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Figure 16. Anchorage zone dimensions.

of the length of the side of the anchorage device to the width
of the block into which the force is transferred is one critical
parameter {see Figure 18) and will be referred to as the a/h ratio.
Another important ratio is the net area of the concrete supporting
the plate to the pet area of the bearing plate, which will be
referred to as the A/A, ratio, A is the maximum area of the
portion of the supporting surface that is similar to the loaded
area and concentric with it. A, is the gross area of sufficiently
rigid bearing plates {defined subsequently) or, for less rigid bear-
ing plates, the area geometrically similar to the wedge plate with
dimensions increased by twice the bearing plate thickness. A, is
the effective net area of the bearing plate calculated as the area
A, minus the area of openings in the bearing plate.

Other parameters involved in the local zone are shown in
Figure 19. Edge distance is the distance from the center of the
anchorage device to the nearest edge of concrete. Confinement
cover is the depth of concrete over the outermost confining
reinforcement, and anchor cover is the depth of concrete over
the anchorage device. Spacing is the distance from the center of
one anchor to the center of the next.

Parameters related to the confining steel are illustrated in
Figure 20. For spiral reinforcing, the diameter of the spiral is
measured from outside to outside of the steel bars, and the spiral
size refers to the diameter of the reinforcing bar or rod from
which the spiral is made. The pitch refers to the distance in the

direction normal to the spiral diameter that is measured from
the center of the bar to the center of the bar 360 deg. away. For
orthogonal ties, the side length, spacing, and bar size are also
illustrated in Figure 20.

In the local zone, confining reinforcing is defined as the sein-
forcing closely surrounding the anchorage device and providing
the primary confinement. Supplementary reinforcement is rein-
forcing present in addition to the primary confinement reinfore-
ing, usually added for crack control purposes (see Figure 21).
Such supplementary reinforcement is often present in actual
girders and is often added in anchorage device acceptance test
specimens.

In order to develop a consistent design philosophy, a precise
definition of the local zone is required. As illustrated in Figure 17,
the local zone is defined as a rectangular prism whose transverse
dimensions in each direction are: (1) when independently verified
manufacturers recommendations for cover, edge distance, and
spacing are not available, the larger of the plate size plus twice
the minimum concrete cover required over the embedded plate
for the particular application and environment, or the outer di-
mension of any required confining reinforcing plus the required
concrete cover over the confining reinforcing steel for the particu-
lar application and environment; or (2) when independently veri-
fied manufacturers recommendations are available, the smaller
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Figure 18. Definition of a/h and A/A, ratios.

of twice the supplier’s recommended edge distance, or the recom-
mended center-to-center spacing.

The length of the local zone is defined as the greatest of the
following (see Figure 17): (1) the maximum width of the local
zone; (2) the length of the confining reinforcing, but no greater
than 1.5 times the maximum width of the local zone; or (3) for
anchorage devices with multiple bearing surfaces, distance from
the loaded concrete surface to the farthest face of each bearing
surface plus the maximum dimension of that bearing surface
(see Figure 17¢).
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Rigld Bearing Plates

Based on extensive work by Hawkins (13,14,15), Niyogi
(35,36), Williams (37), and Wurm and Daschner (38,39), as
well as the AISC (40} expression for the required thickness of
abearing plate, Roberts (4) concluded that there were two impor-
tant conditions which must be satisfied to consider a bearing
plate as rigid. The first is that a flexural check indicate that the
plate material does not yield. The second is that the plate be
sufficiently stiff. The most complete study of the effect of stiff-
ness of bearing plates on concrete was the work reported by
Hawkins. However, all of his specimens had height to width
ratios less than 1.5. Williams (37) and Niyogi (35,36) have
shown that this parameter has a substantial influence and shouid
be varied. Hawkins also used square punches (wedge plates)
while most post-tensioning wedge plates are circular. Based on
a reexamination of Hawkins data, Roberts found a consistent
relationship between the load achieved by specimens and the
calculated deflections of the edges of the plate. “Rigid” plates
tended to have ratios of edge deflection to length of less than
about 0.0005. Nonpublished data submitted by several post-
tensioners for bearing type anchorage devices, which have been
widely used without problems in the United States, indicated
that ratios of edge deflection to length of about 0.00075 were
actually acceptable. This can be satisfied if
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where 7 is the largest distance from the outer edge of the wedge
plate to the outer edge of the bearing plate, 1 is the average thickness
of the bearing plate, E, is the modulus of elasticity of the bearing
plate material, and £, is the maximum factored tendon load, P,
divided by the effective bearing area A,.

Present Code Provisions for Local Zones

In many building and bridge design standards, references to
allowable or ultimate bearing stresses under post-tensioning an-
chorage devices are vague, conservative, and not particularly
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uniform. Most give formulas based on some allowable fraction
of the concrete’s characteristic strength and some are also a
function of the A/A, ratio.

Figure 22 indicates the wide scatter of a number of these
current standards for a concentrically loaded square prism.

While most researchers have developed qualitative conclu-
sions that agree well with one another, the quantitative conclu-
sions are confusing, difficult to apply, and inconsistent with one
another. The wide variety of bearing stresses allowed by the
codes is also a source of frustration to designers. Although an
increase in bearing strength due to confinement by reinforcing
has been proven in many experimental programs, no code allows
an increase in bearing pressure based on the amount of confining
steel present. There is still much room for refinement and im-
provement of design guides and code provisions. In particular,
specific provisions need to be included to reflect modern
multiplane anchors and the effects of confining reinforcement.

Experimental Program

In this study a series of 31 test specimens were used to evaluate
the behavior, test criteria, and design procedures for the local
zone. Complete details are provided by Roberts (4). A summary
of specimen details is included in Appendix C. The local zone
experimental program was divided into three main categories:
(1) tests to evaluate current acceptance testing procedures and
develop new acceptance test procedures; (2) parametric studies;
and (3) local zone-general zone interaction tests. Variables inves-
tigated included edge distance, spiral parameters, supplementary
reinforcement, type of anchorage device, concrete strength, inter-
action with the general zone, and loading history.

Test Specimens and Methods

The majority of the specimens were very similar rectangular
concrete prisms. The construction and testing procedures were
almost identical. Specimen details are given in Appendix C. All
specimens were cast horizontally. Tolerance on the concrete
dimensions was ' in. All reinforcing steel was bent in the
laboratory using CRSI standard bends and hooks. Stirrups were
bent from Grade 60 deformed bars and spirals were fabricated
from smooth Grade 60 bars. All reinforcing dimensions were kept
within a Y-in. tolerance. Strain gages were affixed to selected
reinforcing bars, as shown in Figure 23. Demec locating discs
for mechanical extensometer measurement of concrete surface
strains were placed on two faces of every specimen as illustrated
in Figure 24. All specimens were concentrically loaded through
spherical heads onto wedge plates in either a 600-kip or a 1200-
kip testing apparatus. The bases were uniformly supported on
teflon pads. Loading was applied incrementally with careful
observation of first cracking, crack development, and ultimate
load. Steel strains were monitored by an automated data logger.

Tests to Evaluate Acceptance Testing Procedures—
Multiple Plane Anchors

Two different recommended testing procedures were evaluated
in this study. The first is the test described in the FIP Recommen-
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dations for the Acceptance Application of Post-Tensioning Sys-
tems (3). The FIP outlines a test block (see Figure 23), test
procedure, and criteria for evaluation. Side lengths, m and n,
perpendicular to the tendon shall be taken as twice the permissible
minimum distance from the center of the anchorage to the edge
of concrete structure as recommended by the manufacturer (sup-
plier). The height of the prism shall be twice the longer dimen-
sion, m or n, measured from the end of the device farthest from

the load application. The test should be started when the concrete
has reached approximately 85 percent of its characteristic
strength (28-day cube strength), and strength gain should be
limited so the characteristic strength is not exceeded during the
course of the test. They recommend a cyclic or sustained loading
procedure (see Figure 26) and ultimate limit state evaluation
criteria,

Regardless of the test method chosen, the test must prove that
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Figure 24. Typical Demec locating disc layout.

the anchorage zone is capable of transferring forces to the con-
crete without premature failure of the concrete or the bursting
reinforcement, It must be designed in such a way that the maxi-
mum prestressing force is carried with an adequate factor of
safety against failure. FIP also requires that the possible forma-
tion of small cracks in the anchorage zone not impair the perma-
nent efficiency of the anchorage. The only other stipulation that
FIP puts forth is that the minimum spacing of anchorages and
minimum edge distance be determined in such a manner that
the reinforcement can be easily placed, and that adequate com-
paction of the concrete is possible.
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Figure 25. FIP test specimen.

The second test is described in the PTI specifications for
segmental post-tensioned box girders (17}, and is a significantly
different acceptance test. The dimensions of the test block are
somewhat different, the loading is monotonic, and serviceability
(specific crack width), as well as ultimate criteria, are used for
evaluation. PTI specifies a concrete prism with a Cross-section
dimension twice the minimum distance from the centerline of
the tendon to the face of concrete in the actual structure in one
direction, and equal to the minimum spacing of the anchorages
plus 3 in. in the other direction (see Figure 27). The length of
the test block is to be at least 1.5 times the largest cross-sectional
dimension.

The specification further requires that the reinforcement in the
anchor zone ahead of the anchorage, for a distance equal to the
largest of the two cross-sectional dimensions of the specimen,
shall simulate the actual reinforcement used in the structure. For
the remaining length of the test block, the reinforcement may
be increased as required to prevent failure in that portion. The
strength of the concrete in the test block at the time of test must
not exceed the minimum concrete strength at the time of post-
tensioning.

The ultimate load criterion which must be satisfied is that the
anchorage be capable of developing 95 percent of the guaranteed
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ultimate tensile strength of the maximum size tendon for which
the anchor is rated, without measurable permanent distortion of
the anchorage and without concrete failure. Measurable perma-
nent distortion is defined as a distortion of 0.01 in. or more
across the anchor face of the assembly measured from the original
plane after the load has been released.

PTI also defines serviceability criteria. The test block must
have no concrete cracks at a load of 40 percent F,,, and concrete
cracks at 70 percent F,,, must not exceed 0.005 in. After loading
to 95 percent F,, and releasing the load, concrete crack widths
must not exceed 0.015 in.

These different procedures were evaluated by several series
of tests. In test series MP (Multiple Plane Anchors), six test
specimens were built following the general outlines of the FIP
procedures, but were loaded monotonically to failure. All speci-
mens used a multiplane anchorage with a rated capacity of 12-
0.6-in. diameter, 270-ksi strands. Manufacturer’s literature re-
quired a minimum concrete strength of 3000 psi. MP-A had
reinforcing details conforming to the manufacturers’ European
literature and allegedly proven in FIP tests. MP-B incorporated
the spiral that is welded to the anchor when sold in the United

States. MP-C and MP-E had details similar to MP-B but substan-
tially higher concrete strengths. MP-D and MP-F were the same
as MP-C and MP-E except three additional #4 supplementary
ties were added to improve crack control. The rated capacity,
F,,, of the 12-0.6-in. strand anchor at a guaranteed ultimate
tensile strength (GUTS) of 270 ksi is 700 kips.

Test results for the MP series are given in Table 1 along
with a summary of the confining and supplementary reinforcing
provided. The specimens incorporating the manufacturer’s sug-
gested configurations (MP-A and MP-B) failed to develop the
rated ultimate capacity by substantial margins. At failure all of
the anchorages had visibly depressed into the specimen’s top
bearing surface from Y, to %, in. (see Figure 28). The concrete
confined within the spiral confinement moved along with the
anchor as it depressed into the concrete, as can be seen from
Figure 29, taken when the spalled concrete was removed. The
presence of supplementary skin reinforcement did little to im-
prove the cracking load, which is substantially below the 0.80
F,, temporary stressing level allowed by AASHTO. It appears
futile to think of “uncracked” anchorage zones. The supplemen-
tary reinforcement did help in controlling crack widths, and a
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comparison of MP-A and MP-B shows that the supplementary
reinforcement can combine with the primary confining reinforce-
ment to increase the ultimate capacity of the anchorage. Speci-
mens MP-B, MP-C, and MP-E were identical in all details except
m —m - for concrete compressive strength. Interestingly, first cracking
min, edge dist. was highest for the lowest concrete strength specimen. Ultimate
12 loads increased at only about 90 percent of the increase in con-
crete strength.
min. ’P“i_n‘ +¥ Tests 10 Evaluate Acceptance Testing Procedures—
Figure 27. PTI test specimen. Rectangular Plate Anchors
A similar investigation was carried out in the RP (Rectangular
Plate Anchor) series. Two specimens each with a 4-0.6-in. diame-
Table 1. Multiplane anchor test series
— ﬁ=
? .
Conlfinin, Suppicmenta
Specimen f‘_ . .g PP . & Cracking Load Ultimate Load
psi’ Reinforcing Reinforcing

#4 spiral, 2-1/8 5 ea. #3 ties at
MP-A 3200 . . 0.46 0.81
in. pitch, 5 turns | 1-3/8in.

#5 spiral, 2 in.
MP-B 3200 None 0.46 0.63
pitch, 6 turns
MP-C 6400 Same as B None 0.35 1.13
3 ea. #4 ties at
MP-D 6400 Same as B . 035 1.30
4-1/2 in.
MP-E 4200 Same as B None 0.30 0.80
MP-F 4200 Same as B Same as D 0.30 1.05

! Manufacturer required: 3000
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Figure 29. Specimen MP-B after failure.

ter, 270-ksi strand rectangular plate anchor (F,, = 232 k) were
tested. Specimen RP-A had the manufacturers’ recommended
reinforcing details consisting of five #4 closed stirrups at 2%-
in. centers over the specimen cross section with three smaller
additional #3 closed stirrups at 2%;-in. centers as additional con-
fining reinforcement. Specimen RP-B had a 6',-in. diameter #3
spiral with 1Y,-in. pitch and nine turns. The spiral was sized to
provide adequate confinement to the cone to develop F,, using
Richart’s (41) approach. No other supplementary reinforcement
was provided so that there was substantial concrete area without
reinforcement, Test results are shown in Table 2. The rectangular
specimen, RP-B, clearly indicated that a spiral arrangement of

2 /4
| 15°
-
Cone milled from §
bar stock
‘ , 826 7/8x 1 1/8 PL
2 v
- §
|

Figure 30. Anchorage device for specimens LH-D, E and F.

confining reinforcement is not always the optimum if not supple-
mented by reinforcing over most of the face of the specimen.
The very large area of unreinforced concrete, from the perimeter
of the spiral to the outside edges, developed very wide cracks,
while the spiral developed less than 500 microstrain. The supple-
mentary reinforcing in RP-A tied in the corners of the block and
greatly enhanced the use of the confining reinforcing.

Test to Evaluate Acceptance Testing Procedures—
Load History

The influence of Load History was specifically investigated
in the LH series. Loading histories included monotonic, cyclic,
and 48-hour static load transfer tests. Two sets of specimens
were used. In the first set (LH-A, LH-B, and LH-C) a “good”
commercially available 4-0.6-in. strand rectangular flat plate
anchor (6%-in. by 8-in.) was used with a confining spiral. In
the second set a purposefully designed “bad” ancher was used
to see if the test procedure would discriminate between “good”
and “bad” anchors. This anchor was the same rectangular plate
but had a heavy milled cone (see Figure 30) welded onto the

Table 2. Rectangular plate anchor test series
% Fy, (232 k)
f .
Specim Ie Confining Supplementary
pecunen psi Reinforcing Reinforceing Cracking Ultimate
Load Load
3 - #3 stir-
5, #4 slirrups
- - X 0.
RP-A 3370 .rups at 2-3/8 at 2-3/8 in, 0.64 97
in. :
#3 spiral, 1-
RP-B 3370 1/4 in. pitch, | None 0.43 0.82
9 turns




Table 3. Load history test series

23

% F, (232 k) I
Max. Crack pu
: Load ’ Confining Supplementary
Specimen| Anchor History % | Reinforcement| Reinforcement Width;t 0.80 Cracking | Ultimate
pu Load Load
; -1

Plate #3 spiral,

LH-A Monotonic | 3800 | @ 2-in. pitch, None 0.005 in. 0.55 1.00
{good)

5 turns

Plate . 0.013in.

LH-B (good) Cytlic {3900{Same as A None 0.125 in.! 0.50 0.96
Plate . 0.011 in.

LH-C {good) Sustained | 3900]| Same as A None 0.017 in.2 0.55 1.12
Cone . .

LH-D (bad) Monotonic | 3900 | Same as A None 0.003 in. 0.45 1.15

LH-E Cone Cyclic |3900|Same as A Nane 0.005 in. 0.45 1.15
{bad) 0.125 in." ’ :

LH-F Cone Sustained | 3900{ Same as A None 0.009 in. 0.55 1.27
(bad) 0.188in.? : '

' 10 cycles

248 hr.

plate. The design of the anchor was based on the design of an
anchor no longer being sold, which was known to have caused
problems, such as excessive local zone cracking, in several struc-
tures. Test results are given in Table 3).

One of the basic conclusions, which can be drawn from this
series, is that the ultimate failure load is not greatiy affected by
the loading history. Therefore, if ultimate load criteria are the
only measure of performance, a simple monotonic testing proce-
dure would be adequate. The level of distress, that is, the number
and widths of cracks, is however greatly influenced by the method
of test. The cyclic and sustained load tests showed the greatest
amount of distress, while the monotonically loaded specimens
showed the least. If serviceability criteria, such as crack widths,
wete to be considered in the evaluation of the test specimens,
the sustained or slow cycle load transfer tests would better repre-
sent the conditions that would be present in a real structure.

From a testing standpoint, however, the sustained load transfer
test is tedious and expensive. It is not always possible to tie up
an expensive piece of testing equipment for the 48 hours required
for this test. The slow cycle transfer test solves this problem
very nicely. The levels of distress at the end of the sustained
load and the cyclic loads were very similar. The cyclic test,
therefore, is a viable replacement for the 48-hour sustained
load test.

In terms of the “bad” anchor tests, it was interesting to note that
the specimens with the stiff cones cracked earlier, but actually
achieved higher ultimate loads than the identical anchors with
flexible plastic transition cones. The difference in strength is
attributable to the additional bearing area provided by the stiff
cone. The cone increased the net bearing area by 19 percent and
the average ultimate load increased by 15 percent, while the
average cracking load decreased by 10 percent.

Tests to Evaluate Acceptance Testing Procedures—
Multiple Bearing Plane Anchors

The final series for evaluation of test methods was the MB
(Multiple Bearing Plane) series. Four identical specimens using
a commercially available 7-0.5-in. 270-ksi strand anchor device
were constructed with edge distance, spacing, and reinforcing
details given by the manufacturer. The PTI test recommendations
were used, resulting in a specimen 9 in. by 12 in. with a 24-in.
height. The rated F,,, of the four specimens was 289 kips. MB-
A and MB-B were unloaded, as specified by PTI, at 0.95 F,.
They were subsequently loaded to failure. Specimens MB-C and
MB-D were loaded continuously to failure. The specimens were
tested at " of 4100 psi.

Test results are given in Table 4. This was a very interesting
series of specimens. There were basically two modes of failure
illustrated in the four specimens and two distinct levels of ulti-
mate load. MB-A and MB-C both failed very one-sided, with
large diagonal cracks developing on only one side of the speci-
men. They failed at similar loads as well. MB-B and MB-D
exhibited more symmetrical failures with the centerline cracks
opening to greater widths and additional longitudinal, rather than
diagonal, cracks developing.

What caused the difference in the failure mode is unknown,
All four specimens were cast and tested identically. Small varia-
tions in positioning of the reinforcing steel or placement of the
specimen in the loading machine could have been enough to
make a difference. Once the slightly weaker path was found the
one-sided failure occurred. The dimensioning of the specimen
and the absence of auxiliary reinforcing tying in the corners
seem to make the blocks very susceptible to the lopsided failure
mode. The PTI specification forces a rectangular test specimen



Table 4. Multiple bearing plane anchor test series

Crack Confini Suppl Residual % F,. (289 k)
nfinin upplemen
Specimen| f, | Loading Width g PP Y Grack ) ]
Reinforcement | Reinforcement Cracking Ultimate
070F Width
b Load Load
Unloaded at #4 spiral, 2 in, .
MB-A |4100 0.005in. | | None 0.25 in. 0.55 0.96
095 F, pitch, 5 turns
Unloaded at
MB-B 4100 0.005 in. |Same None 0.10 in. 0.45 1.13
085 F,,
MB-C |4100| Continuous | 0.010in. |Same None 0.25in.' 0.45 1.00
MB-D |4100] Continuous | 0.005 in. |Same None 0.10 in' 0.45 1.08
Average| 0.48 1.04
o| 004 0.07

! Actual (not residual)

for most anchors, which are square and have equal edge distances
and spacings in each direction. Because most anchors are spirally
reinforced, the specimen that results has more than 2 in. of extra
unreinforced concrete in one direction. As seen in specimens
MB-A and MB-C, when cracks open in this unreinforced area,
they propagate and widen quickly. As aresult, the specimen tends
to fail at a lower load than one which fails more symmetrically.

This is the only series of this test program in which multiple
specimens were constructed with identical details and tested with
similar procedures. This presents the opportunity to examine the
variability in first cracking and ultimate loads, which are inherent
in the specimens because of the variable nature of reinforced
concrete. Cracking loads were repeatable as were ultimate loads.
Standard deviations were only 4 percent and 7 percent, respec-
tively, which is very acceptable for any type of structural con-
crete test.

Tests for Parameter Studies

Many aspects of the local zone test specimens might have a
significant effect on the behavior of the specimen and the out-
come of the test. Effects of type of confining reinforcement and
compressive strength of the concrete seemed to have been well
explored in the literature. However, because of a shortage of
documented test information, three areas were chosen for further
study: edge distance, confining spiral parameters, and supple-
mentary reinforcement.

Tests for Parameter Studies—Edge Distance

Test series ED (Edge Distance) used four specimens to isolate
the effects of changing edge distance. Two used a 7-0.5-in. strand

flat plate anchor and two used a 7-0.5-in. strand multiplane
anchor device with an F, of 289 kips. All specimens were
constructed using the manufacturer s recommended spiral param-
eters for B45 concrete, which corresponds to 6300 psi 28-day
cylinder strength. The manufacturer’s literature gave information
for the reinforcing steel parameters for all of its anchors in a
wide variety of concrete strengths. It then stated that for all cases
the minimum edge distance is equal to one-half of the spiral
diameter plus the cover according to local standards. According
to AASHTO specifications for prestressed concrete the minimum
cover over reinforcing steel is 1 in. for the bottom of slabs or
over stirrups and ties. The maximum cover required is 2 in. for
reinforcing on the top of slabs where de-icers may be used.

Using this information, for each anchor one specimen was
built with transverse dimensions equal to the spiral diameter plus
2 in. and the other specimen had transverse dimensions equal to
the spiral diameter plus 4 in. The specimens were dimensioned
following the FIP recommendations and were loaded monotoni-
cally.

Test results are given in Table 5. As edge cover increases,
the ratio A/A, increases. It can be seen that with both types of
anchors, this increase in edge cover increased the cracking load
20 percent. It increased the ultimate load 32 percent for
multiplane anchors and 12 percent for flat plate anchors, and
greatly reduced crack widths at both 70 percent and 95 percent
F,, Thus, the edge cover used in an acceptance test is a critical
demsmn and should be carefully chosen to be representative of
applications.

Figure 31 shows load-deformation comparisons of the ED
seties specimens. These curves are typical of spirally confined
local zone specimens and indicate reasonable ductility. They also
indicate, as found by Wurm and Daschner (38), that the stiffness
is only 7 percent to 15 percent of the expected stiffness based
on the concrete elasticity modulus. Most of the deformation



Table 5. Edge distance test series
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Crack Width

in) % F,, (289 k)

Specimen | Anchor | # A/A [ Confining Supplementary | Edge Cracki % F_|utimat
° |Ratio| Reinforcement | Reinforcement Cover| 70% | 95% racking P imate
F E Load | Spiral| Load
i - Yieid
Multi- #4 spiral, 2 in. .
ED-A 5150 2.31| | None 1in. | 0.00510.188] 050 1.08 1.10
plane pitch, 4 turns
Muiti-
ED-B | 5150( 3.33 Same None 2in. | 0.002|0.010] 080 1.17 1.45
plane
Flat
ED-C Plat 5150 1.54 Same None 1in. | 0.004 | 0.015| 050 1.18 1.24
ate
i Flat
ED-D Plat 5150] 2.20 Same None 2in. | 0.002 | 0.007] 0.60 1.33 1.39
ate

results from punching of the large, confined concrete plug into
the prismatic specimen. Internal strain gages mounted on the
spirals indicated that the spiral strains were well below yield at
0.95 F,,, (see Figure 32} for all specimens. As shown in Table 5,
final failure occurred shortly after spiral yield for all specimens,
except ED-B which had substantial extra load above spiral yield.
This specimen had the largest A/4, ratio and suggests that the
extra confining concrete can enhance the effectiveness of the
spiral confinement.

A very different level of strains is measured as longitudinal
strain on the external face of the specimens. As shown in Figure
33, external strains dropped off fairly rapidly beyond a distance
from the loaded face of 0.5 widths. Strains for specimen ED-A
are not shown because they were so great they could not be
measured with the Demec gage. They were approximately double
the values shown for ED-B. With both types of anchors, the lower
edge covers resulted in substantially greater external strains.

Figure 34 shows the development of splitting crack width with
increasing load. The large diamonds shown on the figure are the
PTI crack width criteria:

0.40 F,,—no cracks
0.70 F,,—crack widths less than 0.005 in.
0.95 F,,—crack widths less than 0.015 in. after release of load
All specimens met all crack width criteria with the possible excep-
tion of ED-A at the 0.95 F,, level. Load was not released, therefore,
this could not be checked. However, in view of the very wide crack
under load, it is unlikely that satisfactory recovery would occur.
Tests for Parameter Studies—Confining Spiral

In the SP (Confining Spiral) series, the parameters of spiral

pitch and diameter were altered while the spiral bar size and
other specimen physical dimensions remained the same. In order

to minimize the number of specimens, a previously tested speci-
men, ED-D, was chosen as the first specimen of this serjes.
Three new specimens were constructed with the same anchor, a
7-0.5-in. strand flat plate anchor, concrete dimensions, base area
reinforcing and approximate concrete strength. The only variable
was the spiral. The first specimen, SP-A, had no spiral at all.
The increased capacities of the three other specimens in the
series above the failure load of SP-A could then be attributed
entirely to the confinement provided by the spiral. Specimen SP-
B had the same volumetric ratio of confining reinforcing steel
to confined concrete as specimen ED-D, but the spiral diameter
was increased from 8.25 in. to 10.25 in. Specimen SP-C had the
same cross-sectional area of reinforcing steel in the spiral as ED-
D, but an increased diameter. Test results are given in Table 6.

The provision of the spirals had a dramatic effect on the
performance of the specimens. Specimens SP-C and SP-B, with
10.25-in. diameter spirals, had first cracking loads 45 percent
higher than the unreinforced specimen, SP-A. Increased diameter
of the spirals also helped somewhat since their cracking load
was 9 percent higher than specimen ED-D. The spirals greatly
controlled crack width. The provision of the spirals and especially
the increase in spiral diameter also had a profound effect on the
ultimate load.

Tests for Parameter Studies—Supplementary
Reinforcing

Some of the manufacturers whose reinforcing details were
studied during the course of this research recommended provision
of supplementary (auxiliary) tie reinforcing in addition to the
use of a spiral for primary confinement. Specimens in the MP
series were tested with and without supplementary reinforcing.
It was apparent that supplementary reinforcing significantly en-
hanced the ultimate strength of the specimen and also made the
failure somewhat more ductile.

Series AR (Auxiliary Reinforcing) was designed to observe
the effects of varying the amount of supplementary reinforcing
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Load-Displacement Curves
Series ED
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Figure 31. Load-deformation response for ED series.

in otherwise identical specimens. Specimen ED-A was chosen
as the specimen whose basic parameters would be used for this
series. The three new specimens were constructed with the same
7-0.5-in. strand multiplane anchor, same spiral and base area
reinforcing, same concrete dimensions and approximate concrete
strength as ED-A.

The AASHTC Bridge Specifications (16) gives a guideline
for stirrups to be provided at the ends of prestressed beams in
order to resist the splitting forces created by the transfer of the
strand forces to the concrete. AASHTO recommends stirrups
acting at a unit stress of 20 ksi to resist at least 4 percent of the
total prestressing force. This guideline was used as the basis for
the design of the specimens of this series. A 7-0.5-in. strand
anchor has a capacity of 289 kips. Four percent of this is 11.6
kips. The cross-sectional area of steel required to carry 11.6 kips
at a unit stress of 20 ksi is 0.578 in”.

Specimen AR-A was designed with three #2 ties surrounding
the spiral. This provided 0.30 in.2 of cross-sectional area, which
was one-half of the AASHTO recommendation. Specimen AR-
B had three #3 ties. This provided 0.66 in.2, which is just slightly
greater than the AASHTO recommendation. The third specimen
of the series, AR-C, had no local zone reinforcing. Test results
are given in Table 7 and shown in Figure 35.

The first comparisons to be made are between the totally
unreinforced local zone specimen, AR-C, and the specimen with
only spiral confining reinforcing ED-A. The presence of spiral
reinforcing dramatically improves the performance of the local
zone specimen in terms of both ultimate load and crack width
criteria, although the cracking load is less affected. Unlike the
reinforced specimens that exhibit very wide cracking before
failure, the unreinforced specimen failed quickly once the con-
crete began to crack. Table 7 shows that the first cracking load of
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Internal Strain Comparison
Series ED at 0.95 Fpu
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Figure 32. Spiral strains for ED series.
specimens with supplementary reinforcing was not significantly Although supplementary reinforcement was clearly of substan-
affected when compared with ED-A. However, the supplemen- tial value in these acceptance test specimens, the final questions

tary reinforcing did somewhat improve the ultimate load and are whether the supplementary reinforcing needed for the anchor
substantially reduce the crack widths at high load levels. to pass the test requirement must be included in exactly the
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External Strain Comparison
Series ED at 0.95 Fpu
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Table 6. Series SP performance comparison
Test Results
Spiral Parameters
; % F,, (289 k)
Specimen | f Grack Width | Crack Width @
Bar | Diameter | Pitch | No. {Volumstric| 1st
Ultimats | @ 70% F,, 95% F,,
Size (in.) in.) |Turns Ratio Crack ! .

(in.} {in.)

ED-D 5150 1 #4 B.25 2 51/2 0.0540 0.60 1.39 0.002 0.007

SP-A 4800 | N.A. — — —— 0.0 0.45 1.10 0.007 0.016

sSP-8 4800 | #4 10.25 1-1/2 7 0.0570 0.65 2.10 0.001 0.004

SP-C 4800 | #4 10.25 2 51/2 0.0430 0.65 1.89 0.001 0.007

same form in a real structure or whether the function of this

supplementary reinforcing could be performed by other reinforc-

ing present in the local zone for other purposes, such as shear

resistance or shrinkage control.

Local Zone—General Zone Interaction Tests

A fundamental assumption in the envisioned overall design

strategy for post-tensioned anchorage zones is that the perform-
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Table 7. Series AR performance comparison

= ——
Test Results
Auxiliary Reinforcing Details
Contining % F,, (289 k}
Specimen | 1, | Reinforcing Crack Width| Crack Width
Details Side . 1st | Utimate
Bar Spacing | No. at70% F, | at95% F,,
| Length Crack . .
Size {in.) Ties (in.) (in.)
{in.}
= |
AR-C" |5880 None NA | -~ — ~= | 0.40 0.80 0.007 N.A.
#4 spiral, 2
ED-A 5150| in. pitch, 4 | NA —— mem - 0.50 1.1C 0.005 0.188
turns
AR-A  |4825 Same #2 | 7-7/8 2 3 0.50 1.13 0.002 0.030
AR- -
L B 14825 Same #3 | 7-7/8 2 3 0.45 1.25 0.003 0.007

* AR-C had no confining spiral

First Cracking and Ultimate Load Comparison
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Figure 35. Series AR comparison.

ance of an anchorage device in a local zone test specimen will
be a safe lower bound of its actual performance in the general
zone of a more realistic bridge application. In this way, the
acceptance criteria for the anchorage device could be satisfied

by a limited analysis or acceptance test program without new
verification having to be made for each new structural appli-
cation.

The final series of specimens in the local zone program was
the LG (Local Zone-General Zone) Series. Three specimens were
designed and constructed using the same local zone details as
used in specimen ED-A with a 7-0.5-in. strand multiplane anchor
with a #4 spiral and with 1-in. cover over the spiral. As shown
in Table 7, it had first cracking load of 0.5 F,, and very wide
cracking (0.188 in.) at 95 percent Fpu, and it failed at 1.10 Fpu.
In specimen LG-A, the anchor and the same confining spiral
were placed in a concentric general zone situation; in LG-B they
were placed in an eccentric situation and in LG-C they were
placed in a multi-anchor specimen (specimen details are in Ap-
pendix C).

Specimen LG-A was designed using a simple strut-and-tie
model. Bursting reinforcement was distributed over a zone ex-
tending from 0.19 h to 1.12 A The bursting reinforcement bar
sizes were proportioned to ensure that the general zone capacity
would exceed the known capacity of the local zone test specimen,
ED-A, which failed at 316 kips. Demec gages were placed on
all the general zone specimens in the same pattern used in the
local zone specimen.

Specimen LG-B was constructed with a single anchor placed
eccentrically at the quarter point of the specimen. Spalling and
bursting reinforcement were based on a successful specimen
from the general zone test program, with the general zone rein-
forcing steel increased slightly to ensure that the general zone
would not fail at a lead lower than the known capacity of the
local zone test specimen.

Specimen LG-C was a twin anchor concentrically loaded spec-
imen with each anchor at the eighth point from the centerline.
Details were based on previously tested general zone specimen.

In the compatrison of results, data for specimen AR-B are also
included. It had supplementary local zone reinforcement quite
comparable to the portion of the general zone reinforcing which
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Table 8. Series LG performance comparison

Supplementary Test Results

5 Speci Confining Reinforcing

ecimen '
. Specimen | f Copf' " Reinforcing |  Area in Local % P Crack Width |Crack Width
L nhiguration Details Zone 1st at 70% F, at95% F,
i : Uitimate in. n.
l (si) Crack (in.) (in.)

#4 spiral, 2
Local Zone
ED-A 5150 . in. pitch, None 0.50 1.09 0.005 0.188
Test Prism
4 turns

! Local Zone
l AR-B 4825 . Same 0.65 0.45 1.25 0.003 0.007
! Test Prism

Concentric
LG-A 4800 Same 0.44 0.50 1.38 0.003 0.010
General Zone

Eccentric
LG-B 4800 Same 0.44 0.50 1.40 0.003 0.009
General Zone

Multi-Anchor
LG-C |4800 . Two of Same 0.62 0.70 1.20 0.001 0.003
Specimen

" F,, = 289 k except for LG-C, which has two anchors so F,, = 578 k

passed through the local zone in the general zone test specimens.

Test results are given in Table 8 and shown in Figures 36 and

37. They clearly indicate that the detail used in local zone speci- . . . .
men ED-A performed far better in the general zone specimens First Cracking and Ultimate Load Comparison
than in the local zone specimen. Furthermore, the general zone 11
test specimens had equal or greater ultimate load capacities and

comparable crack width control than the local zone specimen ?’i‘

AR-B, even though there was less reinforcing in the local zone w ‘m ﬁ
portions of the general zone specimens. This fulfills the require-
ment that the local zone test present a harsher environment for 12T — Ultimate
the anchorage than any it would experience in a real world Lot 1
application. It is interesting to note that specimen ED-A would o+
have failed the PTI crack width criteria; yet, the detail performed
quite adequately in the three general zone situations. This sug-
gests that the local zone criteria may be unduly harsh for some
anchors, if supplementary reinforcement is not used in the local ED-A _ AR-B LG-A  16-B 16-C
zone test specimen as with AR-B.

— First
050 T Crack

Crack Width Comparison

Cracking Load Predictions

b=l
s s
-3

Historically, the first cracking load has been of interest to the
designer, particularly when serviceability criteria are important.
PTI (17), in its test specification, for example, requires that a
i specimen have no cracks prior to 40 percent F,,. As pointed
‘ out previously, such criteria have little practical value in actual P B e
‘ applications because in the United States design specifications ED-A AR-B 16-A  1LG-B LG-C
permit temporary loading during stressing to 0.80 F,. A reliable
method for prediction of first cracking might be used to screen Figure 36. Series LG comparison.
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Figure 37. Crack width comparison for LG series.

anchorages proposed for use. Three widely reported crack predic-
tion methods were evaluated as possible tools for estimating
first cracking loads: {1} Guyon's (6) two-dimensional elasticity
studies, {(2) Yettram and Robbins (42) three-dimensional finite
element (FEA) studies, and (3) Zielinski and Rowe’s (43) experi-
mental studies.

Roberts (4) pointed out that in past tests and theoretical analy-
ses, the investigators used or assumed bearing plates over the
entire specimen width and loaded by extremely stiff loading
heads. The commercial anchorage devices in this study were
loaded through smaller wedge plates as in actual usage. This
changes the distribution of bearing stresses, as shown in Figure
38. Effective bearing areas were calculated, as shown in Figure
39, considering the effective bearing plate as circular and using
the widely accepted principle of similar geometries to determine
the effective area, A. These methods are not precise, but they
do give a better estimation of the critical parameters, A, 4, and
a, for use in existing formulas.

Studies showed that critical tensile stress was best based on
Ottosen’s (44) three-dimensional failure criteria for concrete
because of the high compressive stresses present under the plates.
It was assumed that, at first cracking load, the maximum tensile
stress predicted by the analysis procedure would equal the tensile
capacity of the concrete, which was based on the previously

measured split cylinder results adjusted by the Ottosen theory
for the difference in stress state in a split cylinder specimen and
in a local zone specimen (4).

The computed values are compared to the existing theories in
Figure 40. Yetiram and Robbins’ three-dimensional FEA method
is the most reasonable predictor for the local zone specimen with
an average of 0.95 and a standard deviation of 0.19. Overall, it
seems safe to say that an actual first cracking load will be well
below Guyon's prediction and, quite probably, it will be above
Zielinski and Rowe’s conservative prediction.

Ultimate Load Predictions

There are two factors that have been proven in the past to
have a great effect on the bearing capacity of concrete: (1) the
AfA, ratio and (2) the confinement by reinforcing steel.

Each of these variables was first studied independently by
Roberts (4). However, she showed that the two work together
in influencing the ultimate capacity of the local zone since the
ultimate capacity is influenced by confinement provided by both
the concrete and the reinforcing steel. Application of the bearing
pressure formulas proposed by Hawkins (/3), Billig (45), Ko-
mendant (71), and Williams (37) to the local zone specimens
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of this investigation indicated conservative predictions, as shown
in Figure 41. This is not surprising because all of the test speci-
mens except two (SP-A and AR-C) had reinforcing in the local
zone, while the bearing stress formulas were developed from
tests on unreinforced concrete. However, it does indicate that
present local zone approaches based on concrete bearing stress
alone are not sufficient, because most commercial applications
of anchorage devices for multiple strand tendons have confining
reinforcement.

The effect of confinement on the ultimate capacity of the local
zone specimens was also studied extensively by Roberts (4).
The classic work by Richart et al. (4) was modified by Roberts
to reflect the fact that the size and pitch of spirals typically used
with anchorage devices do not produce the uniform confinement
of the lateral oil pressure used by Richart. Roberts introduced a
reduced confining pressure for square or rectangular ties that are
often used in place of spirals (see Figure 42). She suggested that
there will be arching of the confined concrete between spiral
turns (see Figure 42c), so that a reduced arca of compressive
core should be considered. This area can be expressed as A,
(1 - s/D)*. With this modification, the basic Richart equation
would become

Po= A f+ 41 f1) (1= s/D)? (3)

This expression was used to compute the capacity of all the local
zone tests. The ratio of test result to predicted capacity was a
slightly unconservative 0.94 with a standard deviation of 0.21.
Further examination of the extensive work of Niyogi (35,36)
and of Schlaich and Shifer (46) indicated that the most effective

assume stresses disperse at 43°
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Figure 40.  Comparison of first cracking predictions modified by Ottosen’s criteria.

expression would be one which incorporated both the confine-
ment of surrounding concrete (the A/A, ratio effect) and the
confinement provided by reinforcing (the £, effect). Wurm and
Daschner (39) had found that there is an upper limit on the
effectiveness of confining reinforcement (see Figure 43). Roberts
suggested that since this limil seemed to be at 2A f /D, = 1.2,
as shown in Figure 43, the corresponding limit on effective f,,
should be 1.20 ksi.

Roberts proposed that the ultimate load of local zones be
computed as

F,=080f NAA, (A + 41 fi, AL (1 - sIDY¥ (&)

This predictive equation was compared to the local zone specimens
of this study, the 27 reinforced specimens of Wurm and Daschner
(39), and the 39 specimens of Niyogi (35,36) (see Table 9). The
prediction was very good with an average of test/predicted of 1.03
and a coefficient of variation of 15 percent,

GENERAL ZONE ANALYSIS PROCEDURES

Introduction

Typical anchorage zones, as shown in Figure 44, are extremely
complex. In this case there are four local zones, one around each

anchorage device. The overall anchorage zone, or general zone
as shown in Figure 15, would extend along the member for a
distance equal to about the depth of the member, around 8 ft.
Even the simplest possible geometry for an anchorage zone, a
rectangular cross section loaded by a straight concentric tendon,
is more complicated than it appears. The tendon duct causes a
void in the structure, the reinforcement causes discontinuities in
the material, and typical anchorage devices have a sophisticated
geometry. Therefore, it is desirable to develop a general method-
ology for the analysis and the design of anchorage zones, rather
than to attempt to define empirical expressions to solve the entire
problem. Such expressions may be useful for certain cases within
carefully defined limits.

At this stage of development of analysis procedures, the most
likely candidates are: (1) linear elastic analysis (the older theory
of elasticity approaches having been replaced by the much more
versatile finite element analysis, FEA), (2) equilibrium based
solutions (strut-and-tie models, STM), and (3) approximate equa-
tions.

Some studies using nonlinear finite element analysis have been
published (7). As part of this project, such studies were also
explored. At this stage of development they show some promise
in explaining test phenomena, but they are not directly useful in
design so they will not be treated explicitly in this report.

Frequently, anchorage zones are designed on the basis of a
linear elastic analysis, such as Guyon's solution or finite element
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Figure 41.  Comparison of bearing stress equations.

results, by integrating the transverse tensile stresses along the
tendon path. However, the applicability of Guyon'’s solution 1s
limited, and finite element analyses are involved and difficult to
translate into reinforcement arrangements. Linear elastic finite
element computer programs are widely available today, but their
application to the analysis of cracked concrete is not entirely
satisfactory. One of their main benefits is to indicate elastic force
paths through plots of results as stress contours of stress vectors.
In this way engineers can develop better understanding of the
flow of forces for unfamiliar applications. For practical design
applications, simple equilibrium-based solutions are very appeal-
ing to the design engineer (Figure 45). Such methods have be-
come known as strut-and-tie models and have received wide
attention lately.

Material Properties

As previously shown in Figure 15, the concrete is stressed
over a large range, from extremely high compression in the
vicinity of the anchorage to tension and possibly cracking in the
general zone. Reinforcing steel is provided to confine the con-
crete surrounding the anchorage and to resist the tension forces
that are released upon cracking of the conerete. Thus, the material
properties of concrete and reinforcing steel must be carefully
considered.

Although the concrete of the general anchorage zone is rein-
forced, the concrete in the general zone can generally be consid-
ered as unconfined except for the local zone. The absence of
general zone confinement is not usually a major problem because,

Ab/A

as shown in Figure 15, the compressive stresses decrease very
rapidly with increased distance from the anchor. Because the
concrete of the general zone is subjected to relatively low com-
pressive stresses, in finite element analysis it is generally consid-
ered as a linear elastic material.

Unconfined concrete can resist compressive stresses in the
vicinity of its uniaxial compressive strength £ In beam bending,
the limit value is 0.85 £". For anchorage zones, where the state
of stresses is more complex, the maximum value should be lower.
The higher compressive strength of confined concrete was used
in Eq. 4 in the discussion of the local zone.

Material models that assume perfect plasticity are commonly
used in soil mechanics applications and efforts have been made
to extend plastic analysis to structural concrete. The stress-strain
curve of a perfectly plastic material exhibits an unlimited hori-
zontal yield plateau, so that arbitrarily large strains without
change of stress are possible after yielding (Figure 46). Collapse
of a structure made of perfectly plastic material is characterized
by the formation of a kinematic mechanism that allows unlimited
deformations under constant stress. This collapse load or limit
1oad can be bracketed by applying the lower bound theorem and
the upper bound theorem, respectively. These limit theorems
(48) say:

Lower bound theorem: If an equilibrium distribution of stress can
be found which balances the applied loads and is everywhere
below yield or at yield, the structure will not collapse or will just
be at the point of collapse.

Upper bound theorem: The structure will collapse if there is any
compatible pattern of plastic deformation for which the rate of
work of the external loads exceeds the rate of internal dissipation.
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The assumption of perfect plasticity is not particularly good
for the description of the behavior of plain concrete because of
the falling branch of its stress-strain curve and becaunse of the
limited ultimate strains. This is especially true for higher strength
concrete. However, for reinforced concrete, and particularly for

flexure of underreinforced members, plastic analysis works very
well. The strip design method for slabs is an example for the
application of the lower bound theorem, while yield line analysis
is based on the upper bound theorem. But even if the concrete
strength has a stronger influence on the limit load, good cotrela-
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tion with test results can be achieved when a reduced “effective
concrete strength” is taken into account. The reduction factor
depends on a wide range of variables, such as concrete strength,
tensile strains perpendicular to the compressive stresses, crack-
ing, and geometry of the structure. Therefore, it has to be deter-
mined experimentally or estimated conservatively.

As shown in Figure 15, a large part of the anchorage zone is
subjected to temsile stresses. Thus, the concrete of the general
zone will be subjected to appreciable tensions. If the strains in
the concrete reach the cracking strain, a crack opens and the
tensile forces are transferred to the reinforcing steel. The tensile
capacity of the concrete is generally negiected in design of an
anchorage zone, because the concrete may crack during the life-
time of the structure due to other influences such as temperature
or differential settiement. However, as will be demonstrated in
the discussion of test results, this concrete tensile capacity can
contribute substantially to anchorage zone strength.

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

Three-Dimensional Effects

All structures are three-dimensional. However, in many in-
stances they can be represented using a simpler geometric model,
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such as a linear member for a beam. In anchorage zones, the
concentrated force introduced by an anchorage device must be
distributed to the entire cross section of the member, requiring
a three-dimensional spreading of the forces. As a simplification,
it is often sufficient to consider the spreading of the forces in
two principal planes perpendicular to each other. In the simplest
case of the distribution of a tendon force over a rectangular
cross section, the spreading of the post-tensioning force can be
considered separately in the main plane of the structure (largest
dimension) and over the thickness.

In many cases in which post-tensioning is used, the cross
section of the member is not a simple rectangle. Rather, it can
be described as an assemblage of elements, each of which can
be approximated as a thin rectangular cross section. Even though
the overall problem is three-dimensional, the state of stresses in
each component of the structure is essentially planar, with the
exception of the local zone and the interfaces between the various
components.

As an example, Figure 47 shows the case of the box-girder
bridge The top and bottom flanges, as well as the webs, can be
considered as rectangular components of the cross section and
the spreading of the tendon force can independently be investi-
gated on each of the components of the cross section. This
method of breaking down the section into planar elements was
proposed by Schlaich et al. (2) and was successfully used in this
project.

Finite Element Analysis

The finite element method has become increasingly popular for
calculating the detailed state of stresses in structures of arbitrary
shape. Modern computer programs allow the user to model arbi-
trary structures and to define sophisticated material laws for the
model. Figure 48 shows an example of a finite element mesh,
showing the subdivision of the anchorage zone into quadrilateral
elements. Burdet (48) has reported in detail on proper modeling
of anchorage zones including information on convergence, accu-
racy, and variability as influenced by mesh size, number of
nodes, and assumptions as to bonding between the anchorage
device and the concrete.

Application of the finite ¢lement method is often limited by
the lack of appropriate models for the behavior of the materials.
This is especially true of the modeling of cracks in concrete.
Cracks are usually not modeled as discrete discontinuities that
extend as the load increases. Instead, the crack is considered as
smeared over the considered elements, accordingly decreasing
their stiffness (49). While this hypothesis may be acceptable for
large structures with a uniform distribution of reinforcement, it
is much less accurate for small regions of reinforced concrete
structures where the stresses in the reinforcing steel vary sharply
at the cracks, as is the case for anchorage zones. Finite element
modeling of structural concrete is very much a field of research
and rapid development at the present time (50}. For this research,
the Finite Element Program ABAQUS (51) was used to perform
the stress analysis. The generation of the finite element models
was performed using PATRAN (52), a general purpose preproc-
essor for finite element analysis.

The vast majority of analyses performed during this phase of
the project were linear elastic. This choice was made to simplify
the individual analyses, allowing a wider range of geometries
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Table 9. Comparison of prediction equations with test data

Roberts (4) Specimen | Test/Eq. | Wurm & Daschner (38) | Test/Eq. Niyogi (34, 35) Test/Eq.
Specimen Specimen
MP-A 0.70 13 1.14 Bll 0.98
MP-B 0.69 19 1.03 B12 1.00
MP-C (.82 25 1.14 B13 0.95
MP-D 0.94 14 0.92 Bl4 0.97
MP-E 0.75 20 0.94 B15 0.98
MP-F 0.96 26 0.96 Bl6 1.00
RP-A 0.64 15 1.14 B17 1.13
RP-B 0.75 21 1.19 B18 1.11
{ ED-A 0.93 27 1.31 B21 0.72
B22 0.76
ED-B 1.10 16 1.16 B23 0.80
ED-C 0.93 22 1.13 B24 0.86
ED-D 0.94 28 1.12 B25 0.94
AR-A 0.99 18 1.08 B26 1.02
AR-B 1.10 24 1.08 B27 1.18
AR-C 0.97 30 1.05 B28 1.09
SP-A 1.23 36 1.17 B3l 0.64
SP-B 1.10 37 1.12 B32 0.76
SP-C 1.05 38 1.20 B33 0.77
LH-A 0.74 a5 1.14 B34 0.85
LH-B 0.71 39 1.09 B35 0.91
LH-C 0.83 40 1.13 B36 1.07
LH-D 0.90 33 1.33 B41 0.82
LH-E 0.90 34 1.31 B42 1.12
LH-F 0.99 41 1.30 B43 1.01
MB-A 0.97 31 0.95 B44 1.22
MB-B 1.12 32 0.92 B45 1.29
MB-C i.00 42 0.93 B46 1.44
MB-D 1.07 B47 i.48
B48 1.78
S11 1.10
512 0.99
513 0.84
521 0.93
522 1.01
523 0.90
524 1.00
525 0.91
526 1.09
Average 0.92 Average 1.11 Averape 1.01
Max. 1.23 Max, 1.33 Max. 1.78
Min, 0.64 |Min. 0.92  |Min. 0.64
Std. Dev. 0.15 Std. Dev, 0.12 Std. Dev. 0.22
Coef. Var. 0.163 [Coef, Var. 0.107 |Coef. Var. 0.215

and load configurations to be investigated analytically. An ex-
ploratory study of nonlinear finite element analysis was used to
more closely investigate some specific configurations,
Simplifying hypotheses are necessary for the analysis of the
very complex behavior of anchorage zones. The simplest model
is to assume the material to be linear elastic. Because the stresses
in the concrete and the reinforcing steel are generally small up
to the cracking of the concrete, a linear model is quite accurate
to describe the behavior of the general zone of a specimen up
to cracking. Reasonable estimates of the cracking load of the
general zone, therefore, can be obtained from a linear elastic
stress analysis. The accuracy of the cracking load predictions

could be influenced by the very large compressive stresses in
the local zone. However, the presence of confining reinforcement
is presumed to minimize this effect.

As will be shown, the results of a linear elastic finite element
analysis can also be successfully used to determine the required
amount of tensile reinforcement and to estimate the maximum
compressive force that can be applied on an anchorage zone.
Regardless of the method used to obtain the required amount of
reinforcement, it is often desirable for effective crack control to
pattern the tensile reinforcement somewhat according to the elas-
tic stress distribution.
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Figure 44. Typical anchorage zone with four tendons.

Figure 45. Flow of forces in anchorage zone.
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Figure 47. Principle of decomposition of a complex cross section
into principal planes.
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Figure 48. Example of two-dimensional finite element mesh of an anchorage zone.

Once a finite element analysis has been performed, it is best
to represent the stress distribution in graphical form. Several
representations exist. Because stress is a second-rank tensor, it
seems best to combine several representations to present the
results for evaluation.

A contour plot, as shown in Figure 49, is a plot of lines of
equal stresses. However, because a stress function has several
components, contour plots of one component give an incomplete
picture of the state of stresses. In plane stress analysis, for exam-
ple, a total of three contour plots is necessary to represent the
three components of stresses in the plane. Despite their limita-
tions, contour plots are helpful, especially for simple configura-
tions. One single plot of the stresses normal to the tendon path
can yield sufficient information to design the bursting reinforce-
ment for the general anchorage zone. Both ABAQUS and PA-
TRAN offer facilities to generate contour plots of the stresses.

An X-Y plot, such as the one shown in Figure 50, can be used
to show the stresses perpendicular to the axis of the tendon. A
comparison is made between the results of the three-dimensional
analysis and the plane stress analysis. They are seen to be practi-
cally identical.

Isostatic lines, as shown in Figure 51, are lines that are at all
points tangent to the direction of the principal stresses. They are
similar to the equipotential lines of a flow net plot for under-
ground fluid flow. Isostatic lines correspond to the intuitive idea
of “spreading of forces” through a body. As a matter of fact, it
is relatively easy to “guess” and draw isostatic lines for a simple
configuration.

The tensorial nature of the stress function, in contrast to the
scalar potential in fluid flow, renders an automated computation
of isostatic lines complicated. However, a plot representing a
field of principal stress vectors, as shown in Figure 51, gives a
visual idea that is very close to isostatic lines. The generation
of principal stress vector plots can easily be automatized. if
isostatic lines are desired, they can be drawn tangent to the
corresponding vectors. If the vectors are scaled so that their

lengths represent the magnitude of the stresses, plots of principal
stress vectors also give indications of the relative magnitude of
the stresses.

A program to process the results of the finite element analysis
and to display the principal stress vectors and X-Y plots was
developed by Burdet (48) on a microcomputer. This program
allows a quick and easy interpretation of the results of a finite
element analysis and can export the results in several common
file formats for further treatment. Because the program is based
on a microcomputer and is user friendly, it was extensively used
in the design of specimens to evaluate the various design options.

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

The compressive capacity of the anchorage zone can be esti-
mated by computing the level of compressive stresses in the
concrete under the factored tendon force. Because the confining
reinforcement of the local zone generally extends for a length
approximately equal to the lateral dimension of the anchorage
device, the present study limits the stresses in the concrete at
that location ahead of the anchorage device to 0.70 f.".

Strut-and-Tie Models

Today’s strut-and-tie model procedures have evolved from the
truss model for shear design. Although the truss model was
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Figure 49. Contour plot of the normal stresses o, and ., and of the shearing

stress T in an anchorage Zone.

developed at the turn of this century, it is stili a powerful concept
and is the basis for the code provisions for shear design in many
countries {(Figure 52). Schlaich, et al. (2) proposed to generalize
the truss model and ta use it in the form of strut-and-tie models
for the design of the disturbed regions of a structure in the
vicinity of static or geometric discontinuities.

In strut-and-tie models the flow of forces in a structure is
approximated by a two-force member system formed of compres-
sion members, the struts, tension members, the ties and nodes
where the members intersect, The forces in the members are
determined from equilibrium conditions, and can then be used
to evaluate compressive stresses in the concrete and to proportion
the reinforcement. Besides being an approximation to the state
of stress in a structure, the strut-and-tie model can also be inter-

preted as a lower bound solution to a plastic limit load in the
context of theory of plasticity.

Schlaich proposes to divide a structure into B-regions and D-
regions (2). In B-regions beam theory applies and traditional
design and analysis methods may be used. D-regions are the
disturbed regions in the vicinity of static or geometric discontinu-
ities. The extent of these D-regions may be estimated using the
principle of Saint Venant (Figure 5). The forces acting on a
D-region are the external joads and the internal forces at the
boundaries between the D-region and adjacent B-regions. The
internal forces can be determined from flexural theory.

In a next step the flow of forces in the D-region is approximated
by a series of compression struts and tension ties that are con-
nected at nodes. This strut-and-tie model must establish a load
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path between the external and internal loads acting on the D-
region, and must satisfy equilibrium conditions. The ties repre-
sent the reinforcement in the structure. The struts represent com-
pression stress fields.

Finally, reinforcement is proportioned based on the tie forces
obtained from the strut-and-tie model. Compressive stresses may
be checked by assigning a width to the struts. The strut widths
are controlled by the dimensions of bearing plates, the dimensions
of the overall D-region, and the reinforcement arrangement.

Figure 53 shows a strut-and-tie model for an eccentrically
loaded anchorage zone. Reinforcement is visualized as being
anchored through bearing plates. The strut widths were selected
such that all struts are stressed equally. This causes a hydrostatic
state of stress in the nodes and is characterized by the node
boundaries perpendicular to the struts. A nonhydrostatic state of
stress in the nodes is acceptable if the ratio of stresses on adjacent
edges of a node is not less than (.5 or no more than two (2).

The state of stress in the struts is assumed as uniaxial and
uniform over the strut width. The siresses are critical at nodal
points where bottle necks in the compression fields occur.
Schlaich recommends the following values for the neminal con-
crete strength, f, = v, £, for struts: v, = 0.85 f." for an undisturbed
uniaxial state of stress; v, = 0.68 f.” if moderate cracking parallel
to the strut may occur or in regions where reinforcement is
anchored; v, = 0.51 £’ for skew cracking or skew reinforcement;
and v, = 0.34 f." for skew cracking with large crack widths.

o _[.__._-:-" R e | | ) )
b) Principal Stress Vectors 7//'///% %////

Figure 51. [Isostatic lines and principal stress vectors in an
anchorage zone. Figure 52. Ritter’s truss model.
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Figure 53. Strut-and-tie model for eccentrically
loaded anchorage zone.
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Figure 54. Direct load path in eccentrically
loaded anchorage zone.

There is no unique strut-and-tie model solution for a given
problem. Rather, any strut-and-tie model that satisfies equilib-
rium and for which the effective concrete strength and the yield
strength of the reinforcement are nowhere exceeded is a lower
bound to the plastic limit load. Figure 54 shows an alternative
load path for the eccentrically loaded anchorage zone discussed
above. This model consists of a single strut that connects the
applied load to a uniform stress distribution that extends only
over a portion of the end of the anchorage zone. This is a perfectly
acceptable lower bound solution, provided the concrete stresses
in the strut do not exceed the effective concrete strength. How-
ever, this load path does not provide much guidance as to the
reinforcement requirements and should not be used.

This example illustrates that equilibrium conditions and mate-
rial strength limitations alone are not sufficient to develop reason-
able strut-and-tie models. Additional rules are needed to elimi-
nate unsatisfactory solutions. The most important rule was
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already discussed—the internal forces at the boundaries of the
D-region should be determined from flexural theory. This re-
quirement provides substantial additional information for the
development of a strut-and-tie model, as can be seen by compar-
ing Figure 54 to Figure 53. The enforcement of a flexural theory
stress distribution is equivalent to reintroducing compatibility
conditions along the interface of the D-region and the adjacent
B-region.

There is still considerable freedom in the selection of the
strut-and-tie model geometry, even with the restriction discussed
above. Schlaich, et al., recommend the orientation of the strut-
and-tie model according to the elastic stress trajectories with
deviations up to 15 deg. as acceptable (2). But even if results
of an elastic stress analysis are not available, the flow of the
stress trajectories generally can be estimated using engineering
judgment with sufficient accuracy for the development of a strut-
and-tie model (Figure 45).

Obviously, the approximation of the state of stress in a struc-
ture by strut-and-tie models is highly idealized. Such models,
therefore, are not particularly useful as research models, where
usually more accurate predictions are desired. However, strut-
and-tie models are an excellent tool for ultimate load design.
The designer is led to visualize a clear load path in the structure
and attention is directed to global equilibrium. Furthermore, tie
forces can be translated directly into reinforcement requirements
and the importance of well-anchored reinforcement is empha-
sized by the nodal concept.

Strut-and-tie models have only a limited capability to detect
compatibility and constraint induced stresses. However, such
stresses disappear upon cracking of the concrete and reinforce-
ment is required for crack control, but not for structural safety.
This is well established for the case of compatibility torsion,
for example. Consequently, crack control reinforcement should
supplement the primary reinforcement determined from a strut-
and-tie model. The regions where such crack control reinforce-
ment are required can be determined from linear elastic analysis,
experience, and common sense. As long as adequate reinforce-
ment is provided for the primary load path, the amount of supple-
mentary crack control reinforcement is not critical in terms of
ultimate capacity.

For the designer inexperienced in the use of strut-and-tie mod-
els, most likely the biggest problem is the nonuniqueness of the
solution. In fact, to a certain degree, a reinforced concrete struc-
tre can and will adjust to the load path envisioned by the
designer. This adjustment does not even require a perfectly plastic
material, but is induced by the change of stiffness and by the
stress redistributions that come with cracking of the concrete.

Verification of Strut-and-Tie Models

Part of this project was an experimental study to evaluate the
use of strut-and-tie models as a tool for the design of the general
zone (]). Sanders conducted 36 tests of general anchorage zone
specimens. Results will be reported later in this chapter. In the
tests the local zone was adequately confined to preclude failure
in this region. Tendon configurations included concentric, eccen-
tric, multiple, and curved and inclined tendons. Other variables
were reinforcement distribution, presence of lateral post-ten-
sioning, and concrete strength. All specimens had a rectangular
cross section except one which had a T-section.



