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In this test program, six samples of 0.5 in. (13 mm) diameter strand
were obtained from precast, prestressed concrete producers from
widely separated regions of North America to evaluate strand bond
performance. A total of 2 16 tests were carried out on the specimens,
including pull-out tests, end slip at prestress release and at 21 days,
as well as development length tests. The pull-out test (Moustafa
method) proved to be an accurate predictor of the general transfer
and development characteristics of the strand in pretensioned,
prestressed concrete applications. Based on the test results, the
following major findings can be drawn: (1) The transfer and
development lengths of strands with average pull-out capacity
exceeding 36 kips (160 kN) were considerably shorter than predicted
by the ACI transfer and development length equations;
(2) Strands with average pull-out capacity less than 12 kips (53.3 kN)
were unable to meet the ACI transfer length criteria, and failed
prematurely in bond at the ACIl development length, without
noticeable warning deflection.
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Egs. (1) and (2) are depicted
schematicallyin Fig, 1.

Despite the reliance on the ACI
equations, there is substantial evidence
that the capability of strand to bond to
concrete varies considerably, depend-
ing on the source of supply of the
strand. Most of the strand sources
tested in this test series, as well as in
other recent tests,’ achieve transfer and
development lengths that are shorter
than the ACI equations predict. How-
ever, two sources of strand covered in
this report were unable to meet the
ACI transfer and development criteria.
Indeed, this strand appeared to experi-
ence deterioration in bond over time
resulting in significant increases in
transfer lengths in just 21 days after
release of the prestress force into the
concrete beams tested.

In the past, the bond quality of the
surface of the strand was generally not
questioned, except that users were
alerted to avoid contamination of strand
by form oils during handling and to
recognize the benefits of moderate
weathering in enhancing bond.* Thus,
there has never been a recognized test
method nor a standard minimum re-
quirement for the bond quality of
strand used for pretensioned concrete
applications. As a result, pretensioned,

prestressed concrete producers and de-
signers have no method to ensure that
the strand produced by the different
manufacturers actually transfers the
prestressing force and develops the
guaranteed ultimate tensile strength of
the strand over the lengths calculated
by the suggested ACI equations.

BACKGROUND

Some of the earliest evidence of sig-
nificant variations in bond quality
among strand sources began to emerge
in the late 1980s and early 1990s.” The
most significant event was the chal-
lenge to the bond quality of strand, in
general, that resulted from tests con-
ducted in 1986 at North Carolina State
University (NCSU) by Cousins, John-
ston and Zia.* The transfer length of
the 0.5 in. (13 mm) diameter uncoated,
non-weathered (as-received) strand
used in these tests was as long as 64
in. (1626 mm), over twice the 50d,
length of 25 in. (635 mm) assumed by
ACI 31895, Section 114.4. The de-
velopment length was also much
greater than ACI 318-95, Section 12.9
requires.

Responding to these test results, the
Federal Highway Administration
(FHWA) required, as an interim mea-

sure, that the ACI development length
equation be increased by 60 percent.
Many test programs were then initiated
to determine the "actual" transfer and
development length of strand in pre-
tensioned concrete. An excellent re-
view by Buckner’ discussed the wide
variations in the results of recent tests
as well as earlier tests, However, none
of these tests considered the possibility
that such variations may have been the
result of significant differences in the
bond quality of the strand produced by
various strand manufacturers.

Having recently completed exten-
sive research on Anderson/Anderson’s"
and Mast's" concepts regarding the re-
lationship of end slip at release of pre-
stress to transfer/development length
of strand, the author was requested by
the Precast/Prestressed Concrete Insti-
tute (PCI) to evaluate the results of the
NCSU tests. It was immediately ap-
parent that there was a significant dif-
ference between the reported end slip,
0.25 in. (6.4 mm), on the strand used
in the NCSU tests and the end slip,
less than 0.09 in. (2.3 mm), routinely
observed on the saw-cut ends of wet-
cast hollow-core slabs cast in the au-
thor's plant. Because the strands in
these two cases were produced by dif-
ferent strand manufacturers, it was
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Fig. 1. Schematic depiction of strand transfer and development length equations from ACI 318-85, Section R12.9.
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(1) The above results are from the PCl-sponsored test conducted at Concrete Technology Corporation
(CTC) and were supervised by Saad Moustafa in August 1992 (18 specimens per test).

(2) Strand specimens were embedded 18 in. (458 mm) into well vibrated concrete test blocks. Concrete
was CTC’s standard production mix. All strand was 0.5 in. (13 mm) in diameter.
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Fig. 2. Pull-out capacity vs. strand manufacturer.

recommended to PCI that a test pro-
gram be conducted to compare bond
quality of strand produced by the vari-
ous manufacturers.

No ASTM standard test method nor
any other recognized test method for
bond quality existed, so the PCI Pre-
stressing Steel Committee decided, in
early 1992, to subject 0.5 in. (13 mm)
diameter 270K strand samples from
seven different manufacturers to a
simple pull-out test procedure on un-
tensioned strand embedded 18in. (457
mm) into concrete test blocks.

The simple pull-out test was origi-
nally conducted at Concrete Technol-
ogy Corporation (CTC), Tacoma,
Washington, in 1974 under the direc-
tion of Saad Moustafa to evaluate
strand used for lifting loops in precast
concrete members. The objective of
the 1992 test series was to compare
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not only the bond performance of

strand produced by current strand

manufacturers but, also, to determine
if the bond quality of strand, in gen-

eral, had changed since 1974.

The 1992 pull-out test series took
place at CTC, again under Saad
Moustafa's direction. Fig. 2 illustrates
the results of this test series compared
to the 1974 results. The pertinent ob-
servations are as follows:
® There was significant variation

among the strands produced by the

seven manufacturers.

« Strand from three manufacturers ex-
ceeded the 1974 level of 38.2 kips
(170 kN) with average capacities
ranging from 41.2 to 42.8 kips (183
to 190kN),

® Strand from four manufacturers
tested significantly lower than the
1974 level with average capacities

ranging from 19.6 to 23.5 kips (87

to 104 kN).

The wide variation in pull-out ca-
pacity implied a similar disparity in
transfer and development lengths
among strands produced by the seven
strand manufacturers. These test re-
sults also suggested a reason for the
poor performance of the strand used in
the NCSU tests compared to the con-
sistently superior performance of the
strand used at Stresscon, which ranked
among the top three in the CTC pull-
out tests. However, the implications of
the results of the pull-out test were not
accepted by some members and partic-
ipants of PCI's Prestressing Steel
Committee, who objected that a pull-
out test on untensioned strand may not
be related to the bond performance of
pretensioned strand. PCI then awarded
a fellowship to the University of Okla-
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homa to perform tests to compare sim-
ple pull-out strength of pretensioned
strand.” The results from that research
turned out to be inconclusive, and, in
Tesponse, the testing program reported
herein was developed.

OBJECTIVESAND SCOPE

In order to gain the expertise of
prominent individuals having experi-
ence in bond research, the author as-
sembled an advisory group consisting
of Roger Becker, Robert Mast, Saad
Moustafa, Donald Pellow, Bruce Rus-
sell, and Norman Scott.

Objectives

The mission of the advisory group
was fo:

1. Conceive, review and observe a
test program to compare, in preten-
sioned, prestressed concrete flexural
beam tests, the transfer and develop-
ment lengths of strand from different
sources.

2 Correlate the simple pull-out ca-
pacity of strand to its transfer and de-
velopment lengths in the flexural
beam tests.

3. Establish a minimum acceptable
pull-out capacity for strand that reli-
ably predicts satisfactory performance
in flexuralbeam tests.

4. Evaluate the reliability of end
slip measured at release of prestress as
a predictor of flexural bond behavior.

8. Determine whether there are any
obvious surface conditions and/or di-
mensional variations of strand samples

that may give an immediate indication
of the bond quality of strand.

Scope

Prior to the start of this test series,
the following parameters were estab-
lished:

1 Strand samples would be ob-
tained directly from pretensioned con-
crete producers over a significantly
wide region so that the test series
would represent strand currently in
general use in the fabrication of pre-
tensioned concrete members,

2. Preliminary pull-out tests would
be conducted to ensure that there was
sufficient variation in pull-out capac-
ity of the samples to enable evaluation
of the relationship between such ca-
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pacity and subsequent bond perfor-
mance in pretensioned concrete flexu-
ral beam tests.

3. In order to reduce potential vari-
ables, the following constraints were
established:

(a) Use only 0.5 in. (13 mm) diame-

ter 270K strand.

(b) For all test blocks and beams,
use Stresscon’s standard struc-
tural concrete mix with Type III
cement, natural sand, crushed
gravel coarse aggregate, and a
normal water-reducing admix-
ture. No high range water reduc-
ing admixtures, air-entraining
agents, fly ash, or other less
common ingredients would be
used.

(c) All strand specimens in pull-out
test blocks and in test beams
would be subject to identical
casting conditions relative to
concrete slump [2.5 to 3 in. (64
to 76 mm)], placement, vibra-
tion, finishing, and curing tech-
niques.

(d)Release of prestress into the
beam specimens would be sud-
den, rather than gradual, in order
to simulate the most severe re-
lease conditions® in typical pro-
duction situations.

(e) Both the pull-out tests and the
release of prestress into the
beam specimens would take
place on the momning after the
specimens were cast, at similar
overnight strengths. The intent
was to attain, in a typical pro-
duction situation, a correlation
between the pull-out capacity of
strand in a test block and its
transfer length (end slip at re-
lease) in the beam specimens.

(f) The pull-out test method would
be the same method used by
Moustafa in 1974 and in an on-
going series of tests conducted

at CTC and Stresscon Corpora-
tion since 1990. This would en-
able a comparison of test results
of this series with a broad data
base of past results.

The resulting scope of the test pro-
gram, on the six groups of 0.5 in. (13
mm) diameter strand chosen, is
shown in Table 1.

DESCRIPTION OF
TEST SPECIMENS

This section describes the strand
samples, pull-out test specimens and
beam specimens.

Strand Samples

Samples of 0.5 in. (13 mm) diame-
ter strand were obtained from preten-
sioned, prestressed concrete producers
from widely separated regions of
North America, and thus represented
market place strand generally avail-
able for use in the fabrication of pre-
tensioned concrete members. Five of
the six samples were provided by con-
crete producers from the midwest and
mountain regions of the United States
and from western Canada. The sixth
sample represents strand commonly
sold to Mexican and South American
concrete producers. The strand sam-
ples were coded TW, TA, A, B, D and
ER for identificationpurposes.

Two of the samples were sent by
concrete producers who were con-
cerned about apparent bond quality
problems with the strand. One had
noticed excessive initial end slip and
subsequent growth of end slip in
those strands. The other concrete
producer noticed that a new source
of strand had more visible residue
than strand from his regular supplier.
The other four samples had no re-
ported bond problems. Five of the
six samples were carefully wrapped
and delivered to Stresscon in their

Table 1. Summary of various types of tests on 0.5 in. (13 mm) diameter strand from

representative sources in North America.

Type of test Tests per group Total number of tests
Pull-out test (Moustafa method) 6 36
End slip at release of prestress 10 60
End slip at 21 days 10 60
Development length tests 10 60
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as-received condition. The sixth,
coded TW, was taken from the same
shipment as the TA group, but from
a different reel of strand which had
been put into use in that plant and
had already developed a light coat-
ing of rust.

Typically, the strand samples were
packaged in 250 ft (76 m) coils, and
wrapped with waterproof covering for
shipment to Stresscon. All samples
were tagged with identification sym-
bols, color coded, and separately
stored inside a building at Stresscon,
protected from weather. Preliminary
pull-out tests were conducted and veri-
fied that the as-received strand sam-
ples covered a wide enough capacity
range to enable detection of potential
differences in bond quality in subse-
quent flexural beam tests.

Pull-Out Test Specimens
(Moustafa Method)

Short strand specimens, 34 in. (864
mm) in length, along with the 105 ft
(32 m) samples for the beam tests,
were saw-cut from each of the six 0.5
in. (13 mm) diameter 270K strand
group coils, tagged and color coded
for reliable identification, and re-
placed into storage before the next
strand coil was opened for its saw-
cutting of test specimens. Each of the
34 in. (864 mm) pull-out specimens
from each group was inspected visu-
ally, subjected to the towel-wipe test
for residue, and straightened to limit
the bow (or sweep) to ¥/s in. (9.5 mm),

The specimens were tied to light
reinforcing bar cages into two test
block forms (see Figs. 3 through 5).
The specimens from all of the strand
groups were arranged so that no
strand specimen had any favored po-
sition in the test blocks and so that all
would be subject to the same concrete
placement and vibration techniques.
The concrete mix used was Stress-
con’s standard 7.0-sack cement, sand
and crushed gravel mix that is de-
signed to attain 4000 psi (27 MPa)
overnight (with heat curing), and
6000 psi (41 MPa) in 28 days. No
high range water reducing admixtures
were used. Embedment in the con-
crete was 18 in. (457 mm). Refer to
Appendix E for concrete mix ingredi-
ents and proportions.
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Fig. 5. Strand specimens in place, ready for casting pull-outtest blocks (May 17, 1996).

Fig. 6. Completion of casting and finishing pull-out test blocks (May 17, 1996).
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The two pull-out test blocks were  Beam Specimens both the simple beam and cantilever

cast the same day, with the same mix
design and with the same placement
techniques as the 30 transfer/develop-
ment length test beams (see Fig. 6).
All beams and blocks were heat cured
overnight and attained average
overnight concrete strengths of 4350
psi (30 MPa) for the test blocks and
4254 psi (29 MPa) for the test beams.

Four test load arrangements were
devised for the beam specimens. The
variable was the embedment length,
L,, from the end of the beam to the
point of maximum moment. The em-
bedment lengths used were as follows:
* 6.08 ft (1.85 m), the calculated

strand development length tested in

conditions,

u2.42 ft (0.74 m), the calculated
strand transfer length tested in the
cantilever condition.

* 483 ft (1.47 m), 80 percent of the
calculated strand development length
tested in the simple beam condition.
Beam specimens were designed to

fail in flexure, rather thanin shear, and
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Fig. 8. Wood form for beam specimens.
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Fig. 9. Beam cross section, reinforcement and saw-cut locations.

to prevent concrete cracking (at ulti-
mate load) within the transfer zone,
for both the 4.83 and 6.08 ft (1.47 and
1.85 m) embedments. The beam cross
section was 6.5 in. (165 mm) wide and
12 in. (305 mm) deep with the single
strand centered at 2 in. (51 mm) from
the bottom of the beam in its casting
position. There was no shear rein-
forcement in the regions tested for
strand development. The derivation of
the ultimate capacity of the section,
based on strain compatibility, is
shown in Fig. Al (see Appendix A).
Beams were cast in 90 ft (27.4 m)
lengths in adjacent wood forms for
each of the six strand groups. Figs. 7
through 9 show the configuration of
the beams, cross section, layout of
web reinforcement, and saw-cut loca-
tions. Beams were to be saw-cut into
five 18 ft (5.49 m) lengths and were . )
designed to permit development : | \
length tests at each end, providing i 3 '
two tests per beam, ten per group, for Fig. 10. Beam test specin®®. §ix strand specimens after prestressing (May 17, 1996).
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Fig. 11. Wood form, steel end plate, strand and web mesh in
place, ready for concrete casting (May 17, 1996).

a total of 60 development length
tests.

The test beams were cast immedi-
ately after the pull-out blocks were
cast. Concrete placement and vibra-
tion conformed closely to standard
production techniques (see Figs. 10
through 12). Overnight heat curing
was applied and prestress was re-
leased after it was established that
companion heat-cured cylinders had
attained an overnight strength of
4254 psi (29.3 MPa).
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In order to simulate the most com-
mon production conditions, the release
of prestress was sudden, rather than
gradual.® Both ends of each 90 ft (27.4
m) test line were flame-cut simultane-
ously (see Fig. 13). Care was taken to
avoid allowing any 90 ft (27.4 m) line
to move during the flame-cutting oper-
ation. Then, each 90 ft (27.4 m) length
was saw-cut into 18 ft (5.49 m)
lengths (see Fig. 14).

The result was that, for each strand
group, prestress was released by flame-

Fig. 12. Casting beam specimens (May 17, 1996).

cutting at two ends simulating a typical
release for a fixed-form product such as
a double tee, and by saw-cutting at
eight ends simulating a typical release
for a wet-cast hollow-core slab product.
This resulted in the most severe release
conditions for all ends of all beams.

Beams were stripped from the pre-
stressing bed and handled with vacuum
lifters in order to eliminate any lifting
loops that might have otherwise dis-
turbed the transfer and development
length regions of the beams.
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TEST PROCEDURES
AND RESULTS

This section describes the pull-out
test, transfer length and development
length test methods, together with the
major results of the investigation.

Pull-Out Test

Pull-out tests were conducted under
the surveillance of Saad Moustafa on
the morning after the test blocks were
cast, at the overnight concrete
strength indicated, and were observed
and recorded by advisory group mem-
bers Bruce Russell and Donald
Logan. Figs. 15, 16 and 17 show the
techniques used to apply the pull-out
load to each strand sample. Appendix
E describes in detail the complete pro-
cedure for conducting the pull-out test
used in this test series (Moustafa
method).

Fig. 18 compares the average pull-
out capacity and standard deviation of
each group with the 1974 bench-
mark."” Groups TW, TA, A, and B
(six specimens per group) tested
above 36 kips (160 kNN) average maxi-

— ' > mum pull-out capacity, 36.8 to 41.6
P g kips (163 to 185 kN), and all except
SRR T, ey L . one of the 24 specimens appeared to
N P~ s , bond well and failed abruptly after

Fig. 13. Release of prestressforce by flame-cutting at ends of 90 ft (27.4 m) beam about 0.5 to 2 in. (13 to §1 mm)
length (May 18,1996). movement.,

- -

-

et

Fig. 14. Release of prestress force by saw-cutting atends nf each 18 it (5 49 m) beam length (May 18, 1996).
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Fig. 15. Pull-out load applied with single strand jack
(preliminary pull-out test series).

Two Groups, D and ER, only
reached average maximum loads of
11.2 and 10.7 kips (49.7 and 47.5 kIN),
30 percent of the 1974 benchmark
level, and began to pull-out slowly
from the test block at an applied
load of only 7 kips (31 kN). Maxi-
mum load was reached after about 6
to 8 in. (152 to 203 mm) with-
drawal, without the sudden impact
associated with the other groups,
and there appeared to be little paste
bond between the strand and the
concrete.

Table B1 in Appendix B provides
more detailed information regarding
the specific behavior of each of the 36
specimens in the pull-out test.
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(May 18, 1996).

End Slip (Transfer length)
Concept, Procedures and Results

Transfer length was measured indi-
rectly from the measured end slip of
the strand into the concrete at the end
of the beam'''** (see Fig. 19). This
simplified version is calculated using
the familiar equation:

A= PUAE =fLIE 3)
or
A= avg fs‘:’ AF'Ir'!Ep.s' (4)

where
A = measured end slip, in.
avg f; = average initial strand stress,
over the transfer length,
afterrelease of prestress, ksi

Fig. 16. Advisory group member Bruce Russell applying load at 20 kips
per minute (89 kN/minute) and recording maxin..... pull-out load

L, = transferlength, in.
E,s = elastic modulus of strand,
ksi

Assuming a straight line variation in
the strand stress from zero at the end
of the beam to full prestress at the
transfer length, L, end slip can be ex-
pressed in terms of the reduction of
the stress in the strand due to release
of prestress as:

A =0.5f;L,/E, 5)

Therefore, the implied transfer
length, based on end slip, is:

L“,. = AEp.s'f(O'vai) (6}

For this test series, the following
values were used:
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Fig. 17. Strand Groups D and ER pulled out 6 to 8 in. (152 to 203 mm) at 12 kips

(53 kN) maximum load. Other groups exceeded 36 kips (160 kN) with lessthan 2 in.

(51 mm) pull-out (May 18, 1996).

E,; =28,500ksi (196500 MPa)
[+ =0.98f (jacking) =0.98 x 189
= 185ksi (1276 MPa)

From Eq. (6):

L, =A x 28,500/(0.5 x 185)
=3084in. (3084 mm)

Ref. 13 provides a more detailed
and exact analysis of this relationship
and also accounts for the effects of
concrete strain,

The applicable ACI equation for
transfer length is related to the effec-
tive stress in the strand at the time of
application of ultimate load, rather
than the logical choice of initial pre-
stress at transfer. Therefore, because
the test would take place in 21 days, it
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was assumed that some additional loss
would occur and the effective pre-
stress, fy.,» would be approximately
equal to 175ksi (1207 MPa). Accord-
ing to ACI 318 R12.9,' the expression
for transfer length for strand diameter
d, =0.5 in, (13 mm) is:

Ly = dyf../3 =05 x 17513
=29 in. (737 mm)

Strand slip measurements were
taken immediately upon release of
prestress on the morning of May 18,
1996, the day after the beams were
cast, providing the initial (overnight)
transfer lengths for each end of each
beam. These initial measurements
were taken by Stresscon engineer

Craig Cason, and checked by Advi-
sory Group member Bruce Russell.

For the flame-cut ends, the steel
form plate was moved several feet
away from the beam ends. A mark
was then scribed, prior to flame-cut-
ting, onto the strand at 1 in. (25 mm)
from the formed face of the concrete
at both ends of each of the 90 ft (27.4
m) beam lengths. After flame-cutting,
the distance that the scribed mark
moved was recorded as the initial end
slip (see Fig. 20).

The slip for the saw-cut ends was
measured by inserting a depth gauge
into the indentation from the saw-cut
surface of the concrete to the center
wire of the recessed end of the strand
(seeFig. 21).

Measurements were taken on the 7th
day, 14th day and 21st day after cast-
ing by Craig Cason, and were taken
again on the 21st day by Bruce Russell
and checked by Norman Scott.

Table 2 shows the initial end slips
and inferred transfer lengths at release
of prestress. Despite the severe release
conditions, the overnight transfer
lengths were generally shorter than the
29 in. (737 mm) length predicted by
the ACI equation. For Strand Groups
TW, TA, A, and B, the transfer length
averaged less than 15 in. (381 mm),
Group D averaged 24 in. (610 mm),
and Group ER averaged 34 in. (864
mm). Group ER was the only group
that exceeded the predicted ACI
length. Although the transfer lengths
of the groups that performed so poorly
in the pull-out tests did not appear to
be excessive, the single result of 53 in.
(1364 mm) on one of the strands in
Group ER was a cause for concern.

Then, as subsequent weekly end slip
measurements were taken, it quickly
became apparent that the transfer
lengths of Groups D and ER were in-
creasing significantly. In 21 days, the
average transfer length for Group D
increased from 24 to 40 in. (610 to
1016 mm) and Group ER increased
from 34 to 48 in. (864 to 1219 mm),
both well beyond the 29 in. (737 mm)
predicted by the ACI equation. For
more specific information, refer to
Table 2.

Until this test series, it was assumed
that initial strand slip at transfer of
prestress was stable and was a reliable
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Fig. 18. Pull-out capacity vs. strand group.

indicator of the overall bond perfor-
mance of strand in pretensioned con-
crete. The subsequent growth of the
implied transfer length of the Group D
strand from 24 to 40 in, (610 to 1016
mm) injust 21 days demonstrated that
this is a seriously unconservative as-
sumption. (Note: End slip due to pre-
stress remains a reliable tool for mea-
suring transfer length at any age of a
structural member, and, as will be
shown later in this report, end slip
measured just prior to a beam test ap-
pears to be a reliable predictor of de-
velopment length as well.)

There was some growth in the end
slips of Groups TW, TA, A, and B,
but averages of the implied transfer
lengths of all of these groups remained
well below the transfer length pre-
dicted by the ACI equation. In addi-
tion, their end slips appeared to stabi-
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lize shortly after the initial release of
prestress.

As a further check on the stability of
strand having a pull-out capacity con-
sistently exceeding 36 kips (160 kN),
several hundred hollow-core slabs
stored in the author's plant, ranging
from one week to three years in age,
were then checked for end slip at the
saw-cuf ends. No end slip in this
group of over 4000 strand ends ex-
ceeded the 0.09 in. (2.3 mm) limit es-
tablished for compliance with the ACI
equation, and very few were greater
than the typical 0.06 in. (1.5 mm) slip
observed at release of prestress, indi-
cating an implied transfer length of
approximately 20 in. (508 mm) after
slip is stabilized for the strands used in
these products. The typical pull-out
capacity of this strand has consistently
ranged from 37 to 41 kips (164to 182

kN) over the past four years of such
testing,

Development length Test
Procedures and Results

The development length computed
by the ACI equation' is based on the
stress in the strand, f,,, at the calcu-
lated ultimate moment capacity of
the section, as well as the effective
prestress in the strand at the time of
the test, f;.. The calculated ultimate
capacity was based on a traditional
strain compatibility analysis (Tadros
stress-strain curve'), limiting the
concrete strain to 0.003. The calcu-
lated f,, on this basis is 263 ksi
(1813 MPa), as derived in Appendix
A (seeFig. Al).

Assuming f,, = 175 ksi (1207 MPa)
after 21 days, the required develop-
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Fig. 20. Measurement of initial strand slip at release of
prestress, flame-cutend (May 18, 1996).

Table 2. Strand slip due to release of prestress force.*

Fig. 21. Measurementof initial strand slip at release of
presiress, saw-cut end, June7, 1996 (similarat May 18, 1996).

At release At 21 days
Transfer | Comparison Transfer Comparison
Strand Pull-out End slip length with ACI End slip length with ACI
group capacity (in.) | (in.) 29 in. (in.) (in.) 29 in.
™W | 41.6 kips '
—
Maximum recorded | 0.078 24 -17 percent 0.080 25 -15 percent
Average flame-cut | 0.068 21 -28 percent 0.068 21 -28 percent
Average saw-cut 0.043 13 -54 percent 0.064 20 | -32 percent
Combined average 0.050 15 -47 percent 0.065 20 -31 percent
TA 40.0 Kips
Maximum recorded 0.062 19 -34 percent 0.066 20 -30 percent
Average flame-cut 0.047 14 -50 percent 0.059 18 -38 percent
Average saw-cul 0.041 13 -56 percent 0.056 17 -41 percent
Combined average 0.042 13 -55 percent 0.057 17 -40 percent
A 37.7 kips
Maximum recorded 0.063 19 -33 percent 0.105 32 +12 percent
Average flame-cut | 0.047 14 -50 percent 0.066 20 | -30 percent
Average saw-cut ' 0.049 15 ‘ -48 percent 0.081 25 -14 percent
Combined average 0.049 [ 15 | -48 percent 0.079 24 -16 percent
B 36.8 kips ‘
Maximum recorded 0.063 19 -33 percent 0.072 22 -24 percent
Average flame-cut 0.055 17 | -42 percent 0.068 21 -28 percent
Average saw-cut 0.045 14 | -52 percent 0.058 18 -38 percent
Combined average 0.047 | 14 -50 percent 0.060 18 -36 percent
D 11.2 kips |
Maximum recorded 0.109 34 +16 percent 0.160 49 +70 percent
Average flame-cut 0.094 29 -0 percent 0.156 48 +66 percent
Average saw-cut 0.074 23 -21 percent 0.122 38 +30) percent
Combined average 0.078 | 24 -17 percent 0.129 40 +37 percent
ER 10.7 kips
Maximum recorded 0.172 53 +83 percent 0.188 58 +100 percent
Average flame-cut 0.117 36 +24 percent 0.149 46 +58 percent
Average saw-cut 0.109 34 +16 percent 0.157 48 +67 percent
Combined average 0.111 34 | +18 percent 0.156 48 +66 percent

-.~te: 1in. = 25.4mm; 1kip = 444 kN.

* Transfer length, according to ACI equation = 29 in., for test conditions,
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ment length according to the ACI
Code equation' in SectionR12.9 is:

Ld'ev = dhfu!? : db(fm‘ _fse)
=0.5(175/3) 0.5 (263 - 175)
=73 in. = 6.08 ft (1.85 m)

Four different types of development
length tests were conducted on each of
the six strand groups, as shown in
Table 3. Refer also to Figs. 22 and 23.

The 60 tests were conducted on
June 8 and 9,1996, the 22nd and 23rd
days after the beam specimens were
cast. Figs. 22 through 28 illustrate the
load test layouts, testing procedures
and observations during the tests. The
tests were conducted by advisory
group members Roger Becker, Donald
Logan, Don Pellow, Bruce Russell,
and Norman Scott, along with ob-
servers Simon Harton and Mark
Brooks.

Table 4 gives the results of the flex-
ural beam developmentlength tests for
each of the strand groups and shows
the failure load, the mode of failure,
and the degree of warning deflection
prior to failure.

Strand Groups TW, TA, A, and B,
with pull-out capacities exceeding 36
kips (160 kN), performed extremely
well in the development length tests.
All failures were flexural in the 6.08
and 4.83 ft (1.85 and 1.47 m) embed-
ment tests, No end slip occurred dur-
ing testing, and there was ample warn-
ing deflection prior to failure. (Refer
to Appendix C, Tables C1 to C6, for
detailed information regarding each of
the 60 load tests.)

In most cases, failure was the result
of the strand breaking in tension at
stress levels well above the 270 ksi
(1862 MPa) guaranteed ultimate
strength of these strands (see Figs. 25
through 27). Because the strand stress
was so0 high, this test series represents
an extremely severe test of the bond
capacity of these strand groups. Group
TA surpassed all other groups in bond
capacity by failing in flexure (strand
break) with only 29 in. (737 mm) of
embedment in the short cantilever test.

Conversely, Strand Groups D and
ER, which had pull-out capacities less
than 12 kips (53.3 kN), performed
poorly in all flexural beam tests and at
all embedment lengths. All failures
were due to loss of bond between the
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Table 3. Embedment lengths of six strand groups for simple span and cantilever load

conditions.
Load condition Embedment length L, Number of tests per group
Simple span {;\C=I ilj fe(:c;n;t;:)f ;
Cantilever L =] Q};ﬂlﬂgggg?cm I
Cantilever L{eig‘:hc(lzﬁgr l

Note: 1ft=0.3048 m.

steel and concrete. There was usually
only one crack, directly under the ap-
plied test load, and bond failure oc-
curred upon or shortly after the forma-
tion of that crack. The crack opened
wide and the end slip of the strand at
failure generally matched the width of
the crack at the level of the strand.
There was no obvious warning deflec-
tion prior to failure, making this a seri-
ously undesirable mode of failure for
these strands (see Fig. 28).

The bond failure of the D and ER
strand groups appeared to be the result
of their inability to recover flexural
bond to the concrete in the region im-
mediately adjacent to the location of
the first crack, where the strand stress
and demand on bond capacity increase
sharply at cracking. As the load is sus-
tained or increases slightly, the paste
bond appears to break down progres-
sively toward the end of the beam
until this loss of bond reaches the pre-

Table 4. Flexural beam development length tests.

I Warning
Group ‘ Failure mode (average) | T . deflection (average)
Simple span 12.87 ft; L, = 6.08 ft
™ Flexure/strand break 280 ksi | 2in.
TA Flexure/strand break 283ksi | 2in.
A Flexure/strand break 278 ksi 2in.
B Flexure/strand break 277 ksi 2.5in.
D Bond 220 ksi 0.1 in.
ER Bond 205 ksi 0.1 in.
Cantilever span 5.75 ft; L, = 6.08 ft
™ Flexure/strand break | 286 ksi 5.5in.
TA Flexure/concrete spall 286 ksi 5.5in.
A Flexure/conerete spall 282 ksi 5in.
B Flexure/concrete spall 282 ksi 5in,
D Bond 230 ksi 0.6 in.
ER Bond 208 ksi | 0.6 in.
Cantilever span 2.08 ft; L, = 2.42 ft
™ Concrete split/bond 250 ksi 1.2 in.
TA Flexure/strand break 278 ksi 2in.
A Flexure/concrete crush 223 ksi 4.5in.
B Flexure/concrete crush 262 ksi 35in.
D Bond 107 ksi 0.1 in.
ER Bond 96 ksi 0.1 in.
Simple span 11.37 ft; L, = 4.83 ft
™ Flexure/strand break 284 ksi 1.7 in.
TA Flexure/strand break 284 ksi 1.6 in.
A Flexure/strand break 286 ksi 2 in.
B [ Flexure/strand break 278 ksi 2 in.
D ' Bond 179 ksi 0.11in.
ER Bond 177 ksi 0.1 in.

Note: 1in. =25.4mm; 1 £=0.3048m; 1ksi = 6.895 MPa.
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Fig. 22. Developiment test layout (simple spans).

stress transfer region, whereupon the
mechanical bond in the transfer region
is not able to hold the increased load
in the strand.

APPLICABILITY OF MAST'S
STRAND SLIP THEORY
In 1980, Robert Mast suggested to
the author that the factors which affect
initial strand slip (transfer length)
upon transfer of prestress may have a
proportional effect on flexural bond
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length. If so, in cases where such
strand slip can be measured, that slip
can be utilized to modify the ACI
equation for not only transfer length,
but also to modify the flexural bond
length equation. Therefore, develop-
ment length can be predicted from
measured strand slip due to transfer of
prestress.

Mast's slip theory was tested and
verified in the mid 1980s for strands
with excess strand slip (transfer length
greater than that predicted by the ACI

equation). That test program was con-
ducted at the University of Colorado
and was the subject of a report by
Brooks, Gerstle and Logan."

The current test program afforded
another opportunity to evaluate this
concept, but on this occasion, end
slips due to release of prestress im-
plied transfer lengths both shorter than
and longer than those predicted by the
ACI equations. Advisory group mem-
ber Roger Becker, who conducted re-
search on Mast's slip theory at the

PCIJOURNAL
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Fig. 23. Developmenttest layout (cantilevers).

University of Wisconsin, Milwaukee,
in the early 1980s, analyzed the results
of this test series and found excellent
correlation with Mast's concept.

Fig. 29 illustrates Mast's slip theory
as it applies to the simplebeam condi-
tions tested in this series for strand
slips due to release of prestress. Three
conditions are illustrated

End slip= 009 in. (2.3 mm)
Ldt'\' = ACI Ld,.{-‘l'

End slip < 0.09 in. (2.3 mm)
Ly, <ACIL,,

End slip> 009 in. (2.3 mm)
L(fﬂ' > ACI Lz}av
In all three cases, the nominal ca-
pacity, M,, remains the same, but the
transfer lengths and flexural bond
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s |

Fig. 24. First six-beam line at start of development length test. Simple span,
L, =6.08 ft (1.85 m) (Jund 8, 1996).
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Fig. 29. Modified bilinear development curves based on Mast’s strand slip theory.
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Table 5. Comparison df transfer and flexural bond lengths of strand test resuits with iengths are decreased or increased,
ACI equation. compared to the ACI equations, in
1  proportion to the measured slip. Refer-

ring to the examples illustrated in Fig.

End slip J 575 + Ly = Ly

Per ACI equation . 0.0941 in. 2‘:-1 in_. 44 in. 73 in. 29, the comparison is as shown in
Grocps TH, ::‘ A&B 0.0363in. | 196in. 29.7in. 493 in. Table 5.
\RVEsaiE O ent) | Figs. 30 and 31 compare the aver-
Groope B, ER 0.1539 in. 474in. 718 n. 1192 in. age results of Groups TW, TA, A, and
(average, southend) | B (32 tests) with Mast's slip theory
Note: 1 in. = 25.4 mm, for both the 6.08 and 4.83 ft (1.85 and

Wem = 79 Ib PER LIN. FT

Lges = 12'=1012" -

Mys@ Ry = 19 KIP=IN. L e - ucd
(INCLUDED IN Myg) Lo = 61" |

6'-11" 5-11%%" 112"

PER SLIP T Y
AVE. Ly = 19.6 IN. Ptest

L

AVE. Lgey = 49.3 IN. 7[

: __l. 3" BEARING
=

ey,

PER ACI FORMULA Loev (SL) = 49.3 IN,
s S | Lip (SL) = 29.7 IN.; Ly (SL) F 19.6 IN.
Lgey = 73 IN.
FLEXURAL FAILURE E‘ﬁ%’é‘[’g&ﬁ, e 1
i Mlﬂl = 406 KIP—IN. SLIP THEORY
TEST LOAD AND MOMENT ./ |
et R ML 373 KIP-IN.
AM. By — 101 KIPS e s SN |
AM. M= 406 KIP=IN. ~——_~" BOND FALURE . W% 248 KiP-IN.
| 5 PREDICTED BY
AVE. fos = 279 KSI 4 ACI FORMULA '
&, I

CALC Mn
M= 373 KIP=IN.

L (AC) = 44 IN.  [Ly (AC) = 29 IN,

f§:|C= 263 KS| Lgey (ACI) = 73 IN.

SIMPLE SPAN; Le = 73 IN.

STRAND GROUPS TW, TA. A, B,
PULL—-OUT CAPACITY > 36 KIPS; AM. A = 0.0636 IN.

Fig. 30. Mast's strand slip theory. Simple span, [, = 73 in. (1854 mm); Strand Groups TW, TA, H, B. Pull-out capacity greater than
36 kips (160 kN); average strand slip = 0.0636 in. (1.62 mm"
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1.47 m) embedment cases in the sim-
ple beam tests. In both cases, the ACI
equation predicted bond failure prior
to reaching the final test load,
whereas the slip theory correctly pre-
dicted the flexural failure mode at the
final test load, which actually oc-
curredin dl 32 tests.

Figs. 32 and 33 compare the av-
erage results of Groups D and ER

(16 tests) with Mast's slip theory
for both the 6.08 and 4.83 ft (1.85
and 1.47 m) embedment cases in the
simple beam tests. In neither case
did the beams reach the failure loads
predicted by the ACI equations,
whereas the slip theory correctly
predicted the premature bond fail-
ures which actually occurred in all
16 tests.

VISUAL INSPECTION,
RESIDUE TEST, AND
LAY MEASURENVENTS

Many observers have noted differ-
ences in appearance, color, noticeable
residue, and lay measurement of
strand from various manufacturers and
have questioned whether those ob-
served characteristics might be related

BEAM DL o
Wom = 79 Ib PER LIN. FT
" Lges = 11'—412"
Mym@ Py = 15 KIP=IN. 172 :l des
(|NCLUDED IN Mtﬂt) 1 Le = 4'-10"
vl v-gys" o
I
PER SLIP THEORY |
I
AVE. Ly = 19.8 IN. { Ptest
LY
I i
||__3E_BEARING
PER ACI F Lgev (SL) = 49.8 IN.
Lir = 29 IN. Lir (S0 4 198 Ny Ly(SL) = 300 .
Lgey = 73 IN. |
| gﬁ%‘,’gf% F;:,LURE FLEXURAL FAILURE
SLIP THEORY Miest = 412 KIP=IN. |
AR L D |
r e WL 373
AW‘ P:T:t= 11'4 K'PS /,/l s ’,\E‘\
test s \"-....\ s
AVE. MS¥'= 412 KIP-IN. ~ % 22
i ; ' A BOND FAILURE BN
AVE. fos = 283 KSI e PREDICTED BY o
'/ AC! FORMULA N
1 '/ Q
CALC Mn |
calc Li(ACI) = 29 IN. L (ACI) = 44 IN.
~°= 373 KIP-IN.
159~ 263 Ksl Laev (AC)) = 73 IN.
SIMPLE SPAN; Le = 58 IN.
STRAND GROUPS TW, TA, A, B,
PULL-OUT CAPACITY > 36 KIPS; AVE. A = 0.0643 IN.

Fig. 31. Mast's strand slip theory. Simple span, L. = 58 in. (1473 mm); Strand Groups TW, TA, A B. Pull-out capacity greater than
36 kips (160 kN); average strand slip = 0.0643 in. (1.63 mm).
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to differences in pull-out capacity
and/or transfer and development
performance.

In response to these questions, vi-
sual inspection, towel wipe for
residue, and lay measurements were
conducted on each strand group. The
results for each group are shown in

Color

In this test series, the poorest per-
forming strand groups, D and ER, ap-
peared to be slightly brassy in color,
compared to the.black/blue color of
the other groups, but that difference
was too subtle to be a reliable bond

Noticeable Residue

The poorest performing groups, D
and ER, had heavy residue in the
towel wipe test, but the residue on the
best performing as-received strand
group, TA, was also heavy, and there
was no discernible difference that

Table B 1 of Appendix B. quality guide. could serve as a reliable guide (see
BEAM DL 13-0"
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Fig. 32. Masts strand slip theory. Simple span, L. =73 in. (1854 mm); Strand Groups D and ER. Pull-out capacity less than
'2 kips (53 kN); average strand slip = 0.1377 in. (3.50 mm).

74

PCIJOURNAL



Fig. 34 through 36). The cleanest
strand group, B, had the lowest pull-
out capacity of the top four groups,
but it was the second best performer
in the transfer length test, and per-
formed almost as well as the best
group, TA, in the flexural beam tests.
It is clear that a simple towel wipe test
for a qualitative check of removable

residue is not a reliable indicator of
bond quality.

Rust

It has been claimed for years that a
light coating of rust enhances the bond
capacity of strand.” In this series, the
TA and TW groups represented strand
from the same manufacturer and from

the same shipment of strand to a con-
crete producer. The TA group had
been protected from weathering, and
the TW group had been put into ser-
vice in that producer’s yard and had
developed obvious light rust through-
out its length.

In preliminary pull-out tests,
Group TA had a slightly higher pull-

BEAM b
Wem = 79 Ib PER LIN. FT
" = 11'-412"
Mm@ Py = 15 KIP—IN, 172 { Ldes 2
(INCLUDED IN Mg ) ! Le= 4'—10"
115" ’ 4'-82" 6'-8"
I
PER SLIP THEORY ]
I
AVE. Ly, = 47.4 IN, | Ptest
LY
AVE. Lgey = 119.2 IN. I \_(
| G
1| 3" BEARING
PER AC' FORMULA I-dev (SL} = 119.2 IN.
Ly = 29 IN. Ly (SL) = 47.4 N, Li(SL) = 71.8 IN, |
Lgey = 73 IN.
FAILURE NOT
| BOND FAILURE —— iﬁf?ﬁgﬁﬁ L?\Y I
M iest = 258 KIP—IN.
T LOAD AND MOMENT s &
Mo = 373 KIP-IN.
test i =< Z=
AVE. Pyy = 7.3 KIPS f,\* P
test e o= R cale
AVE. Myt = 258 KIP—IN. i 7*» S MG 248 KIP=IN,
Z = N |
A | s / BOND FAILURE \
IR PREDICTED BY e
SUP THEORY N
CALC Mn
Ly (AC)) = 29 I L (ACI) = 44 IN.
M= 373 KIP—IN.
1S9°- 263 K3 Lev (ACI) = 73 IN.
SIMPLE SPAN; le = 58 IN.
STRAND GROUPS D AND ER
PULL—OUT CAPACITY < 12 KIPS; AVE. A = 0.1539 IN.

Fig. 33. Mast's strand slip theory. Simple span, [, =58 in. (1473 mm); Strand Groups D and ER. Pull-out capacity less than
12 kips (53 kN); average strand slip = 0.1539 in. (3.91 mm).
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out capacity than Group TW. In the
final pull-out tests, the ranking re-
versed, but both groups tested about
40 kips (178 kN). The TA group, as
well as Group B, which had the
cleanest, smoothest surface, per-
formed better in end-slip tests (trans-

Fig. 34. Towel-wipe test for removable residue from strand

sample (May 17, 1996).

fer length) than the weathered group,
TW. All of the top three as-received
strand groups performed as well as
the weathered group, TW, in the
flexural beam development length
tests, except that TA out-performed
all other groups by developing its

full tensile strength with an embed-
ment of only 29 in. (737 mm).

Thus, it can be concluded that strand
purchased from certain manufacturers,
used directly from freshly delivered
coils, is at least equal to weathered strand
in achieving outstanding bond quality,

Fig. 36. Residue from Sirand Samples TA-4 and D-4. Residue
difference is not distinguishable. Pull-out capacities: TA(avg) =

40.0 kips (177.7 kN); D{avg) = 11.2 kips (49.8 kN).

Fig. 35. Residue remaining on towels from sirand specimens (all six strand groups). Rust from weathered sample, TW-4, partially
shown at left (May 17, 1996).
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lay (or Pitch) of
Outer Wires of Strand

The lay of the strand is the distance
for an outside wire to make one com-
plete revolution around the straight
center wire. Several observers have
postulated that a shorter lay would in-
crease the bond capability of such
strand. In this series, the 6.5 in. (165
mm) lay of one of the best performing
as-received groups, TA, was indeed
1.25 in. (32 mm) shorter than the 7.75
in. (191 mm) lay of one of the poor
performers, Group D. However, the
lay of Group D was nearly the same as
the 7.5 in. (191 mm) lay of the other
two top as-received groups, A and B.
Thus, differences in lay do not appear
to be of any significance.

CONCLUSIONS

Based on the results of this investi-
gation, the following conclusions can
be drawn:

1. There is a significant difference in
the transfer/development performance
in pretensioned concrete beams among
strands produced by different strand
manufacturers. In this test series:

(a) The high bond quality strands
performed much better than pre-
dicted by the ACI equations for
both transfer and development
lengths.

(b) The poor bond quality strands
experienced a substantial in-
crease in transfer length (end
slip) in just 21 days. All beam
specimens failed prematurely in
bond with the test load applied
at the calculated ACI develop-
ment length, without noticeable
warning deflection.

2. The simple pull-out test
(Moustafa method) of untensioned 0.5
in. (13 mm) diameter strand embedded
18 in. (457 mm) into concrete test
blocks provided an immediate, reliable
prediction of the differences in flexu-
ral beam behavior experienced by the
different strand groups.

(a) With strands having an average
pull-out capacity exceeding 36
kips (160 kN), the transfer
lengths averaged 15 in. (381
mm) at release of prestress and
stabilized, in 21 days, at an aver-
age of 20 in. (58 mm), compared
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to the calculated ACI transfer
length of 29 in. (737 mm) for
the test parameters. The beams
failed in flexure (mostly in ten-
sile failure of the strand) at em-
bedment lengths of 73 in. (1854
mm) (ACI development length),
and 58 in. (1473 mm) (80 per-
cent of the ACI development
length), in 36 tests. There was
ample warning deflection prior
to failure.

(b) With the strands having an aver-
age pull-out capacity less than
12 kips (53.3 kN), the average
transfer length at release of pre-
stress was equal to the 29 in.
(737 mm) predicted by the ACI
equation. However, the transfer
lengths increased to an average
of 45 in. (1143 mm) in only 21
days. The beams failed in bond
in all 10 tests at the calculated
73 in. (1854 mm) ACI develop-
ment length, and at all tests at
the shorter embedment lengths.
Generally, the beams abruptly
failed at or shortly after the for-
mation of the first crack directly
under the applied load, without
noticeable warning deflection.

3. The following tests and observa-
tions did not reliably predict the trans-
fer and development behavior of the
strand in pretensioned concrete appli-
cations.

(@) The end slip immediately upon
release of prestress did not ini-
tially detect the poor bond char-
acteristics of Strand Groups D
and ER, as indicated above. After
21 days, the end slip did increase
substantially to the extent that it
then provided the warning of po-
tential deficiencies in develop-
ment length performance.

(b) There was no distinguishing
color of the strand that gave a re-
liable clue to potential deficien-
cies in bond performance.

(¢) Surprisingly, the amount of sur-
face residue that came off during
the wipe test provided no indica-
tion of subsequent bond perfor-
mance. There was relatively
heavy residue on the best per-
forming strand and the worst
performing strand, and the visi-
ble difference in their residue

was indistinguishable.

(d) The lay (or pitch) of the outside
wires of two of the best perform-
ing groups of strand was nearly
identical to one of the worst
groups and, thus, minor differ-
ences in the lay of strands had
no effect on their bond perfor-
mance in the beam tests.

4. Light rust on strand is not re-
quired to attain outstanding bond per-
formance. The light rust on Group TW
did not increase the bond performance
of the T series strands. The as-
received samples of this strand, TA,
actually out-performed the weathered
samples in both transfer length and de-
velopment length. Also, the cleanest,
smoothest strand group, B, out-per-
formed TW in transfer length and
equaled TW’s outstanding perfor-
mance in the development length tests.
Thus, it can be concluded that strand
purchased from certain manufacturers,
used directly from freshly delivered
coils, can reliably perform better than
predicted by the ACI equations with-
out requiring surface rust or other evi-
dence of weathering.

5. Mast’s strand slip theory, which
utilizes measured end slip due to
transfer of prestress to modify the ACI
equations for transfer and develop-
ment lengths, appears to closely pre-
dict the bond capacity of the strands
tested in this series.

6. Because the flexural bond per-
formance of 0.5 in. (13 mm) strand
with pull-out capacity greater than 36
kips (160 kN) significantly exceeded
the requirements of the ACI equa-
tions, it is anticipated that the limit for
pull-out capacity can be reduced.
Strand from at least six manufacturers
have tested greater than 36 kips (160
kN) in the past, but additional testing
needs to be performed to determine
whether that limit can be attained on a
consistent basis. Flexural beam tests
(as well as 21-day strand slip mea-
surements) are more direct measures
of flexural bond performance, and can
be conducted on strand that does not
meet the 36 kip (160 kN) limit to de-
termine its suitability for use in pre-
tensioned applications.

7. Tentatively, unless a direct flexu-
ral test is performed and until further
testing can generate a lower threshold
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for pull-out capacity, it is suggested
that all 0.5 in. (13 mm) diameter
strand used in pretensioned applica-
tions be required to have a minimum
average pull-out capacity of 36 kips
(160 kN), with a standard deviation of
10percent for a six sample group.

8. Once the pull-out limits have
been better defined, future strand and
development length research should
be restricted to strand having such
minimum pull-out capacity. Although
much has been learned about general
bond behavior over the years, the spe-
cific results of any past research are
only applicable to the strand source
actually tested.

RECOMMENDATIONS
FOR FUTURE RESEARCH

This test series has opened the op-
portunity for further research that can
benefit from a preliminary test to
eliminate the variable of bond quality
of strand in future transfer and devel-
opment length testing. Also, addi-
tional questions were raised during
these tests that were beyond the scope
of this investigation and that need to
be addressed. The following are some
of the areas recommended for future
testing:

1. In order to enlarge the scope and
verify reliability of the recommended
pull-out test, samples from the same
reel of strand, carefully maintained in
its as-received condition, should be
subjected to the following tests:

(a) The pull-out test (Moustafa pro-

cedure) should be performed by
several different laboratory tech-
nicians in different locations in
order to determine its consis-
tency and sensitivity to minor
variations in procedure.

(b) The test should be performed with

different concrete mix ingredients
to determine if there are any dif-
ferences related to variations in
sand, coarse aggregate, and
brands of cement and additives.

(c) So far, high range water reduc-

ers (HRWR) have not been used
in the pull-out tests conducted at
Stresscon or Concrete Technol-
ogy Corporation. Identical
strand samples should be tested
in otherwise identical mixes,
with and without HRWR, to de-
termine if there is any effect on
pull-out capacity.

(d) Some concrete producers prefer

to perform the pull-out test with
the jack in the horizontal posi-
tion. Tests that are otherwise
identical need to be conducted in
both positions to determine if
there is any effect on pull-out
capacity,

(e) In tests conducted at Stresscon

and CTC since 1990, it has been
observed that variations in con-
crete strength between 3500 and
5900 psi (24 and 40.7 MPa)
have not appeared to affect the
pull-out capacity of strand.
However, more extensive testing
should be conducted to verify or
modify this observation.

Advisory group and observers participating in various phases of testing program.

2 Strand samples of 0.5 in, (13
mm) diameter with pull-out capacities
ranging from 15 to 30 kips (67 to 133
kN) need to be collected and subjected
to transfer and development length
tests in order to determine the mini-
mum pull-out capacity that still en-
ables such strand to meet the require-
ments of the ACI transfer and
developmentlength equations.

3. Pull-out tests on 0.6 in. (15 mm)
diameter strand have already been
conducted at the Universities of
Texas* and Colorado using an 18 in.
(457 mm) embedment and some corre-
lation testing with transfer and devel-
opment length has been done. This
program needs to be extended to es-
tablish a recommended pull-out capac-
ity for 0.6 in. (15 mm) strand, as well
as other strand diameters in use in the
pretensioned concrete industry.

4 With strand that meets the mini-
mum requirement for pull-out capac-
ity, many tests can proceed with confi-
dence that strand bond capacity will
no longer be an important variable.
Some suggested areas that need atten-
tion are as follows:

(a) Examine the transfer and devel-
opment performance of strand
located at varying heights above
the bottom of a pretensioned
member in its casting position.

(b) Determine the effects of zero
slump concrete and various ex-
trusion processes on the bond
behavior of strand.

(c) Evaluate the effects of light-
weight concrete over a wide

Concept and Casting Pull-ont Endslip | Endslip Beam Review Report
Advisory group planning specimens test at release 21 days tests meeting review
Roger Becker v BT 4 v v 4
Robert Mast v B v v
Saad M_OI-.lStﬂfa v v v v v
Donald Logan v v % v 7 7 v e
Donald Pellow v i v v v |
Bruce Russell v v i 7 b 7 by fax v
~ Norman Scott v v v v /
Observers R
Simon Harton v v v / v v
Mark Brooks EE [ 7 | -
Wes Hall v
Francis Jacques . N - v 4
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Fig. 37. Advisory group members and observers at development length tests (June 8,

1996). Left to right: Roger Becker, Simon Harton, Mark Brooks, Don Pellow,

Noman Scott, Donald Logan, Bruce Russell.

range of densities on the bond
behavior of strand.

(d) Examine the bond behavior of
strand in concrete produced with
fly ash, microsilicas, and other
additives.

5. Subject strand made of materials
other than steel to the pull-out test and
correlate to transfer and development
testing,

6. Conduct chemical analyses of
surface residue on different strands to
determine if there is a correlation be-
tween composition of such residue
with pull-out capacity and flexural
bond performance of the correspond-
ing strands.

7. Strand manufacturers can use
the pull-out test to evaluate the ef-
fects on bond quality of proposed
modifications in their manufacturing
procedures, wire drawing lubricants,
processing temperatures, cleaning
agents, and other variables.
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APPENDIX A — STRAIN COMPATIBILITY ANALYSIS

To carry out the strain compatibility analysis for a typical
prestressed concrete beam with a rectangular cross section,
use the Tadros stress-strain curve."

Assume that &, = 0.003, f/ = 5000 psi (34.5 MPa),
Jou=210ksi (1862 MPa).

Given: Rectangular prestressed concrete beam (see Fig.
Al) with a single prestressing strand, with the following
properties:

b =65 in. (165mm)

h =12.0in. (305 mm)

A =78 sq in. (50322 mm?)

Sy = 156in.? (2556382 mm?)
Yps =2 in, (51 mm)
dys =h —y,s=12—2= 10in. (254 mm)
Assume 05 in, (13 mm) diameter, 270K strand.
B, =0.85 —[0.05(f,/— 4000)/1000]
= (.85 —[0.05(5000 — 4000)/1000]
=0.800
E,; =28,500 ksi (196508 MPa)
Ay =0.153 5q in. (98.71 mm?)
Josi = 190ksi (1310MPa)

Assume prestress losses are 8 percent.
fie = (1 — Losses)f,,;

=(1-0.08)190
= 175ksi (1207 MPa)

Compute strain:

Ese :.f:fc"‘Epw
=175/28,500
=0.00614

Try ¢ = 1.8205in. (46.2 mm)
a = pic=0.800x 1.8205= 1456
C. =0.85af/b
=085x 1456x 5x 6.5
=40.23 kips
g, = 0.003[(d,; —c)lc]
=0.003[(10 — 1.8205)/1.8205)
=0.01348
& =€, T&,=001348 +0.00613
=0.01961
For g,, = 0.01961, Tadros” curve” gives f,, = 263 ksi
(1813 MPa)
Ty =Apsfos
=0.153 x 263
=40.23 kips (179kN)
C. =40.23 kips (179kN)
M, = C.(d,, —al2)
=40.23 (10-1.456/2)
=373.0 kip-in. (42.1 kN-m)
Using Tadros’ stress-straincurve:
fos =&,[887 $27613/{ 1T (112.4¢,,)73¢} 73]
=262.96 ksi (1813 MPa)
Use f,; =263 ksi (1813 MPa).

If £,, > 0.0280, then f,,, =270 ksi (not applicable)
Check 0.85a/d,; < 0.368, =0.124 < 0.36 x 0.8 =0.288
(ok)

612"
-
°
S
0.5 IN.9 270K —| ° =
STRAND
Dl
j (o]
!

=0.003 &
B 8
Cc T
w—ad el
3 s
m — ‘c‘ &
g ° ol
o o
1
o ____19'
| €,=0.01348
' €ps =0.01961

Fig. A1. Derivation of ultimate capacity of 6.5 x 12 in. (165 x 2845 mm) cross section using strain compatibility analysis.
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APPENDIX B — VISUAL OBSERVATIONS AND PULL-OUT TEST RESULTS

Table B1. Strand Groups TW, TA and A.

Strand sample Maximum pull-out
mark number Strand surface condition*® load, kips Description of failuret
TW-1 Light/moderate residue | 41.5 Strand break, seven wires broke at chuck
Light powdery rust full length |
TW-2 Light/moderate residue 425 Strand break, seven wires broke at chuck
Light powdery rust full length
TW-3 Light/moderate residue 40.5 Abrupt bond failure, no broken wires
Light powdery rust full length
TW-4 Light/moderate residue ' 43.0 Abrupt bond failure, one broken wire
Light powdery rust full length |
TW-5 Light/moderate residue ‘ 43.0 Abrupt bond failure, one broken wire
Light powdery rust full length
TW-6 Light/moderate residue | 389 Abrupt bond failure, no broken wires
Light powdery rust full length
TA-1 Moderate/heavy residue 40.0 Abrupt bond failure, no broken wires
No rust
TA-2 Moderate/heavy residue I 41.9 Abrupt bond failure, no broken wires
A few light rust spots !
TA-3 Moderate/heavy residue 42.0 Abrupt bond failure, no broken wires
A few light rust spots
TA-4 Moderate/heavy residue 34.6 Abrupt bond failure, no broken wires
A few light rust spots
TA-5 Moderate/heavy residue 40.7 Abrupt bond failure, no broken wires
No rust
TA-6 Moderate residue 40.7 Abrupt bond failure, one broken wire
No rust
A-1 Moderate residue | 40.8 Abrupt bond failure, no broken wires
No rust — occasional white scale
A-2 Moderate residue 332 Gradual then abrupt bond failure,
No rust — occasional white scale no broken wires
A-3 Moderate residue 37.2 Gradual then abrupt bond failure,
No rust —occasional white scale no broken wires
A4 Moderate residoe 40.8 Abrupt bond failure, no broken wires
No rust — occasional white scale
A-5 Moderate residue : 41.7 Abrupt bond failure, no broken wires
No rust —occasiona white scale
A-6 Moderate residue 325 Abrupt bond failure, no broken wires
No rust — occasional white scale

Note: 1 kip =4.448 kN.

* Visual inspectionand towel-wipe inspection: May 16,1996,
T Pull-out test date:May 18, 1996; concrete strength at test: 4226 psi (29 MPa).
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Table B1 (cont.). Strand Groups B, D and ER.

Strand sample Maximum pull-out
mark number Strandsurface condition® load, kips Description of failuret
B-1 Lightresidue 393 Gradual then abrupt bond failure,
No rust no broken wires
B-2 Light residue 30.5 Gradual then “chatter” to full load,
No rust no broken wires
B-3 Very light residue 40.2 Gradual then abrupt bond failure,
No rust no broken wires
B-4 Vexy light residue 389 Abrupt bond failure, no broken wires
No nust
B-5 Light residue 320 Gradual then abrupt failure,
No rust no broken wires
B-6 Light residue 40.0 Abrupt bond failure, no broken wires
No rust
D-1 Moderate/heavy residue 11.6 Gradual. no impact, little resistance
A few light rust spots pull-out more than 6 in.
D-2 Moderate/heavy residue 10.5 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
D-3 Moderate/heavy residue 12.2 Gradual, no impact, little resistance
A few light rust spots pull-out more than 6 in.
D-4 Moderate/heavy residue 10.8 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
D-5 Moderate/heavy residue 12.1 Gradual, no impact, little resistance
A few light rust spots pull-out more than 6 in.
D-6 Moderate/heavy residue 9.8 Gradual, no impact, little resistance
A few light rust spots pull-out more than 6 in.
ER-1 Heavy residue 10.8 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
ER-2 Heavy residue 10.9 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
ER-3 Heavy residue 113 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
ER-4 Heavy residue 10.0 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
ER-5 Heavy residue 10.3 Gradual, no impact, little resistance
No rust pull-out more than 6 in.
ER-6 Heavy residue 11.1 Gradual, no impact, little resistance
No rust pull-out more than 6 1n.

Note: 1kip =4.448 kN; 1 in,= 254 mm.
* Visual inspection and towel-wipe inspection: May 16, 1996.

T Pull-outtest date: May 18, 1996; concrete strength at test: 4226 psi (2Y MPa).

Note:
APPENDIX C — RESULTS OF

STRAND DEVELOPMENT LENGTH

TEST SERIES

Tables C1 through C6 —> > > > ’

1 in, =254 mm; 1in? =0.09290 m* 1 in."= 0.00001639 m’;
1in* =416,231 mm*; 1 kip =4.448 kN; 1 ksi =6.895MPa;

1 psi =6.895 kPa.

Section: 65 x 12 in. with one 0.5 in. diameter strand 270 ksi,

low relaxation.

d=10in;A=780in%[=9360"; §=156in% b,=651in;
f= 5300 psi; A,, =0.153in.%; approximate f,, = 175 ksi;

eccentricity ¢ =4.0 in.
Pressure gauge correction = 0.915.

PCI JOURNAL



APPENDIX C — RESULTS OF STRAND DEVELOPMENT LENGTH TEST SERIES
Table C1. Strand Group TW (weathered); pull-out capacity = 41.6 kips.

Rirmnla cnan
SLRLS snan

11.37

atenies w Y e
SiTaih = 4 PUItin.

| ' Load Apparent Load ‘
| Beam at first | cracking atfirst | Loadat Slipat Moment at | Apparent | Apparent
Type number | Span | L, | crack stress slip | failure failure failure e Ly Failure mode
of test (end) | ft ft  kips psi | kips | Kips in kip-in. ksi in. remarks
ACI Ly, - | y ; Flexure-
Simple span | TW-5M) | 1287 | 608 | 7.0 714 | Noslip| 104 | None 420 289 ‘ 20.9 el
AClLuv | w3y | 1287 | 608 64 556 | Noslip| 10.1 | None 405 279 20.0 Slewse
Simple span strand break
AClLiv | ooy | 1287 | 608 | 6.1 489 | Noslip| 9.7 None = 391 269 18.5 o
Simple span cracks opening
AClLiv | oy vy | 1287 | 6.08 | 62 511 | Noslip| 102 | None 409 281 222 ol
Simple span | strand break
,AC] Lier Average | 12.87  6.08 6.5 -568 No slip 10.1 None 406 280 204 | I-lt::xurc-strand
Simple span | | strain > 2 percent
ACI Ly, | o o | : ; Flexure-
Cattion || TW400 | — | 608 | 33 642 | Noslip| 58 None 416 286 16.9 R
ACLL, | rwas)| — 242 103 792 122 | 145 ? 363 250 24.6 SR
Cantilever | concrete splitbond
1 | = -
80RAQ Ly | 155y | 1137 483 | 72 513 0.0 120 | None 412 283 15.1 Hleaso
Simple span | cracks opening
B0%ACLLus | w35y | 1137 | 483 | 68 | 416 | 00 | 120 | None | 412 283 16.0 Floxiee
Simple span | strand break
B0% ACLLaer| 1wy sy | 1137 | 483 | 7.1 -493 12.0 ‘ 120 | Small 412 283 222 i i
Simple span strand break
80%ACILav| 1w 1s) (1137 | 483 | 76 | -9 | 00 | 122 | None 418 288 20,9 tlerie
Simple span | | strand break
At | | | S -
80% AT bier | pverage | 1137 | 483 | 72 503 | 00 | 120 Negligibld 413 284 18.6 i
Simple span | I strain > 2 percent
Table C2. Strand Group TA (as received); pull-out capacity = 40.0 kips.
: | Load |Apparent| Load |
Beam at first | cracking | atfirst Load at | Slipat Moment at Apparent | Apparent
Type number  Span L, | crack stress slip failure | failure failure Jou L, Failure mode
oftest | (end) ft ft Kkips psi | Kips | Kkips in. | kip-in. ksi in. remarks
il O | | g 2
AClLiw | 1o sny | 1287 | 608 | 70 714 | Noslip| 107 | Nome | 430 296 16.6 e
Simple span | cracks opening
|
ACI Lg,, 5 | : - ‘ Flexure-
Simple span | 1A | 12.87 | 6.08 | 6.4 -556 | Noslip | 10.1 None ‘ 405 279 15.7 s bk
ACLa | AN | 1287 | 608 | 64 556 |Noslip| 102 | Nome | 413 284 19.1 Flexms:
Simple span | " | strand break
ACIL,,, ; Flexure-
s - ; . =55 5 9. . 305 5
Shnslensiin TA-1(N) | 12.87 | 6.08 64 556 No slip | 0.8 None | 395 272 154 trar A hrahl
AClLiv | poerage | 1287 | 6.08 | 66 596 | Noslip| 102 | None 411 283 16.7 Fleput dhot
Simple span | | strain > 2 percent
ACLLiy | rpay| — |608| 35 734 | Noslip ‘ 58 | None 416 286 15.1 Flexuee.
Cantilever cracks opening
ACLL, | rpasy) | — |242| 106 -845 145 | 161 | Smail 404 278 19.1 S
Cantilever | | strand break
B0%AC Lier | pp 55y | 1137 | 483| 77 | 610 | 00 | 122 | None 418 288 15.7 Heanie
Simple span | | cracks opening
S0RACILan | 1p 3(s) | 1137 | 483 | 62 299 0.0 123 | None 421 290 20.3 S
Simple span | strand break
80% ACI Luw | 4 (s | 1137 | 483 | 62 29 | 00 12.1 None 415 285 19.1 et
Simple span | strand break
WA Liey | rp y(s) [ 1137 | 483 | 73 532 | 00 | 116 | None 400 275 19.4 S
Simple span strand break
MOBAC Ly | verage 483 | 69 435 0.0 120 | None 413 284 18.6 Reeaan




Table C3. Strand Group A (as received); pull-out capacity = 37.7 kips.

| Load .Appamnt Load
Beam | [

at first | cracking  at first Load at | Slipat = Moment at Apparent | Apparent |
Type number  Span L, i crack stress s!ip | fai}ure failure fs!ilure ‘ f”‘. [ ,.L,., Failure mode
of test (end) il ft ft | kips  psi __Jl[_n_s | kips in. | Kip-in. | ksi in. |r - remarks
s.:;i‘;m A-S(N) | 12,87 : 608 6.8 646 | No slipl 102 | None 413 | 284 213 | Cmi:’;‘:;ing
s;(;::;;n A3(N) | 1287 | 608| 64 | -556 |Noslip| 101 | None = 405 | 2 234 e
S;i{:‘:;;n A2(N) | 1287 | 608 | 6.1 489  Noslip 99 | None 398 | 274 ‘ 18.8 m:':;‘gfmk
Siii}:;;;n A0Y) | 1287 ‘ 608 | 62 511 _fo slip ! 100 | Nowe | w | m | 28.3 m’"xj‘t'}rr;k_
S:ﬂﬂg‘;‘;ﬂ Average | 1247 | 608 64 | 55 |Noslip 100 | None ws | oz 29 Siei’;“fz““::rz:m
c’:ﬁ:;’;ﬂ | A-4(N) ‘ — | 608| 33 -642 INo slip. 57 | None 409 | 282 ‘ 25.6 Cra;i:’;”;;‘mg
C’:rﬁiﬂ:\j;r A4S) | — | 242 82 2392 i 9.4 | 129 | 006 324 | 223 31.7 wnc:i’::‘rz;hmg
ﬁpﬁp’; A-SS) | 1137 i 483 77 | 610 | 97 | 118 | 005 406 wo | 194 | mci;"z:;hing
?ﬁ’p’?ﬂp’;‘" AX(S) | 1137 4.83i g1 | 707 | 97 | 126 | 007 433 208 219 S
|
gﬁ;f:;ﬂ*l AXS) |1137 483 s9 | 241 97 | 119 | 002 409 281 320 | w?:;”‘;:ak
i‘m}(’ip’?ﬂp’;‘ A1(S) i|13_? " 11.83 73 | 532 I(i _12_1 0.02 415 285 194 | “E:j‘l':;ak _
SS?Z: Sf:[:l[i;::l Average | 11.37 4.33i 72 522 10,0 | 121 0.04 416 286 ‘ 232 5{27:1r;:;:::n1

Table C4. Strand Group B (as received); pull-out capacity = 36.8 kips.

| Load Apparent| Load |

| |
Beam at first | cracking  atfirst Load at | Slipat Moment at | Apparent | Apparent
Type number | Span | L, crack stress slip failure | failure failure T L Failure mode
of test (end) ft ft kips psi kips kips in. Kip-in. ksi in. remarks
1 | 1 | {
Flexure-
ACI Ly, I tacisi 5 281 19.7 ,
Sirviple span B-5(N) | 12.87 ‘ 6.08 | 68 | -646 ‘ Noslip | 10.2 None 409 8 cracks epering
Flexure-
ACL Loy - - i : 3 274 15.4 .
Simplo apan B-3(N) | 12.87  6.08 | 6.7 624 Noslip 9.9 | None 98 | el g
[ Flexure-
ACI Liry -2(N) | 608 63 | -534 | Nosli 9.8 ‘ None 95 | 2712 | 194
Simple span | B0 E25 . B | i o | R i | | strand break
| Flexure-
ACLE,, | :
-I(N 12.87 | 6.08 6.4 -556 Noslip | 10.2 None 409 281 19.1 e
Simple span Fady | ! p Sl _!_ - '_ strand_larcak
o | | .. | | ' ‘! | Flexure-strand
ACI L. : | 2
Simple :;m Average | 12.87 | 6.08 | 65 | 590 | Noslip  10.0 | None 403 277 18.4 | stain’s 2 peent
' | Flexure-
ACI Ly, | | o | . 2 17.6 ‘
CantilEves ‘ B-4(N) — | 608 | 36 -T80 | No slip : 5.7 None 409 282 ‘ chicks ogening
Flexure/
aclly | e — |24 ‘ 01 | 740 | 129 | 152 | >10 | 381 262 209
Castilever | © ) = ’ | | bond
80% ACI Ly, (S | : Flexure-
Siwlespan“* B-5(S) | 11.37 ‘ 483 | 77 | 610 |Noslip 115 | None 397 273 19.7 e Shhu
Flexure-
809 ACI Ly, i 2
b - 37 | 483 8.1 -687 No sli 1.8 None 406 279 18.
Simple span B9 | 37 B p strand break
Flexure-
DAL Lan| gy 3l 69 435 |Nostip| 119 | None 409 %1 | 176 |
Simple span AR AR (10 % ‘ PSR | strand break
Flexure-
SR Bys) | 1137 | 483 69 ‘ 435 | Noslip 11§ | None 406 279 19.4 s
i S(I}:;P:Clspzn_-i 2 5 : - ‘ . _ Ii ] l _t_l 8.7 Flexure-strand
Simple spa‘:“i Average | 11.37 | 4.83 | 74 542 Noslip 118 None 404 278 § i s 2 sty

a4
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Table C5. Strand Group D (as received); pull-out capacity = 11.2 kips.

I Load |Apparent Load |
Beam . at first | cracking atfirst Loadat | Slipat Moment at | Apparent | Apparent
Type | number Span L, | crack stress slip | failure failure | failure o Ly Failure mode
P
of test (end) ft ft kips psi kips kips in. kip-in. ksi in. remarks
| 2
AClLiv | psavy |1287 | 608| 64 | 556 18 | 75 | >10 307 211 480 Bost
Simple span | continuous slip
|
AClLiv | paNy | 1287 | 608 | 59 -444 8.1 8.1 >1.0 328 226 348 B v
Simple span | | continuous slip
AClLe | oy | 1287 | 608 62 ‘ 511 8.1 8.1 > 1.0 328 226 354 B
Simple span | [ continuous slip
AClLiv | pyNy | 1287 608| 58 | 39 | 727 | 77 | >10 ‘ 314 ‘ 216 45.3 Rt
Simple span continuous slip
AClLiey | Average | 1287 | 608 | 6.1 T 471 7.8 7.8 >1.0 319 | 220 409 | Hiped
Simple span | | | | continuous slip
|
ACILiv | pany | — |6o8| 35 | 734 | 46 | 46 | >10 34 | 230 249 Dok
Cantilever ‘ continuous slip
ACLL: | pag | — 242 6 9 6.1 6.1 10 | 155 107 425 Bgine failod
Cantilever at first crack
80%ACILey | g5y | 1137 | 483 | 72 513 72 72 | >10 254 175 410 Sl Sailee
Simple span at first crack
0% A Luer| 3y | 1137 | 483 | 67 -396 6.7 67 | >10 236 162 370 Band il
Simple span | at first crack
| -
80%AClLie| 1oy | 1137|483 | 76 | 590 | 76 | 16 | >10 266 183 S1.1 Bond tefcs
Simple span at first crack
80%AC Lie 1 1(5) | 1137 | 483 | 76 -590 8.1 8.1 >1.0 282 194 48.0 By firdlen
Simple span ‘ at second crack
B ol IO R - G St
80%ACILu| Averase | 1137 | 483 | 73 | 522 7.4 74 | »10 | 260 179 443 i
Simple span | | | | at first crack
Table C6. Strand Group ER (as received); pull-out capacity = 10.7 kips.
p
' Load | Apparent Load ‘
| Beam at first | cracking | at first Loadat Slipat | Moment at | Apparent | Apparent
Type number | Span | L, | crack stress slip | failure | failure failure Jps Ly Failure mode
of test (end) ft ft kips psi kips Kkips in. kip-in. ksi in. remarks
= — ) e =
AClLiev | prsony | 1287 | 608| 64 | 556 | 73 73 | >10 ‘ 300 206 33.6 e,
Simple span [ continuous slip
| | | b
AClLiv | ppany | 1287 | 608| 56 | 354 | 71 | 71 | >10 | 293 202 527 Sl
Simple span continuous slip
AClLiv | gronN) | 1287 | 608 | 62 511 6.9 6.9 >1.0 283 194 514 Boug:
Simple span | continuous slip
ACILiy | gp (N | 1287 | 608 | 62 511 7.7 77 >10 | 314 216 379 Boud "
Simple span | continuous slip
ACL Lyer | Average | 12.87 | 6.08 | 6.2 -483 73 73 > 1.0 297 205 43.9 i 8
Simple span | | continuous slip
AClLiv | ppaqyy| — |608| 33 642 4.1 4.1 >1.0 302 208 487 ok
Cantilever i | continuous ship
ACIL, | vl | Bond failed
R l ER4(S) | — | 242 55 131 55 5.5 >10 | 139 96 53.0 Sl
80%ACLuey| pp sy | 1137 | 483 | 72 | 513 | 72 | 12 | >10 254 175 44.0 Bond Taed
Simple span | at first crack
|
80%AClLiev | pp as) | 1137 | 483 67 | 396 | 67 | 67 | >10 ‘ 236 162 53.9 Rouc iles
Simple span at first crack
| L
80%ACILun | po 5y [ 1137 | 483 | 76 | -590 | 78 | 78 | >10 m 187 459 Pond shoty
Simple span | ‘ after first crack
| .
80%ACILyo | o 1oy | 1137 | 483| 76 | -590 | 76 | 76 | >10 266 183 579 Sand fdiea
Simple span | atfirst crack
0% M Lawr| pyernen | 1137 | 483 | 73 s2 | 13 | 13 | >10 | 2 177 50.4 Pond hiled
Simple span | | | | at first crack
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APPENDIX D — GRAPHICAL INTERPRETATION OF
FLEXURAL BEAM TEST RESULTS

Advisory Group Member: Norman Scott

Fig. D1 shows the beam test results with the steel stress in
the strand at failure plotted against the strand’s embedment
length from the end of the beam. As described in the test re-
port, concentrated loads were applied to the beams at 29, 58,
and 73 in. (737,1473, and 1854 mm) from the beam ends. The
test results, therefore, plot on each of the three vertical lines.

As shown on the legend below Fig. D1, the middle tri-
linear curve represents the expectation from the ACI 3 18-95
Section R12.9 equation. At the transfer length [29 in. (737
mm)], the expected flexural bond stress at failure load
should equal f,, or 175ksi (1207 MPa) in this case. At the
calculated development length [73 in. (1854 mm)], the
strand stress at failure should be equal to f,,, but because&,
and f,,, guaranteed ultimate strength, are almost the same
for these beams, this figure assumes that the strand would
reach the full strength, /,,,, which was actually achieved or
exceeded in all cases for the good bonding strand.

Only one set of tests was conducted at the ACI 318-95
calculated transfer length, which was a cantilever beam
case. Four beams tested far above expectations and two had
results far below.

Twenty-four beams were tested with concentrated loads on
simple spans with the load applied 58 in. (1473 mm) from the
beam end. Those test results are plotted on the middle vertical
line. Again, the good bonding strand had stresses reaching the
guaranteed ultimate strength, but the eight beams with poor
bonding strand tested well below expectation.

For tests at the predicted ACI development length, 24
beams were tested on simple spans and six were loaded as a
cantilever. The results were very similar for the two beam
conditions. The good bonding strand tested at or above 270
ksi (1862 MPa), but the poor bonding strand only attained
an average stress of 210 ksi (1448 MPa) at the ACI 318-95
calculated developmentlength.

In Fig. D1, tri-linear curves are plotted above and below
the ACI 318-95 curve. The top curve assumes that f, of
175 ksi (1207 MPa) would be attained at 20 in. (508 mm)
from the end based on measured end slip, and the second
branch of the curve would be proportionately foreshort-
ened. The lower curve is based on f, becoming effective at
45 in. (1143 mm), which is the calculated transfer length
based on average slip at the time of testing. The second lin-
ear branch of the curve is proportionately lengthened in the
figure.

FLEXURAL BOND DEVELOPMENT - 1/2 IN. DIAMETER STRAND
330.000
300,000
270,000
"a"' 240,000
e
o 210000
2 |
o 180,000 i
=
w
- 150000 e
2 120,000 !
w |
e 1
« W
80,000
30,000
|
" . | | : i,
0.0 200 40.0 60.0 80.0 1000 120.0 140.0 180.0
DISTANCE FROM END OF BEAM (IN.)
—— TR-LINEAR HYPOTHESIS FOR BEST BOND STRAND PULL-OUT IN 18 N. = 37 TO 42 KIPS
------- MINBMUM ACI 318 REQUIREMENTS
===  TREUNEAR HYPOTHESIS FOR WORST BOND STRAND PULL-OW IN 8 IN. = 10 TO © KIPS
2/1/87

Fig. D1. Tri-linear curves showing beam test results with steel stress in strand plotted against strand's embedment length from end

of beam.
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APPENDIX E — PULL-OUT TEST PROCEDURE (MOUSTAFA METHOD)

OBJECTIVE

Determine the pull-out capacity of as-received strand
samples (protected from weathering) and compare that pull-
out capacity with the most recent benchmark established in
Stresscon Corporation’s bond test conducted in May-June
1996 (see Fig. El). Four strand groups attained transfer and
development lengths considerably shorter than the lengths
computed by the ACI equations. The average pull-out ca-
pacities of each of these four groups ranged from 36.8 to
41.6 kips (164 to 185kN), respectively.

Based on the excellent transfer/development length per-
formance of all of these top four strand groups, the follow-
ing benchmark is recommended as the minimum acceptable
pull-out capacity:

Average pull-out load = 36 kips (160 kN)
(set of six samples)
Maximum standard deviation = 10percent

Note that this capacity is only applicable to 0.5 in. (13
mm) diameter, 270 ksi (1862 MPa) strand with an 18 in.
(457 mm) embedment, cast in normal weight, well vibrated
concrete having a concrete strength at the time of the pull-
out test between 3500 and 5900 psi (24.1 and 40.7 MPa).

GENERAL PROCEDURAL COMMENT

To attain results consistent with a long series of tests ex-
tending back to 1974, it is of primary importance to closely
follow the procedure used in the 1974 and 1992 tests con-
ducted at Concrete Technology Corporation, Tacoma,
Washington, and an extensive series of tests subsequently
conducted at Stresscon Corporation, Colorado Springs, Col-
orado, since 1992. This procedure was first developed by
Saad Moustafa in 1974 and was modified by Donald Logan,
who introduced the 2 in. (51 mm) sleeve at the top concrete
surface to eliminate the effects of surface spalling, and es-

W
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— wn
X o 7} wn wn
<4 = 2 2 x % e
ot o = o o
o < ~ © :
s . ) ) = Q
(7] n 7o)
B "
¥
- o
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g a
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3% o
(I ~ (7;) 8
=~ o
=y x
a § 2 ~ oA
1 o
o
= o= =
W ?
<
= o
TW TA A B D ER ~ 0
o
-
STRAND GROUP ID NO.
Notes:

(1) The above results are from the strand bond tests conducted at Stresscon Corporation and supervised by
Saad Moustafa in May 1996 (six specimens per test).

(2) Strand specimens were embedded 18 in. (457 mm) into well vibrated concrete test blocks. Concrete was
Stresscon's standard production mix. All strand was 0.5 in. (13 mm) in diameter.

(3) All strand specimens, except TW, were in their as received condition and were protected from weathering.

Fig. El. Pull-out capacity vs. strand group.
March-April 1997
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tablished the 20 kips per minute (89 kN/minute) load appli-
cation rate, which is close to the average rate observed in
earlier tests.

STRAND PREPARATION PROCEDURE

1 Six strand samples shall be taken from a fresh, un-
opened pack of unweathered strand (as-received from the
manufacturer and not modified in any way by the manufac-
turer). Samples are to be saw-cut to 34 in. (864 mm) lengths,
any projections from the saw-cutting will be removed, and
the samples will be straightened by hand if they are bowed
more than ¥s in. (9.5 mm) in their 34 in. (864 mm) length.

2. The strand samples shall be visually examined to ver-
ify that they are not rusted. They shall be wiped with a clean
paper towel to clean off any loose dirt or incidental rust and
to observe the residue on the strand as received from the
strand manufacturer. The samples shall not be cleaned with
acid or any other solvent.

3. If more than one shipment of strand (or more than one
manufacturer’s strand) is being tested for comparative per-
formance, duct-tape tags shall be attached to the top end of
all samples in accordance with an identification system.
Each tag shall be marked with indelible irk with its appro-

priate symbol, and taped securely in a location where they
will be visible afler casting of the test block.

4. The taped samples shall be tied securely in each test
block at the locations indicated in the test block layout
drawing, If more than one group is being tested, it is impor-
tant to have each test block contain an equal number of
strand samples from each group distributed alternately
throughout that block. This will ensure that each group re-
ceives equal concrete quality and equal placement and vi-
bration of the concrete. Refer to Fig, E2 for an example of a
test using three different strand groups.

CASTING PROCEDURE

1. Test block forms shall be set up, reinforcing cages in-
stalled and securely positioned before any strand samples
are tied in place.

2. After the forms and reinforcement have been checked,
the tagged strand samples shall be tied securely in place in
accordance with the layout shown in the test block layout
drawing. The time that the strands are exposed to the
weather shall be minimized.

3. Immediately after the strand location and tying procedure
is checked and approved, concreteplacement shall take place.

MOUSTAFA PULL-OUT BLOCK

TYPICAL LAYOUT FOR
3 STRAND GROUPS
A — 6 SAMPLES
B — 6 SAMPLES

C —_6 SAMPLES
TOTAL = 18 SAMPLES

¥ g oy 6'-8"
z u TIE DIMENSIONS 5 T A B S L S e 1'-4" 8" 4"
2 2 | i SPACING 2 ) S
Shiidee o (uax. o
i.’:l 5\1 : !I = 16" OC.) | | | I | 1 | 1 |
= [0 T Ty
E; : é io | I I | 1 | | I E {2}
e s
& » St 2 S e S B D e B T e
oL LEEmERE e
5,.1 12" | 6" k#:s TIES \-#4 LONGITUDINAL REINFORCEMENT
A | FOR TYING STRAND SAMPLES
220"

8 SP. @ 8" = 5'—4" 8"

!I=_
|

T 8= . C=Fv A=2 _B=2 e A= XinBS

Tt

i { I 1 ]

e

B-4 C-4 A-4 B-5 C-5 A-5 B-6 C-6

STRAN P YOUT
3 GROUPS @ 6 SAMPLES EACH

Fig. E2. Details of pull-out test block (Moustafa method).
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Table El. Suggested concrete mix design.

Materials i Quantity per cubic yard*
Cement (Type III) 660 1bs (299 kg)
Concrete sand 1100 Ibs (499 kg) (SSD)

Crushed gravel [¥/4 in. (19 mm)]

Normal range water reducer

1900 1bs (862 kg)
26 0z. (737 g)

Air-entraining agent 0 oz.
High range water reducer 0oz
Water 35 gal. (1321)

* 1 cublcyard =0.7646 m®,

4. The concrete will be produced from one batch of hard-
rock structural concrete mix (without any high range water
reducers) that is expected to attain between 3800 and 5000
psi (26.2 and 34.5 MPa) with overnight heat curing (or 2
days of ambient cure). Four cylinders shall be cast from that
batch and cured with the test blocks to determine the con-
crete strength at the time of the test (three cylinders) and one
cylinder saved for a 28-day test. A suggested concrete mix
designis shown in Table E1.

5. The concrete shall be well-vibrated using internal vi-
brators, with the concrete at approximately 3 in. (76 mm)
slump. The intent of the vibration is to duplicate good, pro-
duction quality consolidation around the strand samples.

6. The top surface shall be smoothed using a one-pass
trowel finish in order to attain flat concrete surfaces adjacent
to the strand samples to uniformly support the jack bridging

assembly. Special care needs to be taken to avoid moving
any strand sample after the vibration is complete. [Do not
re-adjust the height of any strand sample if it is not exactly
at the proper height after vibration. A '+ to /2 in. (6.3 to 13
mm) extraembedment is not significant.]

7. Support racks shall be placed over the test blocks to
keep the curing covers from coming in contact with the tops
of the strand samples. Curing compound shall be sprayed on
the tops of the blocks to prevent shrinkage cracks from oc-
curring in the top surface.

TESTING PROCEDURE

1. The hydraulic jack shall be a pull-jack with a center
hole assembly at the end of the ram (similar to those nor-
mally used for single-strand stressing). It shall be tested and
calibrated to permit loading to 50 kips (222 kN), and shall
have a travel of at least 12in. (305 mm).

2. The bridging device shall be as shown in Fig. E3.

3. On the day after casting the test blocks (with heat cur-
ing), the cylinders shall be tested and the concrete strength
recorded. Based on results of past testing, the concrete
strength can range from 3500 to 5900 psi (24.1 to 40.7 MPa)
without affecting the pull-out strength results.

4. The bridge is slipped over each strand to be tested and
placed against the concrete surface. The strand chucks are
slipped over the strand to the top of the bridge and light
pressure is applied to the jack to seat the jaws of the chuck
into the strand.
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Fig. E3. Bridging device.
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5. The jacking load shall be applied in a single increas-
ing application of load at the rate of approximately 20 kips
per minute (89 kN per minute) until maximum load is
reached and the load gauge indicator can no longer sustain
maximum load. Do not stop the test at the first sign of
movement of the strand sample or for any other reason.
The strand samples can pull out as much as 8 to 10in. (203
to 254 mm) before maximum load is reached with poor
bonding strand, and 1to 2 in. (25.5 to 51 mm) with good
bonding strand.

6. The pull-out capacity of the strand sample shall be
recorded as the maximum load attained by the strand sample
before the load drops off on the gauge and cannot be further
increased.

7. The following data shall be recorded for each strand
sample:

(a) Maximum capacity (as defined above).

(b) Approximate load at first noticeable movement.
{c) Approximate distance the strand pulls out at mexdmum
load (for general reference, accuracy is not critical).
(d) General description of failure. Typical examples:
(i) Abrupt slip, loud noise. Strand started moving at
35 kips (156 kN). Two wires broke at failure load
of 41.2 kips (183 kN).

(ii) Gradual slip, no noise. Strand started moving at
approximately 6 kips (26.7kN).

(iti) Initial movement at approximately 30 kips (133
kN), then abrupt slip at 36.3 kips (161 kN). Loud
noise. No broken wires.

(iv) Strand break. All seven wires broke at the chuck.

& Record data and compute average failure load and
standard deviation for each strand group tested. Comparere-
sults with minimum requirements for acceptance for preten-
sioning applications.

PCI STATEMENT

PCl would like to thank Mr. Logan for his commitment to the important issue of strand bond.
Our industry has been working towards developing a standard bond test for many years. As
the research was independent and not sponsored by PCl, the PCI is not in a position to
endorse the performance criteria at this time without the proper review by the engineering
profession and industry. Mr. Logan’s contribution, however, will be of great benefit as an im-
portant step towards developing a standard test. With this research, the correlation between
the untensioned pull-out test and the pretensioned flexural test has been shown. This is a sig-
nificant step and should help achieve consensus that the Moustafa pull-out test can be used
to measure the bond capability of strand prior to tensioning.

The research also shows the excellent performance of strand that had a pull-out capacity
higher than 36 kips (160 kN) and that the strand which has a pull-out capacity of 12 kips
(53.3 kN) or less did not meet the ACI and AASHTO transfer and development length criteria.

What is not yet clear is the performance capability of strand with pull-out capacities between
12 and 36 kips (53.5 and 160 kN). PCI has not established any minimum values for pull-out
results for any size of strand and, therefore, the reader is cautioned against judgment in this
area without the benefit of a flexural beam test.

The repeatability of the Moustafa pull-out test also needs to be verified. Several prestressed
concrete producers have performed pull-out tests and achieved pull-out capacities similar to
Mr. Logan’s; others, however, were unable to duplicate the pull-out capacities achieved in
Mr. Logan’s research, perhaps because of variations in their test procedures.

The PCIl encourages discussion of this report. Comments must be confined to the scope of the
report and be received at PCl Headquarters by July 1, 1997.
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