100 parts by weight)
for two reasons. Firstly, the coefficient of thermal
expansion of steel is about 1/5 times that of Araldite B.
The use of the pad would avoid excessive shears due to
differential thermal expansion. Secondly, the value of E
for steel is about 4-5 times that of concrete used in
prestressing, whilst it is 15 x 10® times that of Araldite

B at 140°C. The direct application of steel plates to
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the Araldite blocks would therefore cause a very deep
indentation at the edges of the loading pads, causing
effects which are unrepresentative of the real situation
in the prototype. The Young's Modulus of silica filled
Araldite at 140°C was determined in a loading test
(Figure 3.10) and was found to be about 8000 1b/sq. in.
This is about four times that of unfilled Araldite and

the combination is comparable to that of steel and concrete.

The prototype Freyssinet anchorage unit consists of a
heavily reinforced concrete cylinder with a conical hole
running through it. The prestressing wires lie around the
surface of this hole and are firmly held by a tapered
concrete plug that is driven tightly home. The whole unit
is basically of a cylindrical form with the wires passing
through a central hole. The conical shape of the hole and
the action of the inserted plug are only important in that
they may give rise-to some bursting stresses in the female
cone. These stresses,however, are amply resisted by the
heavy spiral steel reinforcement round the outside of the
female cone. It is for this reason that the Freyssinet unit
has been simulated by a simple cylinder glued into the
female cavity of the Araldite model of the end block by

means of a cold setting epoxy resin, leaving a central hole
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in the anchorage unit through which the stressing cable
may pass. The load at the top of this unit is applied
through a round steel washer of the same diameter as the
inserted cylinder. To avoid the direct coantact between
the steel of the washer and the material of the end block,

the anchorage is left slightly proud of the beam section.

The actual Freyssinet anchorage unit is much more
strongly reinforced than the concrete surrounding it. It
would be,therefore, as a whole stiffer than the concrete
of the adjoining beam. For this reason the model of the
anchorage used in the photoelastic tests was made of
Araldite B reinforced with 50 parts by weight of silica
flour used as a filler. It was found that the value of
Young's Modulus was raised to about twice the value of
unfilled Araldite at 140°C. This was considered to be

adequate.

The concrete models of end blocks were 4" x 4" x 8"
and were cast from the concrete in a wooden form. The
poured concrete was vibrated on a vibration table for 30
seconds. The specimens were stripped after 24 hours and
were then kept in a curing tank at room temperature for

28 days.
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3.5 LOADING ARRANGEMENT

The single anchorage external and embedded models were
loaded in a vertical position in either of the two loading
frames shown in Figures 3.4(a) and 3.4(b). Every precau-

tion was taken to align the models properly.

The base plate of the frame was made perfectly hori-
zontal with the help of a sensitive level after the loads
had been imposed. The models were always placed on a
platform made up of three flat layers of Araldite B
sheets to allow freedom of lateral expansion at the base.
The prestressing force was applied either through the
lever arm (Figure 3.11a) or thorugh the loads located on
the top steel plate (Figure 3.11b). 1In either case the
load was applied through balls housed in suitable recesses
in the anchorage plates as well as in the lever arm (frame

of Figure 3.4a) and the loading plate(frame of Figure 3.4b).

The loading in the case of the multiple anchorage
end block was done in the manner shown'in Figure 3.4 (c).
The positioning of the block was done in the same manner
as in the single anchorage models. However, the prestre-

ssing was applied by cables passing through the ducts.
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3.6 FREEZING CYCLE

The temperature in the oven, after the models were
properly aligned and loaded, was raised to 140°C at the
rate of about 2°C.hour. The oven was maintained at this
temperature for 6-8 hours allowing the model to soak in
this environment to ensure that uniform temperature was
achieved throughout the thickness of the model. Through-
out the freezing cycle, a fan inside the oven circulated
the air freely, reducing the temperature gradients. The
oven was cooled down at a rate of 2°C.hour to room
temperature. This sequence of operations formed the
complete freezing cycle after which the model was ready
for slicing. A typical freezing temperature regime is shown

in Figure 3.12.

e,

3.7 SLICING PROCEDURE

Before carrying out the freezing cycle on the models,
the boundaries and the centre lines of the required slices
were scribed on them by means of a precision vernier height
gauge. The gauge used and the scribed models are shown in
Figures 3.13 and 3.14. Slices from the frozen model were
sawn roughly on a band saw to an average thickness of

about 0.10 inches. They were subsequently finished by a
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milling operation to the required thickness using sharp
tipped tools and extremely low feeds. These were then

ground lightly on a fine and then polishing emery paper.

The thicknesses of the prepared slices varied from
0.06 to 0.08 inches. For convenience of location of
the points for observation, a suitable grid of horizontal
and vertical lines was inscribed on the surface of each
slice. Slices were stored in oven at 60°C until immedia-
tely prior to examination to eliminate the induction of

edge stress effects.
3.8 EXAMINATION OF SLICES

Most of the slices were examined for stress explora-
tion in a normal incidence position. The slices were
placed on the precision X-Y table and the isochromatics
and isoclinics were observed on the glass screen at grid
points (Figure 3.1). The transmission polariscope was
operated in accordance with Tardy method to record the

fractional fringe numbers at the predetermined grid points.
3.9 TESTING OF CONCRETE ENDBLOCK MODELS

The concrete models were listed till failure in the

Instron compression testing machine. SR-4 strain gauges
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were fixed on the two faces (Figure 3.15) to measure the
lateral and longitudinal strains at pre-determined loca-
tions. The onset of cracking was monitored by ultrasonic
pulse velocity measuring equipment. The failure pattern

was carefully examined to study the failure characteristics

of the end block.
3.10 DETAILS OF PHOTOELASTIC MODELS INVESTIGATED

For ready reference the details of the photoelastic

models investigated are given in Table 3.1.

3.11 CHECKS ON ACCURACY

It is customary to establish the accuracy of a photo-
elastic analysis by applying equilibirum checks to the
forces at various sections in the body. A static check is
obtained at points where the longitudinal stress YY has
been calculated by a numerical integration procedure along
a longitudinal line which ends in a free surface. At such
closing points the calculated value should be zero. In the
models tested in this investigation the maximum closing
error is 0.5 1b/sq.in. in a case where the starting value
of yy at the base was about 24.5 1b/sq.in. In terms of the

mean compression this error is about 2%. 1In all the other
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cases the closing error is less than 3%.

The second check is provided by the requirement
that at any section the applied force must be equal to
the corresponding force obtained by integration over
the cross-section. The values of yy obtained photoelasti-
cally for concentric and multianchorage units have been
compared with the theoretical values. It was found that

in all cases the error was within 3 percent.
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Model Dimensions and Loading
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Model Model Di-~ Position Load Concentration Load Remarks
O TR e BOWA Koase ALl Deof meto-
1 1.5x1.5x3 Concentric 0.1 0.316 55.1 External
2 1.5x1.5x3 " 0.25 0.5 55.1 "
3 1.5x1.5x3 " 0.35 0.592 59.4 "
4 1.5x1.5x3 " 0.5 0.707 59.4 "
5 1.5x1.5x3 " 0.35 0.592 58.3 "
6 1.5x1.5x3 " 0.25 0.5 58.9 Embedded
7 1.5x1.5x3 " 0.25 0.5 58.9 Embedded
8 1.5x3x6 3 loads are 3 equal External
applied at - loads
distances of 55 1b each

0,392",1.269"
and 2.344 from
the bottom
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FIGURE 3.1: A transmission polariscope
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FIGURE 3.2 A 17-inch diffused light transmission polariscope
with the telemicroscope
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Instron unviersal testing machine

FIGURE 3.5

Ultrasonic pulse velocity equipment

FIGURE 3.6
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FIGURE 3.7 : The end-block model in the instron compression
testing machine with the transducers in position

FIGURE 3.8 : The moulds used for casting the photoelastic end
block models



FIGURE 3.9

FIGURE 3.10

e Y. i

Typical models

Loading test done to determine the
Young's Modulus of silica filled Araldite
at 190°c
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FIGURE 3.11 : The frames in loading position



FIGURE 3.12

A typical freezing temperature regime
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FIGURE 3.13

FIGURE 3.14

The gauge used in scribing
the models and slices

The scribed models
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FIGURE 3.15 ! SR-4 strain gauges fixed on the end
block beam
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chapter “

THREE-DIMENSIONAL ANALYSIS OF STRESSES

The three-dimensional analysis of stresses has been
made using the '"frozen-stress'" technique. This amazing
phneomenon which results in fixing or freezing the stresses
pertaining to an applied load system is attributed to the
diphasic make-up of certain resins and polymers used as
photoelastic material. The stress-freezing techniques are
now well known for their flexibility and versatility and
have been frequently applied to the analysis and design of
an exceptionally wide variety of complicated three-dimen-
sional parts. The mechanism leading to stress-freezing is

explained in detail elsewhere.

If a three-dimensional frozen stress model is observed
in a polariscope, an isochromatic pattern can be seen which
in general cannot be directly interpreted. This is because
the light passing through the thickness of the model inte-
grates the stress difference over the length of the path
of the light and presents it as a weighted average which is

meaningless with respect to the state of stress at a point
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or along a specific plane,

To obviate this difficulty the three-dimensional
stress frozen model is sliced along chosen planes of
interest and these slices are then analyzed individually
to obtain the state of stress existing along the sliced

planes.

From the point of view of analysis one can recognize

generally two types of slices:

(i) Internal slices taken from the interior of the model.

(ii) Surface slices removed at the surface of the model.

Generally speaking, a slice which is taken from the
interior of a model does not coincide with the principal
plane. A plane of symmetry, with respect to both the
applied loads and the geometric shape of the model ,however,
is an exception. Such a plane is a principal plane of
stress at all points and observation of a thin slice con-
taining the plane of symmetry will give us the distribution
of principal stresses in the plane. However, in all other
interior sliced planes the stresses are referred to as
secondary principal stresses and are denoted by P',Q' and
R' which do not coincide with the principal stresses P,

Q and R. Also, the solution of the general three-dimmensional
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problem at internal points not situated in a plane of
symmetry necessitates the calculation of six catesian

stress components by means of photoelastic observations.

Of all the methods proposed for stress separation,
the integration of the body-stress equations is the most
convenient and versatile. In the form it is used with
reference to cartesian axes and in this research it is
called the "shear difference" method as proposed by Frocht’ ™!

and described in detail elsewhere. For ready reference it

is briefly recounted here with reference to Figure 4.1.

The equations of equilibrium for a three-dimensional

body (without body forces) are written as:

axx .94 9aXZ -

3 + ay ¢ 3z 0 (1)
axXy ayy ayz -

ax * ay * 9z 0 (2)
axz ayz 922 -

3% ay * 9z 0 (3)

Referring to Figure 4.1 consider the determination of the
state of stress at a point B on the line AB in a three-
dimensional mode (Figure 4.1a). Firstly, the normal stress

yy at the point B can be obtained by integrating the second
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equilibrium equation :

X

B B B
f 3XY 4y + f Y gy + f %.dy = 0
A A A

which can be written as

B B
= - BX)’ _ 3 =
YYg Wy - f 3 dy - [ 22 dy 0
A A

In the above equation

YYB = normal vertical stress at point B

YYa = normal vertical stress at point

%%g = rate of change of shear xy with respect to x.

-%%? = rate of change of shear yz with respect to z.

The values of 3XY and Yz can be obtained at any point
ax 92z P

by observing the slopes of xy and yz shear curves drawn
along x and z respectively. For small intervals dx and
dz the values of xy and yz are obtained from the slices
taken in the xy-plane (Figure 4.1b) and in the yz-plane
(Figure 4.1c) respectively. The xy shear curves

[4(P-Q)sin 2a)] are drawn along x at all levels knowing
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the principal stress difference (P-Q) and the directions
of the principal stress (a;) from the photoelastic data
in the xy slice plane., Similarly the yz shear curves
[%4(R-Q)sin 2a:)] are drawn along z at all levels knowing
the principal stress difference (R-Q) and the directions
of the principal stress (a,) from the photoelastic data
in the yz sliced plane. In the present investigation
values of 3xy and 3yz for fixed small values of dx and

dz (cols 3 and 8 Table 4.1) were obtained by drawing
tangents on the xy and yz shear curves and these recorded
values of xy and yz (cols 2 and 7 of Table 4.1) were
plotted against the y-distance along the vertical section
BA. A typical plot of 8xy and 3yz values against Y-distance
for Model M; is shown in Figure 4.2. The evaluation of
quantities 3xydy, and 3yzdy is carried out on the plots of
dxy and 3yz against y (cols 4 and 9 of Table 4.1) and the
final integration is done in column 12 of Table 4.1. The
entire computation is done in a tabulated form a typical
sample of which is shown in Tabde 4.1. The value of YYAA
is known at a sufficiently low level where the vertical
normal stresses have become uniform. YYB is,therefore,

conveniently computed.
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Knowing yy, (P-Q) and a, in the xy-plane, the value of
separate principal stresses P and Q are obtained by the

following formulae

xx = (P-Q) cos'Zal + yy (1)
P = Lxx + %yy + %(P-Q) (2)
Q = P-(P-Q (3)

At a point on the surface, the normal stress zz (which is
also the principal stress R) and the two shear components

xz and yz being zero, the state of stress is essentially
two-dimensional in nature and can be specified by normal
photoelastic observations on the surface slice together

with the information for the distribution of vertical
pressures obtained previously. Use is made of the following

stress relationships

xx = Y(P+Q) + % (P-Q) cos 2a (1)
yy = %(P+Q) - % (P-Q) cos 2a (5)
P+Q = xx + yy (6)

Substituting xx from (4) in the right hand side of (6)

P
Q

5(P-Q) + % (P-Q) cos 2a + yy
5(P-Q) - % (P-Q) cos 2a - yy
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Knowing (P-Q) and a from photoelastic observations
and yy from the boundary observations of an orthogonal
slice containing the surface point under consideration,
separate principal stress P and Q have been obtained on

surface planes.

In the aforesaid analysis it is of utmost importance
to substitute shears and shear slopes with correct signs.
This necessitates a consistent approach throughout the

analysis. The following conventions were adopted:

1. (P-Q) and (R-Q) are considered positive at every
point of the xy and yz slices.

2. Tensile stresses are positive and compressive stresses
negative.

3. Figure 4.3 shows the xy and yz planes of the plate
anchorage model prestressed by one cable. The lines
of principal stress P are shown at the top and the
sign convention with respect to the isoclinic angle
(¢1) is shown. ao; is positive for the xy-plane when
measured from the positive direction of x-axis to
the direction of P anticlockwise. For the yz-plane
a, is positive when measured anticlockwise from the

positive direction of Y to the direction R.



As [P-Q) and (R-Q) are always considered positive
the signs of the shear stresses %(P-Q) sin 2a,
and %(R-Q) sin 2o, depend on the signs of a; and
a, . Figures 4.2b and 4.2c show the signs of the

shear stresses and shear slopes.

70
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A\ Positive slope %ﬁg

P2

Pos.slope = %%?

(¢) yz-slice (a)

FIGURE 4.3 : Analysis of stresses-application of the
shear difference method to the general
three-dimensional problem
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chapter §

THREE-DIMENSTONAL INVESTIGATION OF SINGLE
ExTeRNAL ANCHORAGE MODELS

5.1 INTRODUCTION

This chapter describes the three-dimensional investiga-
tion carried out using the "frozen stress'" photoelastic
technique on five rectangular end blocks which were pres-
tressed by single concenterically situated cables, acting
th;ough external anchorage units. Four models of varying
concentration ratios had no cable duct, as work on this
series was carried out to establish a relationship between
the concentration ratio and the maximum tensile stresses
and forces. One model was loaded through a cable duct to
investigate the effect of the duct on the magnitude and
distribution of the critical stresses. The stress system
has been fully explored on several planes removed from the
models in the form of thin slices in an attempt to define
the general behaviour and with a view to locating the regions

of critical stresses.
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5.2 EXPERIMENTAL PROCEDURE

5.2.1 General Details

The photoelastic models were made of Araldite B having
a square cross section 1% x 1% and a length of 3" (Figures
5.1 and 5.2). As the object was to explore the stress
distribution only in the anchorage zone, the length of
which usually does not exceed the depth of the end block,

only a small length of the adjoining beam was cast into the

model.

The prestressing forces of 55.1 and 59.4 1b were
applied on two sets of models, were concentric in all the
five cases (Figure 5.1) and were applied vertically in

loading frames already described in section 5 of chapter 3.

The dimensions of the anchorage units are chosen to
give concentration ratios of 0.10, 0.25, 0.35 and 0.50
in terms of the ratio of loaded area to the area of cross
section (%ﬁﬂ as shown in Figure 5.3(a). These ratios
correspond to values of 0.316, 0.5, 0.592 and 0.707 in
terms of the frequently used terminology of %l as explained
in Figure 5.3 (b). The anchorage unit simulates the CCL
compact, Lee McCall or Magnel Blaton Systems. In all the

cases the steel loading pad was applied through a silica
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filled Araldite pad for the reasons described in section

3.4, chapter 3.

The thermal cycle for freezing the stresses is also

described in chapter 3 (section 6).

5.2.2 Method of Slicing

The details of the slices cut from the frozen models
are shown in Figure 5.1. Stress distribution has been
obtained for the internal plane A and the surface plane B
and the slicing scheme is determined from considerations
detailed in chapter 4 and also on the basis that there
should be enough slices to enable a satisfactory picture
of stress distribution to be obtained. Advantage has been
taken of symmetry with respect to the geometrical form and
the system of applied loads to take most of the important
slices from the same model. Therefore the slices in XY and
YZ planes, which were required for a complete solution of
the stress system on the surface (B) and on the plane of
symmetry (A), were obtained from the same model. The width
of the transverse slices was reduced by approximately 0.05
inches since a complete slice containing the mid plane of
the model had been removed. The symmetry of the stress
pattern across the width of the model was verified from

typical observations. The thicknesses of the slices varied
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from 0.06 to 0.08 inches.

5.2.3 Analysis and Measurement

The grids marked on the XY and YZ slices are shown in
Figure 5.1. The calculation of the normal and principal
stresses on various planes of the end block has been carried
out by the application of the shear difference method to
the general three-dimensional problem as explained in detail

in chapter 4.

5.3 DISCUSSION OF RESULTS

5.3.1 Stress Trajectories and Shear Stresses

Figures 5.4 and 5.5 show the isoclinics and the lines

of principal stress respectively for the central slice for

model Ml(%% 0.316). The pattern obtained for the remain-
ing three models show the expected similarity. 1In particular
the portion of the boundary above the isotropic point I,

is in tension. The general pattern of the lines of tensile
principal stress P is significant in that when local re-
inforcement is provided in the corners, to be most effective
it should follow the lines of principal stress P tying the
corners by closed kidney shaped loops rather than being

located perpendicular to this direction as suggested by some

investigators.
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The lines of principal stress show that for all
practical purposes the stress distribution becomes uniform

at a distance of 1.38 a from the loaded face.

The optical fringe patterns in the important slices
are shown in Figure 5.6. The mid-plane and the YZ slice 4
which are directly under the loading pad show large con-
centrationsof shear stresses under the edges of the anchor-
age plate. This is also shown very effectively by the
fringe patterns on a XZ slice removed directly from under
the loading pad (Figure 5.7). This slice also shows how
most part of the loaded face away from the anchorage unit
is almost unstressed. In the midplane of the model M,
the maximum shear stress is about 0.81 times the mean
compression at the base (Figure 5.6). These stresses,
however, decrease rapidly with the distance away from the
location of the loading pad. A high build up of the shear
stresses under the edges of the loading pad is also
indicated by Figure 5.8 which shows the distribution of
shear stresses along typical transverse sections in the

mid plane.

5.3.2 Internal and Surface Stresses

Separate stresses for all the four models on the

internal plane A have been obtained. The principal stress
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components P and Q (which are respectively equal to xx
and yy for the axis of symmetry) have been calculated for
the axis of symmetry across which the tensile stresses
would obviously be maximum. The variation of the
principal stresses, P and Q for the internal plane A
along the axis of symmetry in the direction of the length
of the models has been plotted in Figure 5.9 and Figure
5.10 for all the four concentration ratios investigated

in this series of tests.

The two stress components P and Q for the surface

plane are plotted in Figures 5.11(a) and 5.11 (b).

5.3.3 Transverse Tensile Stresses

Both in the internal and surface planes the maximum
transverse tensile stress occurs on the longitudinal line
corresponding to the centre line of the loading pad.
Figures 5.9 and 5.11 show the distribution of principal
tensile stresses respectively in the internal and surface
planes along the longitudinal lines containing the maximum
values for all the values of %l ratios investigated.

Table 5.1 summarizes the positions and values of the
maximum stresses on the two planes. In the whole range

of load concentration ratio (Kp) investigated (0.1-0.50)

for values from 0.12 to 0.50 the largest value of tension
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in the anchorage zone occurs on the surface plane (B)

where the values are 0.78 and 0.47 times the mean compre-
ssion for concentration ratios of 0.12 and 0.50 respectively.
The corresponding maximum values in the mid plane (A) are

0% and 49% smaller than the maximum values in the surface
plane. However, for values of K, lesser than"0.12 the
maximum value of the transverse tensile stress occurs on

the mid-plane.For a value of %ﬁ-= 0.10 the magnitude of

the maximum tension on the mid-plane is 0.80 times the

mean compression.

Figure 5.12 shows how the difference in the maximum
values of transverse tensions in the surface and mid plane
narrows down as the concentration ratio decreases and the
distance of the loading pad from the face of the anchor
block increases. This brings out the fact that transverse
tensions on the surface of the end block would usually
depend on the proximity of the applied load to the face of
the anchor block, and from the trend of the shrinking
difference it may be reasonable to assume that at a value
of %% less than 0.18 the value of the critical surface
tensions may be less than the corresponding value orn the
internal plane. In fact in the series conducted to study

the interaction effect of multianchorage units this
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position is strengthened. As pointed out earlier there

are only two three-dimensional solutions of the anchorage
zone problem which could be considered to be simulating

the actual conditions with some degree of accuracy. It is,
however, noteworthy that both the solutions give entirely
conflicting positions with respect to the surface and
internal transverse stresses. Whereas according to
Iyengar's solution the maximum transverse stresses on the
internal central plane are always higher than those on the
surface plane right from a concentration ratio of zero to
one (Figure 5.13a). Yettram and Robbinga solution indicates
the surface stresses to be higher than those in the internal
central plane for the concentration ratio of 0.1 to 0.7
after which these probably equalize. However, Yettram's
solution shows a reversal in this position for an %ﬁ

value of 0.1 and for lesser values (Figure 5.13a). The
results of the photoelastic tests obtained by the author
also show the surface transverse stresses to be higher than
the corresponding stress in the central plane for %%
values greater than 0.35. However, a reversal in this
position occurs for values of Ka less than 0.35. Thus,

qualitatively speaking, in this particular respect, the

results of this investigation are closer to Yettram and



83

Robbins%zresults than those of Iyengar'g} However, the
values of the tensile stresses and forces obtained in this
investigation are significantly higher than the corres-
ponding values obtained by Yettram and Robbins (Figure 5.13)

as well as those obtained by Iyengar.

Figures 5.14 and Table 5.4 compare the results of the
present investigation with all the available two-dimensional
solutions. It is quite clear that all the existing analy-
tical two-dimensional theories appear to be grossly in-
adequate to present a realistic assessment, as the maximum
transverse tensile stress found in this three-dimensional
investigation is consistently far higher than those
predicted by the two-dimensional analytical solutions in
the whole range of the %ﬁ values which is of practical
significance (Figure 5.14). As an example, the variation
of the transverse tensile stress P is compared with the

existing two-dimensional solutions for the 2! value of

a
0.50 (corresponding to %%-= 0.25). It is seen that the
maximum value of the transverse tensile stress obtained
for the present investigation is 3 times the value pre-
dicted by Guyon's and Magnels theories; twice that given

by Bleich's solution and about one and a half times the

value given by Bleich-Sievers' solution. These tests
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thus confirm the point made by Ban et ai7and Zielinski
and Rowe, on the basis of their results obtained from
tests on concrete end blocks, that amongst the analytical
solutions Bleich-Sievers' theory gives the closest appro-

ximation.

Figure 5.13 and Table 5.5 show a comparison of the
results of the present investigations with those of the
relevant three-dimensional analytical solutions and with
the test results on concrete end block models reported by
Zielinski and Rowe and Taylor. Figure 5.13(a) shows that
the values predicted by Iyengar's and Yettram and Robbins'
solutions grossly underestimate the values of maximum
transverse tensile stress both on the surface and internal
planes. The values obtained in the present investigation
for the surface plane are 6,7,8.5 and 8 times the
corresponding values given by Iyengar for %ﬁ values of
0.316, 0.5, 0.592 and 0.707 respectively., Also, author's
values are 2.6, 3.2, 4 and 7 times the corresponding values

given by Yettram and Robbins analytical solutions.

Discrepancies of similar order exist for the internal plane.

Author's surface plane values can be compared with
those of Zielinski and Rowe who also measured strains on

the surface plane on concrete end block models. It is seen
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that the author's values are in fairly good agreement with
those of Zielinski and Rowe, the former being about 15%
higher. It is also, noteworthy that the values predicted
by the three-dimensional solutions of Iyengar and Yettram
are 0.18, 0.17, 0.13 and 0.42, 0.375, and 0.15 times the
corresponding values observed by Zielinski and Rowe for

%} ratios of 0.316, 0.5 and 0.707 respectively. This
comparison with observations on actual concrete model
confirms the author's earlier view that both investigations
underestimate the actual values. Figure 5.13 shows the

comparison of the author's values with those of Zielinski

and Rowe, Taylor and the three-dimensional solutions.

Figure 5.15 shows the positions of the maximum
tensile stress for the external and internal planes. In
the present investigation this position is found to vary
in a very narrow range of 0.42a - 0.5a for the external
plane and in the range of 0.67a to 0.75a for the internal
plane. For all practical purposes a value of 0.5a to
0.45a could be considered to be quite acceptable for the
surface plane. This is in close agreement with the
position of 0.44 a given by Kummullet®’and of 0.46a given
by Zielinski and Rowe for the surface plane. In tests on

concrete end blocks Zielinski and Rowe observed that for
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all specimens with %f-ratio in the range of 0.31 - 0.67, the
first crack always appeared on the surface at a point 0.3a-
0.5a from the loaded face. This observation is also in
excellent agreement with the results obtained in the
present investigation. Further, the positions of maximum
stress as defined by Magnel and Guyon are substantially in
error and misleading. Figure 5.16 shows that the stresses
are about half the maximum values at the position of maximum
stress suggested by Magnel and about two-third the maximum

values at the position suggested by Guyon.

The positions of zero tensile stress near loaded face
are shown in Figure 5.17. These values are compared with

other investigators in Figure 5.18 and Table 5.2.

5.3.4 Transverse Tensile Force

Figure 5.19 and Table 5.3 show the variation of the
total transverse tensile force per unit width for the %ﬁ
ratios investigated. Figure 5.14b and Tabel 5.4 compare
these values with the existing two-dimensional solutions
and Figure 5.13b and Tabel 5.5 compares these values with

the three-dimensional solutions of Iyengar and Yettram

and the concrete tests of Zielinski and Rowe.
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All the theoretical solutions and the approach re-
commended by Zielinski and Rowe on the basis of their
test data, suggest a uniform distribution of the tensile
force throughout the end block. It is,however, more
likely that the tensile force will decrease on planes
located between the central and surface plane. However,
since the uniformity approach gives somewhat conservative
results which may be an acceptable position in the rather
complex and uncertain stress situation prevailing in the
end block, the same approach is adopted here. Figure 5.19
shows the tensile force based on the stress distributions

obtained on both the internal and surface planes.

It is clear from Figures 5.14 and 5.13 and Tables
5.4 and 5.5 that both the two and the three-dimensional
solutions give values of tensile force which are a good
deal smaller than the values obtained in this investigation.
For the load concentration ratio (%}) of 0.5 Magnel's and
Guyon's values are 37% and 42% of the present values and
those of Iyengar and Yettram are 33% and 26% of the
author's values for the surface plane and 57% and 45% for
the central plane. However, as shown in Figure 5.13 and
Table 5.5 the values obtained in the present investigations

for the surface plane are in excellent agreement with those
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observed by Zielinski and Rowe from their tests on the

surface of concrete end block models.

The three-dimensional nature of the problem, therefore,
requires a reassessment of the location and total area of
reinforcement required for an efficient design. The large
difference between the positions of the maximum tensile
stress obtained by experiments and those predicted by the
commonly used theoretical solutions indicates that transverse
reinforcement, if provided strictly on the basis of these
theories, would often be located in the wrong place. The
three-dimensional tests indicate that 27% of the total
tensile force in the central plane and about 15.5% in the
surface plane are operative within a distance of 3/4a. The
corresponding figures for Guyon's, Magnel's, Iyengar's,
and Yettram and Robbins' distributions are 0.115, 0.1,0.09
and 0.08. The comparative figure for Zielinski 4nd Rowe

is 0.27 which is in good agreement with the author's results.

5.3.5 Spalling Tensions

Figure 5.20 shows the distribution of spalling tensile
stresses on the free surfaces of the corner in the central
plane. The tension in the vicinity of the anchorage unit
is quite high and varies in the range 0.42 - 0.30 times

the uniform compression for %%-values of 0.19 to 0.50.



89

The variation of the spalling tensions with %ﬁ-ratios

is shown in Figure 5.21. The spalling tensions decrease
rapidly away from the anchorage plate and become negligibly
small near the surface plane. As would be expected, this
analysis suggests high tensile stresses on the bearing

face in the vicinity of the periphery of the anchroage

plate.

5.3.6 Compressive Stresses

The maximum values of the principal compressive
stresses are found to occur immediately under the loading
pad on the central axis in the central plane A. These
values are six times the uniform compression at the base.
Figures 5.22 show the distribution of the principal stress
Q in the longitudinal direction for the central and surface

planes.

5.3.7 Effect of Cable Duct

Table 5.6 summarizes the data which is related to the
effect of cable duct on the magnitude and distribution of
the transverse tensile stresses. It is seen that there
is little difference in the maximum values of the transverse
tensile stresses in the two cases. However the presence of
the duct modifies the position of the maximum tensile

stress in the mid-plane. In the model with the duct the
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maximum value in the mid-plane occurs under the edge of the
loading pad instead of occuring along the load center line.
This is also shown in Figure 5.23 where the peak P value

in the mid-plane occurs directly under the edge of the

loading pad.

Slices in the xz planes were examined for hoop tension
along the duct. It was found that the nature of hoop
tension was compressive in the vicinity of the loading pad
and became a small tension at some distance from the

loaded face. These tensions were too small to be significant.
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The positions and values of the maximum stresses
on the mid and surface planes

Positions of maximum stresses
from the top surface

Values of maximum stresses
expressed as a ratio of
mean axial compression

Model
Mid-plane A | Surface plane B | Mid-plane A | Surface plane B
M1 0.67a 0.5a 0.8 0.78
M2 0.67a 0.5a 0.6 0.68
M3 0.7a 0.5a 0.46 0.6
My 0.75a 0.42a 0.26 0.47




TABLE 5.2

The positions of zero tensile stress in comparison with
other investigators

ai/a Magnel Guyon Bleich Sievers Author
0.316 0.66a 0.22a 0.3a 0.3a 0.325a
0.5 0.66a 0.33a 0.33a 0.33a 0.32a
0.592 0.66a 0.35a 0.33a 0.33a 0.33a
0.707 0.66a 0.37a 0.31a 0.31a 0.4a




TABLE 5.3

The variation of the total transverse tensile force
for the a);/a investigated

The value of the transverse tensile force

as a ratio of the mean axial compression
ai/a

Mid-plane A Surface plane B

0.316 0.215 0.35
0.5 0.155 0.27
0.592 0.115 0.225
0.707 0.055 0.13

93
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Effect of Cable Duct on the Magnitude

TABLE

5.6

and Position of the Maximum Transvers
Tensile Stress (a,/a =

0.592)

96

Internal Plane A

Surface Plane (B)

Value of Position Value of Position
max.trans- of maximum maximum of maximum
verse tensile transverse transverse transverse
stress in tensile tensile tensile
terms of yy, stress stress in stress
terms of yy°
Model with duct 0.49 under edge 0.72 Along the
of the load center
loading line
pad
Model without duct 0.46 Along the 0.63 Along the

load centre

line

load centre
line




(a)

i .

k 1.5
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(b)

FIGURE 5.1 : (a) Model slicing scheme
(b) xy-plane A slice
(c) vz-nlane 4 slice

(c)



FIGURE 5.2

Photoelastic models which were
of Araldite B

made
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FIGURE 5.4 : Isoclinics for the central slice for

model Ml
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FIGURE 5.5 : The lines of principal stress for
the central slice for model M;
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a) Typical isoclinic for a = 0° in xy-plane A(mid-plane)
for model Mi

b) Typical isoclinic for a = 10° in xy-plane (mid-plane for
model Mi

FIGURE 5.6 : The optical fringe patterns in important slices



¢) Typical isoclinic for o = 45° in xy-plane A(mid-plane
for model M1

d) Typical isochromatic for xy-plane A (mid-plane)

The optical fringe patterns in important slices

103
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e) Typical isochromatic for yz-plane model M1

f) Typical isochromatic for xy-plane B model M

2

Optical fringe patterns in important slices
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FIGURE 5.7 : The optical fringe patterns in xz slice



(o}

Shear Stress/yy

(X8}

FIGURE 5.8

4a/6

5a/6

2a/6 3a/6

The distribution of shear stresses
along typical transverse sections
in the mid plane.
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FIGURE 5 13 (a) : Comparison of maximum transverse stresses
in anchor blocks subjected to isolated
concentric post-tensioning force.
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FIGURE 5.13(b) : Comparison of maximum tensile force in
anchor blocks subjected to isolated
concentric post-tensioning force.
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FIGURE 5.14a: Transverse tensile stresses for different
a;/a ratios.
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FIGURE S5.14b : Transverse tensile forces for different
a,/a ratios
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FIGURE 5.16 : Distribution of transverse tensile stress along the
longitudinal direction for a;/a = 0.5
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FIGURE 5.18

Comparison of positions of zero and maximum
tensile stresses
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FIGURE 5. 21 : The distribution of spalling tensile stress
on the free surfaces of the corner in the
central plane as a ratio of the mean axial

compression.
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stress P along & at level V, for xy-plane A
(Model M.)
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chapter §

THREE-DIMENSIONAL INVESTIGATION OF SINGLE
EMBEDDED ANCHORAGE MODELS

6.1 INTRODUCTION

This chapter describes the three-dimensional investiga-
tion carried out using the frozen stress photoelastic te-
chnique on two rectangular end blocks having the same %%
ratio, with different embedded anchorage sizes, which were
prestressed by single concentrically situated cables, acting
through an embédded anchorage unit. The two models till
todate no photoelastic tests have been reported which take
into account the embeddment of the anchorage unit; also
all theoretical derivations essentially presuppose an ex-
ternally located anchorage. The stress system has been
fully explored on the internal mid-plane (A) and the surface
plane (B) removed from the models in the form of thin
slices in an attempt to define the general behaviour and
with a view to establishing the magnitude and location of

the maximum tensile stresses, specially in comparison with

the external anchorage unit.
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The fundamental difference between the external plate
and the embedded anchorage unit lies in the mode of load
transfer to the end block. The former transfers the
prestressing force entirely by a bearing action while
the latter which is cast into the anchorage zone transfers
this partly through the bearing action at its base and
partly by shear around its lateral surface. This investi-
gation seeks to establish the proportions of the loads

transferred by shear and bearing respectively.

The cylindrical embedded anchorage unit simulates
the Freyssinet system and is made of silica filled Araldite.
It corresponds to %%—= 0.25. The details regarding
ensuring the compatibility of stiffness and temperature are

given in section 4 of chapter 3.
6.2 MODE OF LOAD TRANSFER

In order to illustrate the mode of load transfer the
shear force per unit length of the embedded anchorage has
been evaluated by integrating the shear stress around the
ircumference of the embedded anchorage unit. Figure 6.1
shows the distribution of the shear force per unit length
against distance from the surface of the end block for

model Mg. The integral of the area beneath this curve
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corresponds to the load transferred by means of shear
tractions at the surface of the anchorage unit. The
second curve in Figure 6.2 is a plot of the proportion

of the total load which has been transmitted by shear at
each longitudinal station. It is apparent that 33% of the
total load is transferred by shear and the remaining by

a bearing action. This result is in fairly good agreement
with Guyon's assumption that one-third of the total
anchorage force is transmitted to the concrete by the

lateral surface of the anchorage.
6.3 SHEAR STRESSES

Figures 6.3 to 6.6 show the optical fringe patterns
in som- important slices removed from the embedded ancho-
rage end block. The maximum shear stresses occur very
near the top surface around the anchorage and also
immediately under the anchorage. These values,however,
are 0.63 times the maximum values in the external plate
anchorage end block. These comparatively lower values are
understandable and are obviously due to a more diffused
transfer of load from the unit to the end block.

Figure 6.7 shows the distribution of shear stress on

typical transverse sections in the mid-plane.
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6.4 TRANSVERSE TENSILE STRESSES

The distribution of the principal tensile stress P
in the transverse direction along the sections at which
maximum values are found to occur in the surface and mid-
plane are drawn for both these planes in comparison with
the corresponding values for the external anchorage in
Figures 6.8 and 6.9. The magnitudes of the maximum
transverse tensile stresses are respectively 0.58 and
0.52 times the mean compression for the surface and central
planes. Both these values occur below the base of the

anchorage unit.

Unlike the external plate anchorage model the
maximum value of the transverse tensile stress for the
embedded anchorage is almost equal in the central and

surface planes,

Table 6.1 compares the values of the tensile
stresses in the central and surface planes for the two
types of anchorage units. These values and a comparison
at other typical sections in the central and surface planes
indicate that the overall stress level in the embedded
anchorage end block is considerably lower than that for

the external anchorage end block.
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It is obvious that the 15-20% differences in the
stress distributions for the two types of prestressing
systems are basically due to the difference in the mode
of load transfer by the anchorage units. In the embédded
anchorage end block, 33% of the total load is carried by
the lateral surface of the anchorage unit. Thus the
total load being transferred in parts is more thoroughly
diffused in the body of the end block and the effect
achieved is more or less identical to the effect of
decreasing the degree of load concentration with the
consequence that the resulting maximum tensile stress is
significantly smaller than that for the external plate

anchorage.

The existing theoretical solutions, irrespective of
the fact that all of these are obtained for loading
through externally applied anchorage units, are very
frequently used for predicting the distribution of the
tensile stresses in the anchorage zones of end blocks

stressed by embedded anchorage units.

It is obvious from this investigation that these
solutions considerably underestimate the tensile stress

in the embedded anchorage zones also. Table 6.2 compares
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the maximum values found in this investigation with those
predicted by the various theoretical solutions for the
gi = 0.5 . The %f- for the circular loading has been
obtained by the usual method of replacing the circularly
loaded area by its equivalent square area. Bleich and
Siever's solution provides the closest approximation.

Zileinski and Rowe have not conducted tests on end blocks

a; -
— ratilo.
2 ratio

with embedded anchorage units for this
The positions of the maximum stresses on the two

planes are also different from those predicted by the

various theoretical solutions. The conclusion for these

tests is that the maximum stresses on both the surface and

central planes occur only a short distance away from the

base of the anchorage unit. This conclusion is in agreement

with Guyon's view that with the Freyssinet embedded anchorage

unit the maximum tensile stress in the anchorage zone will

occur at a certain distance from the end of the anchorage

and not from the loaded face.
6.5 TRANSVERSE TENSILE FORCE

The tensile forces per unit width on the mid-plane and
the surface plane are 0.06 and 0.12 times the total load.

These tensile forces on the surface and mid-plane are
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40% and 44% smaller than the corresponding values for the

external anchorage unit.
6.6 SPALLING TENSIONS

The spalling tensions in the case of the embedded
anchorage end block are found to be negligibly small.
This is contrary to the state observed for the external
anchorage end block when the maximum tensile stresses
adjacent to the edges of the anchorage plate on the bearing
surface in the central plane were found to be 0.42 and 0.3

times the mean compression.
6.7 COMPRESSIVE STRESSES

The maximum compressive stress occurs in the longi-
tudinal direction immediately below the base of the
anchorage unit. Since part of the applied load is trans-
ferred to the end block as shear force at the lateral
surface of the embedded unit the maximum principal compre-
ssive stress Q in this case is only about 1.7 times the
average compression. The maximum compressive stresses for
the external anchorage end block for this %} ratio was

found to be 5 times this value. Figure 6.10 shows the

distribution of Q along the longitudinal axis.
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6.8 EFFECT OF ANCHORAGE SIZE

Another model was investigated (M;) which had a longer
anchorage unit embedded in it to study the effect of
anchorage size on the load percentage transferred by the
shear action. The second model had the same %% ratio as
the first one but the length of the anchorage was twice the
length of the first anchorage. It was found that in the
second case the load transferred by the shearing action
was measured to 49%. This evidently resulted in the
reduction of the value of the transverse tensile stress
from 0.52 times mean compression to 0.42 times mean compression.
Figure 6.11 shows the transverse tensile stresses drawn

along the longitudinal sections of the mid-plane of the

two embedded anchorage models.
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TABLE 6.1

The maximum tensile stress and tensile
force values for external and embedded
anchorage units (a;/a = 0.5)

Type of Tensile stress expressed as a ratio Tensile force -
anchorage of the mean compression expressed as
a ratio of the
prestressing
force
Mid-plane Surface Mid-plane Surface
External 0.6 0.68 0.155 0.27

Embedded 0.5 0.57 0.06 0.12
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TABLE 6.2

Comparison of the maximum tensile
stress values for the embedded
anchorage unit

Iyengar Yegtram Ze;llnski Rowe Blzlch Author
Robbins Rowe Sievers
Maximum 0.096 0.21 0.56 0.5 0.986 0.57

tensile stress
expressed as

a ratio of the
mean compression
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FIGURE 6.3 Typical isochromatic for xy-plane A for the embedded

anchorage model

FIGURE 6.4

Typical isochromatic for yz-plane 4 for the embedded
anchorage model
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FIGURE 6.5 : Typical isochromatic for radial plane for the embedded
anchorage model

FIGURE 6.6 : Typical isochromatic for xy-plane B for the embedded
anchorage model
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FIGURE 6.7a - Shear stress distribution along X at level
Vig for xy-plane A (Model Mg)

FIGURE 6.7b - Shear stress distribution along X at level
Vii for xy-plane A (Model Mg)

2
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chapter ]

THREE-DIMENSIONAL INVESTIGATION OF
MuLT1-ANcHORAGE END BLock MoDEL

7.1 INTRODUCTION

This chapter describes the three-dimensional photo-
elastic analysis of a rectangular end block subjected to
three post-tensioning forces and considered to be an
integral part of a long rectangular beam. The post-tension-
ing of the model studied here was carried out by three
cables acting through external anchorage units carrying
equal prestressing forces (Figure 7.1). The overall concen-
tration ratio in this case is 0.26, although based on
symmetrical prism approach the concentration ratios are 0.16,
0.32, and 0.45 for individual anchorages I, II and III
respectively (Figure 7.2). In this study the distribution
in the anchorage zone has been fully explored. The magni-
tudes of all the important stress components have been
obtained on internal and surface planes in the XY and YZ
directions. The lines of principal stress and the contours

of the principal tensile stress P are drawn on the internal
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and surface planes.

The analysis of this study has been deepened in the
direction of verifying the application of single concentric
test results to the multi-anchorage case on the basis of
the symmetrical prism method proposed by Guyon and slightly
modified by Zielinski and Rowe. Moreover, some other
potential directions useful to the designer have been
explored on the basis of the behaviour results of the multi-

anchorage end block.
7.2 EXPERIMENTAL PROCEDURE

7.2.1 General Details

The photoelastic model was made of cast Araldite B
having a rectangular cross section 3" x 1%" and a length of
6'" (Figure 7.3). As in the case of three-dimensional
single anchorage models only a small part of the length of
the adjoining beam was cast into the model. The applied
post-tensioning forces were 55 1b for each anchorage and
were applied vertically by means of cables passing through
ducts as shown in Figure 7.1. The manner of loading and
the forms of anchorage units employed have been described
in detail in chapter 3 where the experimental procedure is

outlined for these tests. The ratio of the total loaded
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area to the gross area of cross-section of the end block is

0.26.

7.2.2 Method of Slicing

The details of the slices removed from the frozen
model for observations are shown in Figure 7.3. The general
scheme and the procedurefor removing the slices is similar
to the one adopted in the preceeding investigation with the
difference that far more slices were removed and analyzed
in this case than in the preceeding case of single anchorage
models; the reason being that an in-depth study of the
behaviour was considered essential to be able to make
recommendations for the design. The thickness of the .slices
varied from 0.06 inches to 0.08 inches for observations of

fringe numbers.

7.2.3 Analysis and Measurement

The grid marked on XY-slices is shown in Figure 7.4.
The grid on the YZ-slices is shown in Figure 7.5. The
computation of the normal and principal stresses on various
planes was carried out by the application of the shear
difference method to the general three-dimensional problem

as described in chapter 4.
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7.3 DISCUSSION OF RESULTS

7.3.1 Shear Stresses and Lines of Principal Stresses

The optical fringe patterns in the important slices
are shown in Figures 7.6 and 7.7. 1In all the planes shown,
the shear stresses are seen to be concentrated along the
edges of the anchorage plate. The variations of shear
stresses in the XY and YZ planes in the directions of x
and z respectively were drawn along the horizontal grid
lines for all the XY and YZ planes removed from the
"frozen" models in order to obtain the contributions
required for the evaluation of the normal stresses. On the
basis of the observations it may be concluded that the
peak values of shear stresses in the end block at all
levels along the longitudinal direction occurred under the
edges of the anchorage plates. Typical shear variations
for the XY- and YZ- planes are shown in Figures 7.8 and

7.9.

Figures 7.10 and 7.11 show the isoclinics and the

stress trajectories for the plane of symmetry.

7.3.2 Transverse Stresses

For the internal and the surface XY-planes transverse

stresses XX and P have been obtained along eleven
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longitudinal lines corresponding to the internal YZ-slices
(2 to 12; Figure 7.1). As the stress level in the inter-
mediate planes between internal and surface planes is
expected to be lower, the separate principal stresses have

been obtained for the internal and surface planes only.

7.3.3 General Form of Stress Distribution

The contours of the principal tensile stresses P in
the mid-plane and on the surface are shown in Figures 7.12
and 7.13. These contours show bursting zones beneath and
between the anchorage units and spalling zones in the

corners.

7.3.4 Bursting Zones

7.3.4.1 Tension zone between the anchorage units

The contours of the principal tensions on the surface and
mid-planes indicate tension zones between the anchorage
units. The creation of a tensile zone between the anchorage
units in akin to the existence of spalling zones in the

two corners and could be explained by the mode of load
dispersion for each individual end prestressing force

(Figure 7.14).

The present analysis indicates that the tension zone

between the anchroage unit exists throughout the width of



147

the end block and that the value of the maximum tensile
stress in this region at the mid-plane is fairly high.
Figures 7.15 and 7.16 show the distribution of P for the
mid and surface planes along section 8 which lies between
the anchorages I and II. It is seen that the maximum
tension between the anchorages is of the order of 0.5 and
.48 times the mean compression for the mid and surface
planes respectively, and that these values occur at the
surface of loading. The tension zone is confined on
scction 8 to a shallow depth of (d/25) in the direction

of y. Also, the maximum value of the tensile stress in
this zone decreases towards the surface where it is about
0.48 the maximum value in the mid-plane. In investigation
of section 2 which is close to the edge of the loading pad
indicates very high tensions of the order of 1.35 times
the mean compression at the free surface on the loaded
face close to the edge of the anchorage unit. These high
values also,however, correspond to a shallow zone of tension
as indicated in Figure 7.17 which shows the distribution

of P along the longitudinal axis Y for section 2.

An analysis for the principal stress R along the Z
direction at the loaded face point L of section A8 also

shows tensile stress of 0.6 times the mean compression.
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The distribution of R along y direction for the section
A8 shown in Figure 7.18. This indicates that in shallow
zones between the anchorages in the mid-plane A there

exists a stale of bi-axial tension.

The sustained high values of transverse splitting
tensions in most part of the width between the anchorage
units and the static of bi-axial tension in this shallow
zone render this region between the anchorage units
potentially vulnerable to cracking and failure. Figure
7.19 shows the mode of failure in rectangular concrete
end blocks post-tensioned by two and three cables. In
either case a crack is indicated on the surface between
the anchorage units confirming the strong tendency of a

splitting failure in this region.

The maximum total tensile force per unit width in
this region is 0.02 times the total applied prestressing
force. This being small the tensile reinforcement to be
provided in this region should be concentrated just below
the bearing surface where large tensions are developed in

most parts of the end block width.

7.3.4.2 Tensile zones beneath the anchorage units: The

contours of the principal tensions in the mid-and surface

planes indicate that tensile zones are found to exist
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beneath the anchorage units in the XY-planes which tend to
cause a bursting or splitting failure in the direction of

the height.

A comparison of the mid-plane and surface contours
pinpoints a significant fact which was also indicated by
the series relating to the single concentric models: that
the comparative magnitude of the tensile bursting stress
for the internal and surface planes depends mainly on the

proximity of the loading pad to the surface plane.

Table 7.1 : Maximum tensions under the anchorages, for
mid and surface planes

Anchorage I Anchorage II Anchorage IIT

Distance of the edge of
loading pad from the 0.375 0.158 0
surface plane

Maximum tension in surface
plane 0.70 0.80 1.20

Maximum tension mid plane 0.9 0.75 0.80

Table 7.1 shows that the position of the mid-plane showing
greater tensions in the region of the end block under
anchorage I is gradually dialated as the proximity of the

loading pad to the surface increases and is reversed under
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under anchorage IT and the reversal becomes strengthened
under anchorage III where the edge of the loading pad is
actually located at the surface. This type of potential
reversal is indicated in Figure 5.12 of chapter 5 where
the difference in the magnitude of traverse tensions
between surface and mid planes is shown to progressively

shrink with increasing values of %%.

This finding is very substantive in indicating that
in many situations the concentration ratio, either
expressed comprehensively as %% or expressed as %ﬁ in the
vertical and horizontal directions, may not prove to be
a sufficient parameter for evaluating the maximum transverse
tension values on the critical surface or mid-planes. The
actual geometry of the anchorage with respect to the end

block cross section configuration will play an important

part as a complementary parameter.

Table 7.2 gives the values and positions of the maximum
transverse tensile stresses and the tensile forces on the
surface and mid-planes in the zones beneath the anchorage
units on various sections. These results should be inter-

preted in the light of data indicated in Figure 7.13.
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It appears from the optical fringe patterns that the
behaviour of adjacent anchorage units is sensibly indepen-
dent, except in the case of the bursting tension in the
zones between the anchorages. 1In view of this conclusion
it is reasonable to assign zones of influence to each
anchorage unit. This is done in Figure 7.2 on the basis of
the symmetrical prism method proposed by Guyon and somewhat
modified by Zielinski and Rowe. This gives the load con-
centration ratios (%%J of 0.16, 0.32 and 0.45 for prestress-
ing forces I, II and IIT respectively. This position is
reflected in the values of maximum transverse tensile
stresses under the various anchorage units. Table 5.2 and
the contours of principal stress P for the mid-plane
(Figure 7.12) indicate a higher level of tensile stresses
under load I. The stress level, however, falls gradually
downward toward load III. It is, however, interesting that
an identical position is not obtainable for the surface
plane. In fact the maximum transverse tensile stress level
follows a reverse trend on the surface plane as indicated
by Table 5.2 and the contours for the surface plane. It is
clear from this data that the value of the maximum transverse
tension in the surface plane is goverened by an additional

factor : the proximity of the loading pad. The value of P
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is maximum in the whole surface plane at section 3 because
the anchorage unit III is closest to the surface there.
The value on section 10 is lower than the corresponding
values at sections 6 and 3, although the %T ratios for
.anchorage units II and III are higher. This can be
explained on the grounds that at section 10 the edge of
the loading pad is farthest from the surface plane. It
therefore seems that the critical stresses in the vicinity
of an anchorage unit are also a function of thelocal
geometry and are not solely determined by the load con-
centration ratio parameter. This effect emphasizes the

three-dimensional nature of the anchorage zone problem.

A comparison of the positions of maximum transverse
tensions in the plane of symmetry with those in the surface
plane (Figures 7.12 and 7.13) indicates the effect of the
cable duct on the form of tranverse stress distribution in
the mid-plane. In a plane which does not contain the
duct, the maximum principal tensile stresses (P) are found
to occur on lines corresponding to the centre lines of the
anchorage units. However, in the mid-plane, the maximum
principal tensile stresses occur under the edges of the

anchorage units.

The locations of the maximum tensile stresses in the

direction of the length for the central and surface planes
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are given in Tabel 7.2. For the mid-plane the position
is given by 0.03 d from the loaded face and for the surface

plane the corresponding value is 0.021 d.

In the single external anchorage having %% = 0.25

the total tensile force per unit width worked out on the
basis of the maximum transverse tensile stress distribution
on the surface plane was found to be 0.27F. The multi-
anchorage end block has an almost identical %ﬁ-ratio
(0.26). The corresponding average value for the total
tensile force per unit width also worked out for the
surface plane on the basis of the maximum values under the
individual anchorages is found to be,109F. This value is
only about 50% of the value when the similar force was
applied using triple anchorages instead of a single ancho-
rage. It may be concluded from this observation that the
effect of dividing the forces into smaller units is to

affect a reduction in the total tensile force for which

the reinforcement is provided.

7.3.4.3 Tensile force : Table 7.2 shows the

variation of the total tensile force under the various
anchorage units in the internal and surface planes. As
discussed earlier the total tensile force in the mid-plane

is mainly governed by load concentration ratio. The
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tensile force level is higher under the anchorage unit
representing a lower load concentration ratio. This
position, however, is not true for the surface plane where
the proximity of the anchorage unit is also a substantive
influencing parameter. This leads to the conclusion that

for those geometric configurations of the anchorage units
which result in reduced proximity of the loading pad to

the surface plane the critical values will not be necessarily

found on the surface plane but will occur in the mid plane.

7.3.4.4 Tensile stress ZZ in the direction of the

width : The values of ZZ (which are equal to the principal
stress R for the mid-plane) were evaluated for the surface
planes 1 and 13 and for internal planes 8 and 9. On the
surface plane 13 the maximum value go the tensile stress is
of the order of 0.54 times the mean compression. On internal
plane 9 this value was found to be 0.12 times the mean
compression respectively. This suggests that a sizeable
part of the region under the anchorage unit is in bi-axial

tension. TFigure 7.20 shows a typical plot of ZZ for the
external plane 13.
7.3.4.5 Compressive stresses : High compressive

stresses in the longitudinal direction are found to exist

on the planes under the anchorage unit. In the mid-plane
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along the hole boundary of load I the value of principal
compression Q is found to be four times the mean compression.
Figure 7.21 shows a typical plot of Q variation along this

section.
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The Values of the Maximum Transverse
Tensile Stresses and the Tensile Forces
on the Surface and Mid-planes on Various

Sections

Maximum transverse
tensile stress ex-

Maximum tensile force
expressed as a ratio

Section pressed as the mean of the prestressing
compression force
Mid-plane Surface Mid-plane Surface
2 1.3 1.4 0.036 0.268
3 - 1,27 - 0.204
4 0.6 0.6 0.0087 0.148
5 0.29 0.5 0.025 0.02
6 - 1.0 - 0.06
7 0.34 0.54 0.03 0.034
8 0.7 0.45 0.0348 0.008
12 0.19 0.2 0.014 0.02
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FIGURE 7.1 : The end block beam made from Areldite B
with the anchorage units
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FIGURE 7.6 : Typical isoclinica = 25° for the mid-plane
' (xy-plane A) Model M8

FIGURE 7.7 : Typical isochromatic for the surface plane
(xy-plane A) Model M8
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FIGURE 7.19 a : The mode of failure in rectangular concrete
end blocks by two cables

FIGURE 7.19 b : The mode of failure in rectangular concrete
end blocks by three cables
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chapter §

FAILURE MeEcHANISM OF END BLocks

8.1 INTRODUCTION

As pointed out at the end of chapter 1 (section 1.4)
photoelastic tests fail to predict the behaviour of
concrete near the ultimate conditions on account of the
differentials in the characteristics of concrete and the
photoelastic model material. A test series was,therefore,
carried out to investigate the failure mechanism of
concrete under the anchorage zone conditions. Tests were
carried out on 4" x 4'" x 8'" concrete prisms which were
loaded in the Instron testing machine through externally
located steel plates. All the %i ratios investigated
in the photoelastic tests were employed. Since the
various stages of cracking were of considerable signifi-
cance, the monitoring of the onset of cracking was carried
out using ultrasonic pulse velocity technique rather than
the hitherto more common and less precise methodology of

visual crack defection. Two 80HZ transducers were fixed

on the opposite faces of the specimen using a sticking
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graease to provide an elfective contact with the concrete
surface. The pulse transmission time was recorded at
the initiation of the test and was continually monitored
during the progress of the test. Microcracking inside
concrete increased the pulse transmission time and
substantive cracking subsequently caused a further sharp

increase.
8.2 FAILURE MECHANISM

There is a general feeling that the limiting
transverse tensile strains cause the failure to occur in
the form of longitudinal tensile cracks as shown in
Figure 8.1. Tests carried out by Zielinski and Rowe
show this type of cracking to be occuring very frequently

in their concrete end block models tested to failure.

A closer examination of the phenomenon during the
author's experimentation, however, suggests a different
mechanism. In all the cases the failure mechanism
revealed that a downward punching of the concret under
the loading pad took place before the appearance of
the vertical tensile cracking. This punching action is

typically shown'in Figure 8.2. A study of the structure
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of the specimen after the failure showed that there was
a stiff cone of concrete under the bearing plate ‘with
the concrete all round it in disintegrated form defined
by the shattered aggregates and powdered mortar. The
stiff cone under the plate had moved downwards (Figure
8.3) as a wedge opening immediately thereafter a tensile
crack of the type shown in Figure 8.1. It seems that
the tensile crack appears as a result of the increased
tensile strains due to the wédging action of the cone
(Figure 8.4) rather than due to the limiting valuc of
the tensile strain as a result of the maximum transverse

tensile stress in the anchorage zone.

It appears that due to the different stiffness
characteristics of the steel plate and the concrete and
due to the localized high compression load the bearing
plate restrains the lateral expansion of concrete on
all sides putting the concrete behind the anchorage unit
into a state of tri-axial compression. This state bestows
on the concrete under the anchorage additional strength
and stiffness ascribed to” confinement. Figures 8.5,

8.6 and 8.7 show the photoelastic observations which

invariably indicate very high sub-surface shears in
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the vicinity of the edges of the anchorage unit.

Figure 8.8 is a plot of the contours of the maximum shear
stress. It shows plane AB which represents points of
maximum shear at different levels. The failure will
therefore initiate along the shear wedge defined by

plane AB immediately after the shear resistance of con-

crete along this plane is overcome.

The failure planes on the two sides of the anchorage
unit shape the stiffer concrete into a cone which wedges
into the surrounding concrete after the shear failure
and consequently setting up high tensile stresses per-
pendicular to the load and tensile cracking parallel to
the load. The propagation of tensile cracks in a complex
compression-tension stress field caused by the wedging
action of the concrete cone therefore governs the failure

of the end block.
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FIGURE 8.1 : Test piece showing the type of crack



FIGURE 8.2 : Concrete model showing the punching of loaded face

FIGURE 8.3 : The differential levels of surfaces indicate the movement
of the stiff cone under the plate
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FIGURE 8.6 : Fringe pattern of xy-plane slice under external
anchorage unit

FIGURE 8.7 : Fringe pattern in xz-plane slice under external anchorage
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FIGURE 8.8

Siiwdar coutours for a typical single load model (xyyo)
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chapter §

DesteN CoNSIDERATIONS

9.1 LOAD CONCENTRATION RATIO AND TENSILE FORCE RELATION-

SHIP TO BE USED IN DESIGN

On the basis of the test data on concentric models

the following format can be recommended

(a) For External Anchorages

a 0.3 0.4 0.5 0.6 > 0.7

—
o
[\

Sl

0.32 0.28 0.24 0.20 0.15 0.11

(b) For Embedded Anchorages

0

0.2 0.3 0.4 0.5 0.6 > 0.7

il

0.22 0.20 0.17 0.14 0.12 0.10

T3

The above tables are expressed in a graphical format in

Figure 9.8.

9.2 APPLICATION OF THE SYMMETRICAL PRISM METHOD TO THE

MULTI-ANCHORAGE END BLOCK

The results of the investigation on the multi-ancho-

rage end block are applied to a prototype beam end
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block 30" x 15" which is post-tensioned by threc forces
of 180 kips each located as shown in Figure 9.1. This
positioning will prestress the beam to a stress of

800 1b/sq in on the upper edge and 1600 1b/sq. in on the
lower edge. Symmetrical prisms I,II and III are now
delineated in Figure 9.1 according to the consideration
that the depth of the symmetrical prism (Zap) is taken to

be the lesser of :

(i) distance between the centre lines of adjacent anchors
(ii) twice the distance between the centre line of the

anchor and the edge of the concrete.

The data for the symmetrical prisms is tabulated in
Table 9.1 for the calculation of vertical reinforcement.
Column 4 gives the values of the maximum bursting tensile
stresses. It is seen that the actual average values
observed from the multi-anchorage end block test are
quite close to those predicted by the author's graph
which establishes a relationship between the maximum
tensile stress and the %l ratio. Further, the values
predicted by the author's data are fairly close to the

values predicted by the test data of Zielinski and Rowe.

However, Guyon's values are seen to make a grossly
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underestimated prediction. Column 5 compares the actual
values of the bursting tensile forces with those of the
author's predictions on the basis of graph

which establishes a relationship between the tensile force
and the %l ratio. It is seen that the values predicted

by author's data, though about 15% conservative, generally
are quite close to the actual values in the case of all
the three symmetrical prisms. Author's predicted values
are very close to those predicted by Zielinski and Rowe

on the basis of their tests on concrete end blocks.

Again, Guyon's values grossly underestimate the tensile
force in the anchorage zone. It is thus seen that, using
author's coefficients it is possible to predict the values
of maximum tensile stresses and forces reasonably close

to the actual values on the basis of the symmetrical

prism method. The author, therefore, recommends the
adoption of the symmetrical prism method for eccentric

single anchorage and for multi-anchorage units.
9.3 DESIGN APPROACH

Having accepted the symmetrical prism approach a
design proposal is presented based on the data obtained

from this investigation.
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9.3.1 Problem Formulation

Refer to Figure 9.2 where anchors of sides 2a,x 2b,,
2a,x 2b,; and 2a3;x 2b; are acting on the beam end block.
The symmetrical prisms are delineated according to the

consideration outlined in section 9.1

It is seen from Figure 9.2 that rectangular anchors
with dimensions 2a;x Zb;, 2a,x 2b, and 2a;x 2b; act on
symmetrical prisms I, II and III. Considering the three-
dimensional nature of the problem two ratios al/apl,
az/apz, a3/ap3 and b,/b, b,/b, b3/b can be computed for
evaluating different tensile forces in the vertical
and horizontal directions respectively. Clearly the
prisms will have theoretical depths of Zapl,Zapz,

Zap3 for force calculation in the vertical directions and
2b for the force calculation in the horizontal direction.
Circular anchors are assumed to act on square prisms in

which

2a, = Varea of circular anchor

9.3.2 Formulation for Steel Area Provision

For each prism :



191

Prestressing Force (F)
Net cross sectional
area of the symmetrical
prism

Uniform compression at the base YY,

= F/A
/ P

It is evident from the investigations that the
maximum transverse tensile stress (xx or zz) normal to the
central axis of the prism and parallel to a;(or b,) can

be expressed as

XX = kfyyo = kf . (1)

and the total bursting tensile force can be expressed

as

T = k. F (2)

In relations (1) and (2) the parameters kg and kT
vary with the ratio a,;/a and have been determined in
this investigation in a series of tests described in
chapter 5. The variations of kf and kT are plotted in

Figure 9.3 for ready reference.

Figure 9.4 shows a typical plot showing the distri-
bution of the transverse tensile stress xx. This
distribution can reasonably be approximated by a triangle

the dimensions of which are shown in Figure 9.4 based
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on the results obtained with regard to the position of

zero and maximum transverse tensile stress.

Let ft be the specified permissible tensile stress
for concrete. Then the length of end block which requires
reinforcement is shown in Figure 9.4 as hatched. Also
the tensile force to be resisted by the reinforcement is

given by

T. = T[1- (}f;max)z] (3)

Zielinski and Rowe carried out tests on prisms
loaded over partial areas of their cross-section to
establish a relationship between the tensile strength of
concrete under this type of loading with the tensile
strength of concrete under the splitting cylinder tests.
They found that for the same quality of concrete, in a
prism loaded over a small area, the apparent tensile
strength of the concrete may be between 28 and 47% higher
than the splitting tensile strength for values of %l
between 0.30 and 0.70 respectively. The ratio of apparent

strength to splitting strength (k) being a function of

gl ratio, the data obtained by Zielinski and Rowe is

shown plotted against gl ratio values in Figure 9.3.
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The permissible tensile stress in the anchorage zone

situation is,therefore,

£, = Bkr (4)
where B8 = a reduction factor
k = ratio of apparent strength to splitting
strength
r = tensile splitting strength of the concrete

Tensile stresses greater than ft must be resisted
by the reinforcement at a suitable working stress for
steel ES. Area of steel As required in each direction
in any prism containing a single anchorage unit, is then

given by
T
Ag = -é (5)

Substituting the values of T, ft and xx in relation (3)

and then substituting the value of Tr in relation (5)

we get
k..F BkrA
A, = ?-:—-[1 - (_k_fFR)z] (6)
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kT’ kf and k are plotted in Figure 9.3 for various %i

ratios. If suitable values can be specified for fs
and r, the steel area AS can be calculated for a given
prestressing force acting on a prism through a cable

duct.

9.3.3 Tensile Splitting Strength for Normal Concretes

It is not yet common practice to specify tensile
splitting strength for concrete. Compressive strength of
concrete is the usual index for all other design para-
meters and therefore the tensile splitting strength (r)
for use in the aboveformulations has to be expressed as
a derivature of the compressive strength of concrete.
Because of the sensitivity of concrete tensile strength
to variations in compaction and curing conditions, there
are obvious difficulties in spelling out a firm or
accurate relationship between tensile and compressive

strengths of concrete.

In several series of tests carried out at the Cement
and Concrete Association an attempt has been made to
relate the tensile splitting strength with the cube
crushing strength. The data obtained from several reports

has been plotted in Figure 9.5. Most of the data relate
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to values of cube crushing strength between 5000 and
9000 1b/sq. in. Fortunately this is the range of

concrete strength which is of interest in prestressed

-concrete design and construction.

As suggested by Dorwick it is reasonable *o adopt
a linear variation between compressive and tensile
strengths from Cu = 5000, r = 400 to cu = 10,000, r = 600.
To take into account the scatter of the data the value
of r used in equation (6) should be adopted from the

line r. = 0.80 r shown drawn in Figure

9.3.4 Design Graphs

In fact having chosen suitable values for the
various parameters, a family of curves can be drawn as
design aids which will give As directly for a given
value of prestressing force. This can be conveniently
done as shown in Figure 9.6. These curves are made
possible by the fact that for any particular prestressing
force there is little variation in the sizes of the
anchors and the value of 2a, for a given prestressing
force is practically constant. Some commonly adopted

values for which these curves may be drawn are shown in
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a table arranged at the top of Figure 9.6.

9.4 OTHER DESIGN CONSIDERATIONS

9.4.1 Ultimate Load Conditions

The foregoing formulations relate to working load
conditions. It is,however, also necessary to ensure that
at ultimate load conditions the stress in the anchorage
zone reinforcement will not exceed the specified yield
value for the steel. The ultimate load condition will
be obtainable when a prestressing force equal to the
guranteed tensile strength of the tendon multiplied by
a suitable load factor (1.1 to 1.2) is assumed to be
operative. The calculations can be conducted in the

following manner

Design force in strands = No. of strands x tensile
strength per strand x
load factor

Ultimate transverse tensile force = kT x design force
kT x design force

Area of steel required from =

ultimate load considerations fy

The area of steel required from ultimate load considera-

tions should be greater than that provided on the basis
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of the working load conditions.

9.4.2 End Block Size Selection

There are two considerations. Firstly, the length
required to produce a continuous linear distribution of
the longitudinal normal stresses; secondly, a size to
avoid congestion and wrong positioning of the reinforce-
ment. It is widely recognized that congestion and
inappropriate positioning of the reinforcement has largely
contributed to the failure of end blocks. The following
guidelines emerging from the results of this investigation

are relevant

(1) For cases where single post-tensioning forces are
acting it is desirable to make the length of the
end block equal to the depth of the beam. This
recommendation is made on the basis of the obser-
vation that in the case of single concentric test
series the distribution of longitudinal normal
stress was found to become uniform at a distance
of 0.95 d from the back of the anchorage. However,
some designers feel that for beams deeper than
4 ft. the ratio of end block length to the beam

depth can safely be specified to be less than unity.
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In cases where post-tensioning forces are broken up in
groups of smaller anchorage units it should be adequate
to specify end block length between 0.5d to 0.65d.

This recommendation emerges from the observation that
in the multi-anchorage end block tested the longitu-
dinal normal stress became linear at a distance of

0.42d from the back of the anchorage.

(ii) The centroid of the bursting steel should be a
distance 0.5 to 0.55a from the back of the anchorage
in the y direction where the maximum transverse
tensile stress occurs, and most of the reinforcement
should be close on either side of this position as
the transverse tensile force is concentrated in a

small length (Figure 9.4).

The size of the end block should,therefore, be
selected to satisfy the foregoing conditions without
creating a congestion of reinforcement thereby making it

difficult to concrete the block properly.

9.4.3 Reinforcement Detailing

LEach prism should be properly reinforced beliind the
anchorage unit and the reinforcement should be provided

in such a manner as to interconnect the various prisms.
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Most of the reinforcement should be located so that

its centroid is close to a distance 0.5a to 0.55a from
the back of the anchorage unit. This may necessitate
the provision of lesser bars of bigger diameter rather
than more bars of smaller diameter. Such a choice may
also avoid the most undesirable congestion which hinders
effective compaction of concrete behind the anchorage

unit.

Reinforcement is most effective a maximum distance
laterally from the tendon. Most manufacturers provide
a small helix behind the anchorage unit. The diameter
of this helix being too small to be effective against
bursting tensions,it is mostly an undesirable hinderance

for effective compaction.

A convenient and effective form of reinforcement
is rectangular stirrups (Figure 9.7) or layers of welded

mesh spaced out from the end of the beam.

Between the anchorages a shallow zone of tension
exists which has to be reinforced adequately. This zone
being shallow, the reinforcement in this region should

be provided as close to the surface as possible.
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Area of steel Ag (in*)
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Restressing Force (Lb)

Zal (in)

Diameter of Duct (in)

100,000

200,000
6

o

300,000
7

400,000
8L,

3,

500,000
9

F
]
1 1 1 i 1 1
.3 0.4 0.5 0.6 0.7 0.8 0.9
Values of a) /a
FIGURE 9.6

Duct calculation of area of steel for the
anchorage zone for given values of prestressing

rZalaV=1
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AL 0.2 0.3 0.4 0.5 0.6 > 0.7
0.4 r a -
E 0.32 0.28 0.24 0.20 0.15 0.11
0.3 |
0.2 L
0.1 }
1 ¥ Fi ¥y
0.2 0.4 0.6 0.8
a,/a
FOR EMBEDDED ANCHORAGES
it 0.2 0.3 0.4 0.5 0.6 - 0.7
I 0.22 0.20 0.17 0.14 0.12 0.l
0.3 r- P . 1 ] L] . . . L]
0.2 |
0.1 |
1 1 n ]
0.2 0.4 0.6 0.8
a/a

FIGURE 9.8

The recommended design for the external and embedded anchorages
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chapter 1)

CoNCLUSIONS

In general the mode of failure ¢! an end block sub-
jected to prestressing forces is determined by high sub-
surface shears in the vicinity of the anchorage unit and
also by regions of transverse tensile stresscs which are
associated with the diffusion of the prestressing force
from the anchorage unit into the structure. As a result
of the present investigation a number of featurcs have
become apparent which will enable a better understanding

of the behaviour and design of anchorage zones.

The major stresses resisting the applied load in the
end block are compressive and have much larger magnitudes
than the corresponding transverse tensile stresses. In
all the models investigated the normal principal compre -
ssive stress behind the anchorage unit was of an order
of more than five times the uniform compression at the
end of the anchor block. Concrete successfully withstands
these stresses by virtue of an indicated triaxial state

of compression behind the anchorage which bestows to the
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concrete therein considerable additional strength due to

the resulting confinement.

In the case of external anchorage end block very
large sub-surface shear stresses, reaching a maximum value
of threetimes the mean compression occur just beneath the
edge of the loaded area. Experiments on the failure
mechanism of concrete end blocks showed that these sub-
surface shears were critical and caused the onset of

failure.

It is observed that a zone of tensile stress always
exists a short distance below the back of the anchorage
unit. It was found that the transverse tensile stress
and the total tensile force in this zone varied signifi-
cantly with the load concentration ratio and a relation-
ship between these parameters has been established from
these test results. It was however found that the
positions of maximum (0.55a) and zero (0.2a) tensile
stress were practically independcent of the variations
in the load concentration ratios. The results of this
investigation also show that the load concentration ratio
alone, however, is inadequate to define the maximum

value of the transverse tensions. It was found that the



proximity of the anchorage unit to the surface plane also
played an important role in conjunction with the load
concentration ratio in the prediction of maximum trans-
verse tensile stress levels. It is noteworthy that this

parameter has been hitherto overlooked.

Contrary to the suggestions of some theoretical
solutions the maximum value of the transverse tensile
stress does not necessarily occur on the surface plane.
This renders, at least in some cases, the conclusions
from surface observations of concrete end block open to
criticism.

It was found that almost all two-and three-dimensional
theoretical solutions underestimate the critical tensile
stresses and forces and completely overlook the real
significance of the high sub-surface shears in the
immediate vicinity of the anchorage units. It is these
critical sub-surface shears which cause a well defined
shear wedge under the bearing finally causing the propogation
of tensile cracks in a complex compression-tension
stress field. The values of maximum transverse tensile
stresses and tensile forces obtained in this investiga-
tion were found to be in good agreement with the compre-

hensive test results of Zielinski and Rowe made on



212

concrete end block models. This indicates as well that
the photoelastic methodology provides a realistic
picture of the nature of magnitude and stress distribu-
tion and that Poisson's ratio differential effect is

small.

Zones of tensile stresses are also found in the
corners of all the end block models investigated. An
analysis of the present tests indicates that thc tensile
stresses in the spalling zones are parasitic in nature
and arise as a result of the mismatching betwecen zones
subjected to large compressive stresses and other

regions which are not loaded directly.

In the case of multianchorage models in addition
to zones of tensile stresses beneath each anchorage unit,
tensile zones were also found to exist between the
anchorage units. These zones are shallow and the re-
inforcement for these zones should be detailed as close
to the surface as possible. The creation of these zones
is akin to the existence of spalling zones in the two
corners and could be explained by the mode of load
dispersion for each individual prestressing force. These

zones exist throughout the width of the end block and



213

and by virtue of the fairly high stress gradients render
this region vulnerable to potential cracking and
failure. The existing experimental evidence on concrete

end blocks confirms this conclusion.

Test results for the multi-anchorage end block
illustrate the advantage of dividing the loaded area into
multiple anchorage units. The maximum tensile forces in
the tensile regions beneath the anchorage units are
reduced and in a practical case this would permit a sub-
stantial reduction in the total amount of steel reinforce-
ment. It is also noticed that the length in which complete
diffusion of the prestressing force takes placc is
reduced. This would allow the adoption of a shorter end
block thereby resulting in a corresponding reduction of

the self weight.

The fundamental difference in the stress distribu-
tions between the external and embedded anchorage units
arise from the difference in the mode of load transfer.
It was found that a little more than one third of the
lcad applied at the embedded anchorage unit was trans-
mitted through shear tractions on the longitidunal

surface of the anchorage unit. Only the balance was
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transferred by bearing action. This improved diffusion
mechanism of load transfer obviously results in a
reduction in the level of maximum tensile stresses and
forces. The maximum transverse tensile forces for the
vmbedded anchorage were only 65 to 70% of the corresponding
values for the external anchorage units. The corner
spalling stresses are also considerably reduced. [t would
therefore appear that the performance of an end block
would be improved if the presiressing force were trans-
ferred to the anchorage zone through an inserted unit.

In the embedded anchorage unit the maximum transverse
tensile stress occurs of a distance away from the base

of the anchorage unit and not from the loaded face.

Both the foregoing conclusions regarding the
embedded anchorage units are contrary to the conclusions

of Zielinski and Rowe and in line with Guyon's contentions.

On the basis of tests on single concentrically loaded
end blocks two sets of values for embedded and external
anchorage units have been proposed to predict the tensile
forces for the various gl ratios. Test data from the

multi-anchorage model indicates that the symmetrical

prism method, when used in conjunction with the author's
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values, provides an excellent prediction of the actual

tensile force in the multi-anchorage prestressing system.

The results of the single and multi-anchorage end
blocks indicate that the maximum hoop stress in the duct
is not critical. It was,however, found that the presence
of the duct shifts the position of the maximum tensile
stress from along the central load line to the anchorage

unit edge line.

It is observed that the state of stress in the
anchorage zone is of a complex threce-dimensional nature.
In each tension zone under the anchorage units the state
of stress is of a bi-axial tension in .ransverse direct-
ions combined with longitudinal compressions. In the
tension zones between the anchorages also the state of
stress is of a bi-axial tension. Under the anchorage
units, however, the state of stress if of a tri-axial
compression resulting in a confinement of concrete
leading to a stiffer concrete wedge at the back of the
anchorage unit. These conditions profoundly affect
the failure mechanism of concrete in the anchorage zone.
The simple approach to a failure criterion in terms of

a limiting strain or stress is to be ruled out and a



more complex mechanism of failure is observable. It was
found that high sub-surface shears in the vicinity of
the anchorage unit initiate a punching type of failure
and the subsequent propagation of tensile cracks in a
complex compression-tension stress field caused by the
wedging action of the concrete cone governs the failure

of the end block.
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