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1. INTRODUCTION

1.1 Object and Scope

The main objective of the investigation described in this
report was to provide a fundamental understanding of the bond
characteristics of prestressing strand as affected by various
critical variables,

The scope of the investigation may Be divided into four
parts:

(1) The experimental study included 486 tests of simple
pull-out specimens with short embedment lengths. The tests provided
the necessary information on the relationship between bond force and
~ slip. The major variables investigated were: size of strand, strength,
consistency, curing conditions, age, and settlement conditions of
concrete, lateral cdnfining pressure, and time effects,

Some tests with plain wire.and twisted square bars were made
to study the influence of steel sQrface and torsional stiffness on bond
of strand.

(2) The object of the theoretical investigation was to

evelop a hypothesis on the nature of bond for plain wire and strand.

C.

>

simple conceptual model was designed to explain the fundamental
bond characteristics of straﬁd,

(3) An important object of tHe investigation was to study
the question of the direct applicability of results from pul!abut tests
to the design of prestressed members., A simple analytical procedure is
~discussed to project the results of the short-length pull-out tests to

practical problems such as calculating, for instance, the anchorage

length of strand in a prestressed beam for a given prestress.

1
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The results from the analytical method are compared with data
from tests on five pretensioned prestressed beams and several pull=-out

tests with large embedment lengths.
(4) Practical recommendations related to the bond strength

of prestressing strand are given for design purposes.

1.2 Strand as Prestressing Reinforcement

Seven-wire strand is manufactured by ''stranding'' hard-drawn
or non-stress-relieved wire. The head of the stranding machine pre-
forms the six exterior wires permanently and lays them around a straight
center wire. This preforming process makes it possib?e to unravel

'strand and put it back together without difficulty.

After stranding, the strand is stress-relieved in a carefully
controlled time-temperature operation. This is mostly achieved by an
electrical induction process at temperatures on the order of 6SOOF.

Prestressing strand differs from ordinary seven-wire strand
in that %he center wire has a slightly larger diameter than the exterior
wires. This is to ensure that the straight center wire does not slip,
when under stress, with respect to the exterior wires. The center wire

jace oniy by friction with the exterior wires which tend

to straighten themselves when stretched and~thu§ subject the center
wire to lateral forces. It was found by the manufacturers that an
increase of the diameter of the center wire by. four percent with
respect to that of the exterjor wires is enough to prevent slipping.
The larger size of the center wire leads to spaces between the exterior

wires and enables concrete matrix to fill the spaces between the

individual wires (Fig. 1.1).
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The pitch of seven-wire étrand is usually between 12 to 16
times the nominal diameter. The modulus of elasticity is approximately
28 x 106 psi.

Seven=wire strand is available in two grades: (a) ASTM
Grade (AL16) with a minimum tensile strength of 250 ksi and (b) Grade
270 K with a minimum tensile strength of.270 ksi.

At the beginning of the development of prestressing strand,
use was limited to strands of small diameters (1/4 in., 3/8 in.).
Following the trend to transfer more prestressing force to the concrete
by means of less tendons for practical reaéons, larger strand sizes
have been developed (7/16, 1/2, 6/10 in.).

Recently, some exploratory tests with deformed (dimpled)

oo
’Al
°

seven-wire strand were reported (Hanson, N. W., 1969). The test
results indicated improved bond properties compared with those of

" conventional seven-=wire strand.

1.3 Previous Investigations o% Bond Characteristics of Prestressing
| Strand
The following section presents a brief descripiion of
investigations related to bond of strand which were conducted at
various laboratories., Most of the studies were performed by measur-

ing, in one way or another, the anchorage length or the flexural bond

strength in prestressed beams.

.

. "References are arranged in alphabetical order in the List of
References. The numbers in parentheses refer to the year of
publication.



L

(1) Debly (1956) conducted a series of four prestressed-
beam tests reinforced with two 7/16-in. strands to provide information
on the bond characteristics of prestressing strand. For an effect ive
prestress after release ranging from 148 to 167 ksi, the anchorage
length was found to vary from 24 to 32 in. The higher values were
obtained for a larger concrete cover under the strand. The anchorage
length was determined by measuring the concrete strain at the level of
the reinforcement.

(2) Base (1958) reported an extensive investigation of the
variation of the anchorage lengths developed by various prestressing
steels in practice. The anchorage length was determined by measuring
the concrete strain along the reinforcement. Measurements were taken
on beams produced in prestressing plants throughout England. The
investigation included plain wire, indented wire, crimped wire, and
5/16=in. strand., The anéhorage length of 5/16-in. strand was found
to vary from 9 to 19 in. The prestressing force was not reported,.

The effect of time on the anchorage length of 0.2-in, wire
was studied in laboratory tests.

(3) Ratz, Holmjanski, and Kolner (1958) conducted tests on
approximately 200 concentrically prestressed concrete prisms to study
the effect of the concrete strength on the anchorage length of vafious
deformed wires and 7x1.6-mm strand (0.19=in. strand). Bond was found
to be a direct function of the concrete streﬁgth for any type of wire

and strand. On the basis of a direct relation between tension in the



5

steel and displacement within the anchorage zone, avformu]a‘was developed
to compute the slip of the steel at any point within the anchorage
zone,

In most of the tests, only the end slip of the wire or strand
was measured, The anchorage length was determined analytically on
the basis of the end slip. The results indicated that the anchorage

length of the strand prestressed to approximately 170 ksi varied from
5 to 19 inu'wfth the concrete strength varying from 6000 to 2400 psi,

(4) Dinsmore, Deutsch, and Montemayor (1958) performed L2
prestressed pull-out tests and four prestressed-beam tests to study the
anchorage lengths required to transfer the prestressing force and to

‘develop the strength of clean 7/16=in. strand. The test results were
found to vary over a wide range. The anchorage length necessary to
transfer the prestress (effective prestress after release =‘138r]66

' ksf) ranged from 9 to 35 in. The variation of the results was attributed
partiy to the degree of vibraticn of the concrete.

An anchorage Iength of four ft (110 diameters) was found
sufficient to develop the:strength of the strand;

(5) Risch and Rehm (1963) carried out an extensive
inQestigation on concentrically prestressed concrete beams to deter-
mine the anchorage length of 16 different types of prestressing steel.
Three beams were reinforced with 7x3-mm strand (0,35-in. strand).

The anchorage length was based on straiﬁ measurements on the concrete

along the reinforcement,
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It was found that, in general, an increase of the concrete
strength led to a decrease of the anchorage length. The anchorage
length of the strand for a prestress of 128 ksi after transfer of the
prestressing force varied from 26 in. to 34 in., depending on the
concrete strength and the type of stress release.

The type of release of the prestressing force was found to
cause a significant difference in the anchorage length. The effect
of time on the anchorage length was studied over a period of six
months .

(6) Kaar, LaFraugh, and Mass (1963) investigated the
influence of the concrete strength on the anchorage length of seven-
wire strand by testing 36 rectangular concrete prisms. The tests
--ihctuded -1 /45-3/85-1/2,-and-6/10~in.-strand. --The—anchorage -length -
was determined from concrete strain measurements.

The test results indicated that the concrete strength, varying
from 1660 to 5500 psi, had only little influence on the anchorage length
of strands up to 1/2-in. diameter,

The increase of the anchorage length with time observed for
a period of one year was found to be, in general, less than 10 percent.

(7) Preston (1963) reported a comparative investigation of the
anchorage length of clean 1/2-in. strand with tensile strengths of 250
and 270 ksi., 1In addition, 1/2=in. strand with a rusted surface was
included in the investigation.

The results indicated that the bond characteristics were

approximately identical for the two types of strand. The corrosion of
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the stéel surface was found to lead to a 25-percent reduction in the
anchorage length.

(8) Hanson and Hulsbos (1965) studied the load capacity of
pretensioned prestressed concrete I-beams with web reinforcement. In
the course of this investigation, including 18 beams, the anchorage
length of 7/16-in. strand prestressed to approximately 155 ksi, was
found to be approximately 18 in,

(9) Over and Au (1965) investigated the influence of the
strand size on the anchorage length with the aid of six square concrete
prisms prestressed concentrically with i/h; 3/8, and 1/2=in. strand.
it was observed that the anchorage length increased with the strand

’diameter.

o wmmo(10)- Hanson (1969) studied the.influence of surface

roughness on anchorage bond and flexural bond strength in 12 pre-
' streséed beams using 7/16-in. and ' 1/2=in. strand. The surface
conditions tested were: clean ''as received'', partially rusty,
‘frégdvfuéfy.  ~Specfa]1y deformed (dimpled) strand was included in
fhe investigation.

Hanson found that a 30=-percent improvement in the anchorage
leﬁgth can be obtained with rusted strand. The deformed strand showed '
a similar improvement over the clean ''as received' strand, Similarly,
the flexural bond strength of the beams containing rusted or deformed
strand was higher than that for clean strand,.

Test data and numerical results from the above investigations
' concerning the anchorage length of clean seven-wire strand are summarized

in Table F.h4,



2. OUTLINE OF EXPERIMENTAL INVESTIGATION

The experimental program included 486 simple pull-out tests
and five prestressed-beam tests. The specimens were reinforced with
seven-wire, round-wire strand (nominal diameter: . 1/4, 3/8, 7/16,.and
1/2 in.), plain wire (diameter: 0.084, 0,130, 0,147, and 0.171 in.),
and twisted square bars (width: 5/16 in.).

The pull=out specimens consisted of 4 by 4 by 9-in. concrete
prisms with the steel embedded in the center of the specimen parai]e] to
the longer side. 1In 433 specimens, the bonded length was only one in.
In the remaining specimens, the bonded lengih was varied from 0.5 to
20 in. During the test, the bond force and the slip were measured
hntil, at a slip of 0.15 in., the test was discontinued. The pull=
out tests were performed in series containing 4 to 17 specimens cast
from the same batch of concrete. The properties of each test series
are listed in Table B.I fhrough B.4. The range of the variables
investigated is given below:

Seven=wire strand:

‘Effect of bonded length:

Variation: 0.5 to 2.0 in.

1/Lk-in, strand ' ' 12 tests
3/8-in. strand 12 tests
7/16~in. strand : 12 tests.
1/2-in. strand | 12 tests

Variation: 1,0 to 20.0 in.

'7/16=in, strand 22 tests



Effect of test setup:
Variation: rotational restraint of strand vs. concrete
7/16=in. strand , 9 tests
Effect of strand diameten,andvchcrete”strength;‘
Variation: strand diameter: I/Q to 1/2 in.

concrete strength: 2300 to 7600 psi

1/hk=in, strand ‘ ‘ 36 tests
3/8=in. stfand _ 36 tests
7/16=in, strand | 36 tests
1/2-in. strand ' 36 tests

Effect of curing conditions:
Variation: moist to dry, two concrete strengths
7/16-in.vstténd : . ' 18 tests
Effect of concrete cénsis%eﬁcy:-
PVériafion: d.Zyto 7.5=in. slump
:7/l6-§n. strand , 1 25 tests
Effect'of depth of concrete below strand:
Variation: 2 to 30 in,
7/16-in. strand _ | 30 tests
Effect of lateral pressure:
Variation: 0 to 2500 psi, two concrete strengths
7/16<in. strand : 35 tests
Effect of time:
Variation: age of concrete at test: 1 to 64 weeks

7/16=in. strand 17 tests
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Variation: duration of sustained load: 1 to 64 weeks
7/16-in. strand 20 tests
Plain wire:
Effect of wire diameter and concrete strength:
Variation: diameter: 0.084 to 0.171 in.

concrete strength: 2200 to 8300 psi

d = 0,084 in. 9 tests

d = 0,130 in. 9 tests

d = 0.147 in. 9 tests

d = 0.171 in, 9 tests
Effect of curing conditioné:

Variation: moist to dry

d = 0,147 in. _ 6 tests
Effect of lateral pressure : |

Variation: Ovto 2000 psi, two concrete strengths

d = 0,147 in. . ‘ ' 26 tests

Square Bars:

Effect of twist angle:

Variation: O to 46 degrees, two test setups

d = 5/16 in, - ' ' 17 tests

The five pretensioned prestressed beams wefe 9 ft long and
had a cross section of 6 by 12 in. They were reinforced with two
7/16-in. strands. The concrete strength was approximately 5600 psi.

The prestress immediately before release was on the average 167 ksi.
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The only variable included was the depth of the concrete
below the strand.. In three beam;, the strand was placed two in. from
the bottom of the beam with respect to the direction of casting. In
two beams; the strand was placed two in. from the top.
The anchorage length of the strand, which was determined by
measuring the concrete strain distributipn along the beam, wasvmeasured

ihmediate]y after release of the prestress and after periods of 1, 6,

15 and 35 days.,



3. DETERMINATION OF BONDED LENGTH AND SUPPORT CONDITIONS
FOR THE TEST SPECIMEN

3.1 Generé] Remarks

With respect to bond, it is virtually impossible to devise a
singié type of test specimen and test it under such conditions that the
results would be applicable to the whole domain of bond conditions in
practice. In general, bond exists under a wide variety of stress
combinations with the concrete and the steel stressed differently in
different directions.

In prestressed reinforced concrefe, the needs are more
specific, Of interest is primarily the anchorage bond with the
concrete in compression in a direction parallel to the steel which
is in tension., Flexural bond becomes critical as the ultimate load
is approached in flexural members. In that case, both the concrete
and the steel are in a state of tension. In addition to stresses
parallel to the reinforcement, the concrete may be subjected to bot
tensile and compressive stresses which are caused by loads, reaction
forces, or transverse prestressing.

Since the objective of this investigation was not to provide
data applicablie to specific bond conditions but to develop an under-=
standiné of the nature of bond and to study the effect of many variables,
the test specjmen had to be simple both for manufacture and for analysis.
Pull-out tests provide a more satisfactory solution to these requirements
than beam tests. With a short bonded length, the maximum forces in the

specimen could be kept Tow., Thus, the overall stresses in the concrete

12
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and the lateral elastic deformations of the steel due to axiél stresses
were kept to a minimum. In order to eliminate the confining forces,
induced by friction between the concrete specimen and the supporting
element, the steel at the loaded eﬁd was left unbonded within the
concrete specimen over a length of four in,

Even with the stress conditions for the test specimen
défined~satisfactori1y, the direct applicability of the results is
not assured. Extraneous restraints in. the test setup may have measur-
ablé effects. The following is a discussion of two test conditions

which may influence the results of the‘pulf-out tests,

3.2 Effect of Bonded Length

Bond is génera]ly described by the relatioﬁship between slip
and bohdAForce.; This relationship, however, may be regarded as a
‘ unidﬂe‘bond property only if the measurements are obtained undef Very
special cbnditionsq Iﬁ general, the bond stress (i.e. force per bonded
uhif areé) or-the.Qnit'Eond Fofce (i.e. force per bonded unit 1engfh)
is a nonlfneér function of’the slip. Since the slip varies along the
bonded length because of a nonuniform elastic deformation of the steel,
.caused by a change in steel stress, the bond stress distribution is
nonlinear. The same is true for the distribution of steel stress and
slip.
The only quantities that are usually obtained from méasurements
in pull-out tests are the magnitudes of the slip and the steel stress
. at the ends of the bonded length., In order to determine é direct

relationship between slip and bond force, the distribution of both
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quantities along the bonded length would have to be known. Approximations
can be made by taking average values assuming, for example, a constant
bond stress distribution. The bond-slip relationship, obtained in
this manner, would not represent a generally valid bond property but
it would pertain to a certain bonded length only. This explains in
part why test results of various investigations compare so unfavorably,
and why attempts to project from one test condition to another have
often failed,.

There are three possible approaches to obtaining a direct
bond=-slip relationship:

(a) The steel stress and the slip along the bonded length

.are measured, In the realm of current technology, this method has
fhe disadvantages of demanding precision difficult to achieve and
instrumentation likely to cause disturbance of bond.

(b) Series of'pu11-out tests with different bonded lengths
could be conducted, and a relationship between the average bond values
and the bonded length could be established. Extrapolations would make
it possible to determine the average bond force=slip reflationship for

-any desired bonded length. This method, however, would lead to a very
extensive tést program, since the bénded—length‘efféct would have to
be tested for all variables investigated, |

(c) The third method appears to be the least expensive and
most successful one. It was used by Rehm (1961) in an investigation
of bond characteristics of plain and deformed bars. The ideal would

have been to test reinforcement with an infinitesimally small bonded
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length.thus assuring a practically uniform slip, and consequently a
uniform bond stress distribution. A direct bond force-slip relation-
ship would be obtained in that cése. In practice, of course, a bonded
length of finite value had to be chosen. The limits of the length to
be chosen depend on many factors such as uniformity of steel surface,
aggregéte size, relative effect of boundary conditions on total length,
maximum pull=out force to be obtained, and the shape of the bond force-
slip relationship.

In the investigation described in this paper, the third
method was chosen. Before one bonded 1engfh for all pulil=-out tests
was decided upon, four test series (SA09-1, SA09-2, SA08-3, SAQ9-L+)
"were carried out with different bondéd lengths. Each series involved
a single strand size and consisted of 12 specimens. Three specimens
Were tested at each of the following bonded lengths: 0.5, 1.0,‘].5,
~and 2,0 in. The averagé results, plotted in terms of unit bond force,

i 1 F:

ige 3.1 and 3

2
Lo,

L]

Within each test series and at slips of less than 0,01 in.,
the differences in the unit bond force-slip relationships were not
.signifi;antiy:greater than the differences which would have been
obéained if the average results from four groups of three tests
with the same bonded length had been compared. This observation is
supported by the distribution of a population of 35 tests with a bonded
length of one in, (see Fig. 5.3).

At large slips, the unit bond force of the specimens with

" a bonded length of 0.5 in. increased less than that of specimens with
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larger bonded lengths. This fact may be attributed to an imperfect ion
of the test specimens used. As described in section A.L, wax was used
at the ends of the bonded length to stop the fresh concrete from running
inside the steel pipes that prevented bond between the strand and the
concrete outside the desired length., During the pull-out test, the
strand was pulled out at least 0.15 in. This meant, that at the trail
end of the bonded length, a piece of strand was pu]led into the concrete

. . P .

The o i o . P S — ik
RuUs 4 LIl averayge pona s rengen

PR d L i s
coated with wax,,

Co

that was unbonded an
over the total length decayed with increasing slip. The amount of Tloss
in bond quality, caused by the imperFeCtioh of the test specimens, was
| constant for every bonded length, the effect on the unit bond force,

‘however, increased the shorter the bonded length became.

-Test results obtained.with.very short embedment lengths are. . . .

very sensitive towards any imperfections. Therefore, the theoretical
advantage of making the‘bonded length as short as possible is offset
by practical considerations. This fact was indicated by the relatively
large scatter of the indivfdual tests with bonded lengths of 0.5 in.
As a result of these tests, a bonded length of one in. was chosen as
.the standard bonded length for all pull-out tests since it was the
shértest length giving reliable and consistent test results,
An estimate of the differential slip between trail end and
_attack end of the bonded length may be obtained with the.following
assumptions: (a) The steel stress decreases linearly from the attack

end to the trail end, where it has to be zero. (b) The concrete
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deformations are negligible, Thus; the differential slip, ds, will

be approximately

L
ds_ZAE' (3.1)

where P = pull=out force, L = bonded length, A = steel area,and E =
modulus of;elasticity of the strand, For a 7/16=in, strand and‘a

bbnded']ength of one in,, the differential slip at a pull-out force

of 700 b is found to be 0.,00011 in,

‘Since the differential slip was of an order that barely could
be measured with 0,0001-in. dial indicatoré, it was not necessary to
measure the attack-end slip. For large bonded lengths, however, the

'measurement of the attack-end slip was a necessity. -In those cases,
the differential slip became an influential magnitude, and the error
in assuming a constant bond stress distribution along the bonded

" length was significant,‘ Two test series (SA09-18, SA10-19), carried
out with specimens of different bonded lengths, conffrmed that fact,

‘Test series SA09=18 included 14 specimens with 7/16=in,
strand. Three speciﬁens were tested with each of the following

rbonded lengths: 1, 3,8, 15 in., and two specimens with a bonded
leAgth of 20 ip. Test series SA10=19 included 9 specimens; the bonded
lengths were ],.3, and 8 in. The attack-end slip was measured in
bothvtest series in addition to the trail-end slip for bonded lengths
greater than one in. Figure 3.3 and 3.4 show the measured force=-slip

relationships. At an attack=end slip of 0.0001 in., the total load

developed was approximately 200 to 300 1b regardless of the bonded
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length. The attack-end slip increased proportionally with the load
until the trail end started to slip. The relationship between the
attack=end slip and the load was virtually independent of the bonded
length which indicates the progressive character of the bond mechanism.

After a measurable trail-end slip had developed, the rate of
slippage increased suddenly. This break is understandable if the bond
force-slip relationship of the one=in. specimen is observed. The bond
force increases initially with practically no trail=end slip. After
reaching a certain load, the slip increases suddenlyv while the load
stays almost constant. The bond-slip curve may be compared to an
elasto-plastic stress=-strain curve. The bonded piece of strand is
‘pulled out at approximately constant force after the slip had extended

over the total length. The attack-end and trail-end slips progress

at the same rate, with the attack-end slip exceeding the trail=-end
slip by the amount of the differential slip. For bonded lengths less
than 8 in., the differential slip was too small to be shown graphically
in Fig. 3.3 and 3.4,

The relationship of the unit bond force versus the trail-end
.slip was plotted in Fig. 3.5 and 3.6, The shape of the unit bond force-
s]fp relationship of the one-in. specimens should be compared with the
shape of the curves in Fig. 3.2. The difference was caused by the fact
that a new coil of 7/16-in. strand was used in test series SA09-18 and
SA10-19,

The shape of the unit bond force=slip relationship of the

one=in. specimen affects the magnitude of the average bond force
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calcQIated for tests with larger bénded lengths. If the unit bond force
of the one-in. specimen is constant throughout the whole range of slip,
the unit bond force-slip relationship would be identical for every |
bonded lehgfh. In the case of a negative slope for the unit bond
force-slip relationship, the unit bond force will decrease with increas-
ing bonded length, In the case of a positive slope, it wi]] iﬁcrease
wfth increasing bonded length. These trends are indicated by the curves
in Fig. 3.5 and 3.6. At small slips, the unit bond forces decreased
with increasing bonded lengths as expected. The trend of the decrease
was in the right order for both test series although the relative
magnitudes were not as consistent. The typical scatter of bond tests,
.esPecia]ly with short bonded lengths, is such that three ostensibly
videntital tests are not sufficient to produce completely réliable
average values. The reduction in unit bond for the one=in. specimen
" at a s}ip of approxfmatély 0.01 in. became less pronounced: for larger
bonded iehgfhs since, for the longer specimens, the unit bond force was
averaged over larger slip ranges. |

The results shown in Fig. 3.5 and‘3.6 are analysed in detail

- in Chapter 13.

3.3 Effect of Support Conditions

Strand belongs neither to the category of deformed bars nor
to that .of plain bars. Provided the concrete specimen does not split,

deformed bars fail in bond by shearing off the concrete keys between



20

their deformations. Plain bars are pulled out of the concrete suddenly
after the initial bond force at a slip of approximately 0,0001 in.
has been exceeded, Strand, with its long-pitched, helical arrangement
of the exterior wires, untwists itself when forced to slip through the
rigid concrete embedment.

Two test setups may be Qsed with respect to the untWisting
of the strand: (a) the concrete specimen may be restrained completely
from rotating, and (b) the concrete specimen may be permitted to rotate
freely. 1In the first case, the strand is forced to untwist itself with
respect to the rigid concrete specimen. In the second case, the strand
retains its original geometric shape while the concrete specimen rotates.,

Untwisting of the strand tends to increase the contact pressure
between the strand and the concrete because the strand possesses some

torsional stiffness. The higher contact pressures should cause the

bond strength to increaée. If the concrete specimen is allowed to
" rotate, the torsional restraint vanishes. No increase of contact
pressure occurs.,

In order to investigate the effect of the rotational restraint
.on bond, a series of tests (SA08-5) was carried out using strand with a
diameter of 7/16 in. The series included nine specimens: Five speci-
mens were free to rotate during the test, four specimens were completely
restrained, The average bond=-slip relations are plotted in Fig, 3.7.
| The difference in bond force was very small, In fact, the bond force
at small slips was even lower for the restrained specimens. However,
the rate at which the bond force increased with increasing slip was
greater for the specimens restrained from rotation tﬁan for those free

to rotate,
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In addition to the bond force, the relative rotatfon of the
strand versus the concrete prism was measured for both types of test
setups. As expected, the measured rotation of the unrestrained con-
crete speéihen around the strand was exactly equal to the amount the
strahd untwisted with respect to the fixed concrete specimen.
Summarizing the test results, it may be concluded thai the

torsional restraint of the test setup, and consequently the torsjional

the pull-out tests.
Since in practice the concrete is usually restrained from
rotation;.alleurther pull-out tests with strand were performed on

‘torsionally restrained specimens.



L4, TESTS WITH PLAIN WIRE

Seven-wire strand is manufactured by twisting six plain wires
helically around a straight center wire. Although strand consists only
of plain wires, the arrangement of the exterior wires results in an
overall surface geometry which increases bond beyond the value depend-
ing on the surface characteristics of the individual wires. To develop
a basic understanding of the bond characterisfics of strand, it was
necessary to study bond related to the surface charactéristics of the
plain wires separately. This could be achieved by cbnducting pull-
out tests with plain wire having the same surface characteristics as
the exterior wires of the strand. Because the exterior wires of the
‘strand could not be straightened without modifying their surface, the
straight center wires of the strand were used for this purpose. The
surface characteristics of the center wire might differ a little
from that of the exterior wires because of the manufacturing process
of the strand and the protected position of the center wire against
physical and chemical wear. However, the effect of this difference on
bond was assumed to be small.,

Three pull=out test series (WAO8-1, WB08-1, WC08-1) were
conducted using the center wires of 1/4-in., 3/8-in., 7/16=in., and
1/2=in. strand. For each series of twelve specimens, a different
concrete mix was used. The compressive strength of the concrete at
the time of testing was approximately 2200, 5000, and 8300 psi.

The bond stress-slip relationships (Fig. 4.1) were typical

for plain wire, although plotting the slip to a logarithmic scale may

22
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obscure this fact. An example of a bond stress=-slip curve,'with the
slip plotted to a -linear scale, is shown in Fig. B.1. Initially,
the bond stress increased at a slip too small to be measurable. At
a slip of'abproximately 0.0001 in., the maximum bond stress was reached,
This point in the bond stress-slip curve was clearly marked by a sudden
drop of theljéad with an attendant increase of slip. The bond.stress

képt decreasing until it approached a nearly constant value at a slip

of approximately C.1 in.,

| fhe average bond=slip curves, shown in Fig. 4.1, indicate
that at higher concrete strengths the bondAstress increased with the
wire size, This trend was very pronounced in test series WB08-1 with
' a concrete strength of 8300 psi. Considering the relatively great
scatter that is typical for bond tests, especially with short embedment
lengths, and the fact that the individual results of tests with different
" wire sizes overlapped oﬁe_another‘by a large margin, it is not expedient
to draw definite conclusions, . There was neither a sfatistical nor a
theoretical basis to confirm the above observation,

The maximum bond stress for the individual tests (Fig. B.46,

-B.47, and B.48) ranged from 235 to 425 psi. The lowér values were
obéained with low=strength ccncrete; the higher values with high=-
strength concrete. 1In order to determine the influence of the concrete'
strength on bond, the bond stresses of all four wire sizés were averaged,
In this manner, one bond stress=slip relatiénship was obtained for each
test series (Fig., 4.2). The results demonstrate that the -concrete

strength had an increasing effect on the bond stress throughout the
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entire range of slip. The influence, however, was very small. Although
the concrete strength varied from 2000 to 8000 psi, the bond stress
 increased by only 10 percent at a slip of 0.0001 in. and by approximately
50 percent at a slip of 0.15 in.

In contrast to the foregoing observations, Rehm (1961) found
that the bond stress of plain round bars var.ied approximately propor=
tionally with the concrete strength, at least within the range of 1000
psi to 5200 psi. Rehm tested plain round steel bars with diameters of
16 mm (5/8 in.) using pull=-out tests with a bonded léngth equal to the
diameter of the bar., It should be ment ioned, however, that the bars,
tested by Rehm, had a rougher surface than the center wires of strand.

‘The surface was classified as ''partly scarred mill scale,"

Another three test series with plain wire (WAP15-1, WAP17-2,
WBP66-1) were performed in connection with the phase of the test
program to investigate the influence of lateral pressure on bond.
Speéimens with center wires of 7/16-in. strand and concrete strengths
of approximately 6000 psi and 8200 psi were tested. The relationships
found for these tests were very similar to those in the tests described

“above (Fig. 4.3).

Test series WBP66-1 produced extremely high bond stresses
compared with the results of series WB08-1 (Fig. 4.1). The difference
may be attributed to shrinkage. Although the concrete mix and the concrete
strength were practically identical in both series, the age of the concrete
at which the tests were carried out differed by almost two months. The

shrinkage deformations of the concrete, developed during this period of
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time, iﬁduced additional lateral stresses acting normal to the surface
of the wire. As a consequence of the higher normal stresses, the bond
stresses of test seriesWW8866F],exce¢dedvthqse of series WB08-1,

Summar izing the test results obtained with the center wires
of strand, it may be concluded'that the concrete strength had a well
defined but small effect on the bond strength of plain wire. kThe bond -
sfrength increased with the age of the concrete, which is mainly
attributable to shrinkage. The maximum bond stress was developed at
a slip of approximately 0,0001 in. For an 8= to 17-day old concrete,
the average maximum bond stresses varied from 300 to 330 psi depending
on the concrete strength. At a slip of 0.1 in., the range of the average
‘bond stresses was as low as 80 to 160 psi.

The above bond values compare very well to results obtained
by Keuning (1962) who used pull-out tests to study the bond character-
" istics of 0.,192=in. rouﬁd;prestressing wire. In Keuning's tests, the
bonded length was three in. The age of the concrete was nine days, the
éoncréte strength was apprdximate1y L700 psi, and the maximum bond stress
was 330 psi. At a slip of 0.1 in., Keuning's tests indicated an average

-bond stress of 110 psi.



5. EFFECT OF STRAND SIZE

The most commonly used type of strand in prestressed concrete
is seven-wire (round-wire) strand, With the exception of extremely
small diameters which are used in model structures, the diameter of
seven=-wire strand ranges‘from approximately 0.25 in. to 0.6 in. 1In
order to limit the number of tests, it was nécessary to study the
effect of different variables on bond experimentally with only one
strand size. To project those results.to other sizes required an
investigation of the influence of the strand size on bond.

The investigation described in tHis report included four
different strand sizes with nominal diameters of 1/, 3/8, 7/16, and
‘1/2 in. Three different concrete strengths were used ranging from
2300 psi to 7600 psi. A total of 33 tests was performed with 1/4-in.,
3/8 in., and 1/2=in. strand, and 54 tests were carried out with 7/16-in.
strand (see Table B.l aﬁd B.2) to investigate the effect of the strand
size on bond,

Average unit bond force=slip relationships for different
strand sizes, as obtained with a concrete strength of approximately
‘5400 psi, are plotted in Fig., 5.1, With exception of the 3/8-in.
strand, the relationships show a similar trend for the various strand
sizes. The bond force increased initially without measurable‘slip.
After having reached a certain value (initial bond force), the strand
starfed slipping. The bond strength beyond the initial bond force

continued to increase at a small but steady rate.
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The 3/8=in. strand displéyed a different bond-sli§ character =
istic. The steady increase of the bond strength was interrupted by a
sudden decrease of the bond force at a slip of roughly 0,001 in. The
rate at which the bond force increased at slips larger than approximately
0.0]yin. exceeded that of the other strand sizes,

The unit bond Forée of the strand increased with the diémeter.
To detérmine how much the bond strength was affected by the strand size,
the nominal
cal surface area) was plotted for each strand size and for each concrete
strength in Fig. 5.2, To express bond in ferms of bond stress was
justified by the facts that the twist angles of the different étrands
'(i,e, the angle formed by the axes of the exterior wires with the
longitudinal axis of‘the strand) were approximately identical and that
the toréiona! stiffness of strand had little influence on the bend
" strength (see Section 3;3). The latter fact was confirmed indirectly
in Fig. 5.2. Although 1/2=in. strand is stiffer witH respect to
torsion than 1/4-in. strand, the bond stress of both strands increased
with slip at approximately the same rate.

The relationships in Fige. 5.2 suggest a slight trend of the
no@inal bond stress to decrease with increasing strand diameter. A
study of all the test data, however, indicated that this trend was
statistically not significant. In Fig. 5.3 through 5.5 the mean, the
confidencé intervals of the mean, and the mean including two standard
deviations were plotted versus the strand size for concrete mixes

A, B, and C. :The confidence intervals indicate the range within which
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the average bond stress lies with a probability of 95 perceht. The
limits determined by two standard deviations enclose ostensibly 95
percent of all test data,

The bands representing the scatter of individual test results
for each strand size in Fig. 5.3 through 5.5 overlap one another by
such a margin, both for a slip of 0.0001 iny and 0,1 in., that the
trend indicated in Fig. 5.2 appears doubtful, or at least not signi=
ficant. It should be noticed that the confidence interval was retatively
small for 7/16=in. strand in Fig. 5.3 because 35 test results were avail=-
able for this strand size, Only 12 test résu]ts could be used for the
other strand sizes,

The variation of the nominal bond stress with the strand
diameter for each of the three concrete strengths of mix A, B, and
C is presented in Fig. 5.6. The variation is shown in terms of
confidence intervals of.the mean (probability = 95 percent) and in
terms of the mean plus two standard deviations. Figure 5.6 illustrates
the variation of the nominal bond stress with the concrete strength.

In Fig. 5.7 the average bond forces at different siips
. (0,0001 in., 0,01 in., 0.1 in.) are plotted versus the strand diameter.
Prévided that the same bond characteristics pertain to all strand sizes,
straight line relationships, starting at the arigin of the graph, should
be‘obtainedo For practical purposes and within the range of strand
sizes tested, the bond force of strand may be assumed to vary approxi=

mately linearly with the strand diameter,



6. EFFECT OF CONCRETE PROPERTIES ON BOND OF
PLAIN WIRE AND STRAND

6.1 Introductory Remarks

To compare the inf]ﬁence of different concrete properties on
bond is extremely difficult, because varying one property of the
concrete inevitably results in the change of other properties. By
changfng, for example, the’strength of the concrete, which may be
achieved by varying either the mix proportions or the aée of the
concrete, the characteristics of settiement of the fresh concrete
may be altered in one case, the conditions of shrinkage in the other,
It is therefore not possible to separate the influence of individual
. properties to such a degree as to render absolutely reliable relation=-
ships between bond strength and individual concretevproperties. It
is possible, however; by careful selection and control of the concrete
mixes? to determine the trend and the significance of the effeéts
different concrete properties exert on bond.

-In the following, effects of concrete properties, such as
strength,'consistency, cqring conditions and age on bond of plain wire

and strand are described.

6.é Effect of Concrete Strehgth on Bond of Plain Wire and Strand
Three different mix proportions for the concrete were used
(Section A.2.3) to study the influence of concrete strength on bond.
The mix proportions were cHosen so that the ratio of the volume of
~cement plus sand to the volume of gravel, and the consistency of the

fresh concfete, as measured by the slump, remained constant for all
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three mixes. Necessarily, the amount of cement and the water/cement
ratio were different. The properties of the mixes (A, B, C) and the
resulting strength characteristics of the concrete are listed in
Table A.1. The age of the concrete at the time the tests were per-
formed was eight or nine days., The average compressive strength was
approximately 5400 psi, 7500 psi, and 2400 psi. The relation between
the compressive strength and the splitting strength of the concrete is
shown in Fig. A.2.

Three series of tests with center wires ofvfour different
strand sizes (1/k, 3/8, 7/16, and 1/2 in.) were performed to investigate
the variation of the bond strength of plain wire with the concrete
strength. The average bond-slip relations of these tests are presented
in Fig. 4.1. Each curve represents the average of three tests. Since
no signfficant influence of the wire diameter on the bond strength could
be found, the bond streé;es of a11 four wire sizes were averaged and
plotted in Fig. 4.2. The concrete strength appeared to have a small
but definite effect on the bond strength throughout the whole range
of slip.

In Fig. 6.1, the bond strength, obtained with different
concrete strengths, was expressed in percent of the bond stress
developed at a concrete strength of approximately 5000 psi. Each
symbol in this graph represents an average of three test results.
Taking the mean value of those results, regardless of the wire dfameter
and the slip at which £heiresu1ts were-obtafned, it appeéfs that the

bond strength increased by roughly four percent for every 1000-psi
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increase of concrete strength, Taking into consideration the introductory
remarks of this chapter, and the fact that the above result was derived
from only twelve tests per concrete strength, the quantitative conclu-
sion is débatable, It shows clearly, however, that the concrete
strength has but little influence on the bond strength of plain wire.

A larger number of tests was performed with strand to study
the influence of concrete strength on bond. Including all four strand
sizes, 36 tests were carried out with.a concrete strength of roughly
2400 psi, 71 tests with a concrete strength of 5500 psi, and 47 tests
with a concrete strength of 7500 psi. The'data from the following
series were used to evaluate the effect of concrete stréngth: series
. SA09=1 through SA08-14, with the exception of series SA23-8 and SA08-13
(Table B.1), series SB09~1 through S$SB08-3, and series SC09-1 through
SC08-L4 (Table B.2).

.Figuresn6.2mfhrough 6.5 present the_ average bond-slip
retationships of the four strand sizes at various céncrete strengths,
fhe trend of the bond strength to increase significantly with the
concrete strength was common to all four strand sizes. In order to
- compare the relative increase of the bond strength of all four strand
siées, the bond strength measured at v;rious concrete strengths was
expressed in percent of that bond strength that was found at a concrete'
strength of approximately 5500 psi (Fig. 6.6). Despite the differences
fn strand siéé and slip, the results compare surprisingly well. Accord-
ing to this figure, the unit bond force increased, on the -average, at a

rate of eight percent per 1000 psi of concrete strength for a slip of
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0.0001 in., and at a rate of eleven percent per 1000 psi of concrete
strength for a slip of 0.1 in. These numbers are higher than that
observed for plain wire. It should be noted, however, that the larger
number of tests with strand (154) compared with that for plain wire (36)

resulted in more reliable mean va

—

ues.
Another illustration of the apparent effect of the concrete
strength on bond of strand, showing the variation of individual test

results, is presented in Fig. 5.6,

6,3 Effect of Concrete Consistency on Bond of Strand

The consistency of the concrete may be measured‘by the sltump
.the fresh concrete exhibits in a specified test (ASTM C143-66). 1In
order to find the effect of the consistency of concréte on bond, various
concrete mixes were designed such that both the strength characteristics
and the water/cement ratio remained constant while the consistency was
varied. fhis was achieved by varying the ratio of fine aggregates
(cement plus sand) to coarse aégregates (gravel). Two comparable sets
of test series were condu;ted, each set containing three series

(SA09-6, SD0O9=1, SE09-1, and SA09-7, SD09-2, SE09-2), The properties
Aof the concrete mixes used (A, D, E) are listed'in Table A.1. The

slump values developed by the three concrete mixes were approximately
0.4, 1.5, and 7.0 in. The average strengths of the concrete at the

age of nine days were within a range of 800 psi. Since the concrete
properties and the curing conditions were comparable the results of

both sets of test series were averaged.
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Each bond=-siip relationshfp in Fig. 6.7 represents an average
of eight or ten identical tests. A comparison of the three bond-siip
curves indicates that the bond strength of strand is affected by the
consistenéy'of the concrete, Despite the comparatively low strength
of the concrete mix yielding the largest slump, specimens with this
concrete developed the highest bond strength. This result confirms
that the strength of concrete by ftse?f is neither sufficient nor
re]féb]e as a sole basis for the prediction of bond strength with
respect to concrete properties,

The favorable bond characteristics developed by the high-
slump concrete may be attributed to shrinkage. Although the water/
cement ratio was identical for all three concrete mixes, the high=
slump concrete required more water and cement to reach‘a comparable
stfength at a low consistency. Consequently, this mix was bound to
" develop more shrinkage fhan the other two mixes. .The resulting
difference in contact pressures between the concrete and the strand,

caused by shrinkage deformations, led to an increase in bond strength.

6.4 Effect of Curing Conditions on Bond of Plain Wire and Strand

The basic method of curing the pull-out specimens that was
used throughout the whole test program is described in Section A.L,
The specimensrwere kept moist in their forms for two days. Then, the
forms were struck, and the specimens were moved to the fog rooﬁ with a
relative humidfty of 100 percent. After being in the fog room for
. four days, the specimens were stored in a c]imate-controlfed room

with a temperature of approximately 73°F and a relative humidity of 50
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percent. In order to probe how sensitive bond strength was to different
curing conditions, a pilot series of tests was conducted early in the
test program, using, compared with the basic method, two extreme curing
condit ions.,

Series SA08-13, including six specimens, was cast with concrete
of the proportions of mix A. During thévfirst two days, all six speci=
mens were kept moist within their forms. After removing the forms,
three specimens were stored in the fog room with a relative humidity of
100 percent, and three specimens were stored in the climate-controlled
room at a relative humidity of 50 percent..

In addition to this series, another series of six specimens
'(SAO8~12) was cast with the same concrete proportions as series SA08-13,
However, the specimens were cured in the usual manner described above,
At an age of eight days, the specimens of both series were tested.

The results afe plotted in the form of bond-slip relationships
in Fig. 6.8. The normally cured specimens and thosé stored in the fog
room (moist cured) yielded similar results. However, the specimens
stored at a relative humidity of 50 percent (dry cured) developed a
-significantly higher bond strength although the stréngth of the dry
cufed concrete was only insignificantly larger than that of the nofmal
and moist cured specimens.

In order to confirm this variation of bond strength with
curing conditions, two other series of tests were carried out: one
with 7/16=in. strand (SB18-4) and one with the center wire of this

strand (WB18-2). Both series were cast from the same batch of concrete,
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which was proportioned according to mix B. Each series included six
specimens. Three speéimens were dry cured, and three specimens were
moist cured, The curing conditions were identical to those of series
SA08=13. 'However, instead of testing the specimens at an age of eight
days, the tests were performed after 18 days in order to extend the
influence of the two different methods of curing.

The deformations of the concfete caused by shrinkage and
swelling were measured from the time the forms were removed until the
day of testing. The deformation was measured with an 8-in. Berry gage
along four lines located on two opposite faces of the concrete prism
(Fig. 6.9). The average results, obtained from six specimens for
~each type of curing, indicate that the moist cured specimens developed

5

a swelling strain of approximately 5 x 1077 (of the same magnitude as
the reliability of the measurements), and the dry cured specimens a

" shrinkage strain of roﬁgh}y 26 x 10“5 Both changes in strain relate
to theAstate of the concrete two days after casting.

| ‘The bond=slip relationships of series WB18-2 and SB18-4
(Fig. 6.10) demonstrate that dry curing of the concrete resulted in

. significantlyvhigher bond strengths than moist curing, especially at
sméll slips. With increasing slip, the difference between the bond
forces developed by dry cured and moist cured specimens decreased.

At a slip of 0.15 in., the influence of the different curing conditions.
on the bond strength of both plain wire and strand was too small to be
measurable.,

Since the compressive strength of the concrete, determined

with cylinders subjected to the same curing conditions as the test
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specimens, was identical for both types of curing, the consistent
difference in bond strength may only be explained by shrinkage. It
should be noted that the swe]iing measured in the moist cured specimens
does not indicate absence of stresses due to early shrinkage in the

first two days.

6.5 Effect of Age of Concrete on Bond of Plain Wire and Strand

It was not intended to investigate in this program the influence
of the cancrete age on bond on a brbad'scale. In order to perform such
an investigation properly, a large number of specimens, cast preferably
from one batch of concrete, would be necessary. Sets of tests would
“have to be conducted in certain intervals of weeks, months and years.,
Taking into account different storage conditions, this investigation
would be a program in itself, Nevertheless, the tests carried out in
the executed program at different ages of the concrete provided some
valuable data concerning the effeét of age on bond.

The age of the concrete at which tests were usually performed
was eight or nine days. The preparation and test procedure for speci=
mens being subjected to ]éteral pressure required a longer period of
‘time to conduct one test series. Therefore, the age at which those
specimens were tested varied from 15 to 24 days; One series was tested
at an age of'66 days.

Bond=slip relationships of specimens with plain center wire
of 7/16=in. strand tested at different ages are compared in Fig. 6,11,
The curing conditions and the mix proportions of the specimens compared

with one another were identical. The initial bond stress of specimens



L, TESTS WITH PLAIN WIRE
Seven-wire strand is manufactured by twisting six plain wires
helically around a straight center wire. Although strand consists only
of plain wires, the arrangement of the exterior wires results in an
overall surface geometry which increases bond beyond the value depend-
ing on the surface characteristics of the individual wires. To develop
a basic understanding of the bond characferisfics of strand, it was
necessary to study bond related to the surface charactéristics of the
plain wires separately. This could be achieved by conducting pull-
out tests with plain wire having the same éurfaée characteristics as
the exterior wires of the strand. Because the exterior wires of the
‘strand could not be straightened without modifying their surface, the
straight center wires of the strand were used for this purpose. The
surface characteristics of the center wire might differ a little
from that of the exterior wires because of the manufacturing process

- L.

of the strand and the p ainst

d position of the center wire ag
physical and chemical wear. However, the effect of this difference on
bond was assumed to be small,

Three pull=-out test series (WAO8-1, WBO08~1, WC08-1) were
conducted using the center wires of 1/4-in,, 3/8=in,, 7/16-in., and
1/2=in. strand. For each series of twelve specimens, a different
concrete mix was used. The compressive strength of the concrete at
the time of testing was approximately 2200, 5000, and 8300 psi.

The bond stress-slip relationships (Fig. 4.1) were typical

for plain wire, although plotting the slip to a logarithmic scale may

22
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obscure this fact. An example of a bond stress-slip curve,'with the
stip plotted to a.linear scale, is shown in Fig. B.1. Initially,
the bond stress increased at a slip too small to be measurable. At
a slip of'approximately 0.0001 in., the maximum bond stress was reached.
This point in thé bond stress=-slip curve was clearly marked by a sudden
dﬁdp of the léad wfth an attendant increase of slip. The bondvstress
képf décreésing until it approached a nearly constant value at a slip
of approximately»O.T in,

fhe average bond-slip curves, shown in Fig. 4.1, inaicate
that at higher concrete strengths the bondAstress increased with the
wire size., This trend was very pronounced in test series WB08-1 with
' a concrete strength of 8300 psi, Considering the relatively great
scattér that is typical for bond tests, especially with short embedment
]engths,kand the fact that the individual results of tests with different

—wire—sizes—overlapped-one—another-by-a—large-margin,—it—is-not—expedient .-

to draw definite‘conciuéions, . There was neither a sfatistica} nor a
theoretical basis to confirm the above observation.

The maximum bond stress for the individual tests (Fig. B..46,
-B.47, and B.48) ranged from 235 to 425 psi. The lower values were
obéained with low=strength cbncrete; the higher values with high=-
strength concrete. In order to determine the influence of the concrete'
strength on bond, the bondvstresses of all four wire sizes were averaged.
In this manner, one bond stress=slip relatiénship was obtained for each
test series (Fig. 4.2). The results demonstrate that the concrete

strength had an increasing effect on the bond stress throughout the
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entire range of slip. The influence, however, was very small. Although
the concrete strength varied from 2000 to 8000 psi, the bond stress
increased by only 10 percent at a slip of 0,0001 in, and by approximately
50 percent at a slip of 0.15 in.

In contrast to the foregoing observations, Rehm (1961) found
that the bond stress of plain round bars var.ied approximately propor-
tionally with the concrete strength, at least within the range of 1000
psi to 5200 psi. Rehm tested plain round steel bars wfth diameters of
16 mm (5/8 in.) using pull=out tests with a bonded length equal to the
diameter of the bar, It should be mentioned, however, that the bars,
tested by Rehm, had a rougher surface than the center wires of strand.

'The surface was classified as 'partly scarred mill scale,"

Another three test series with plain wire (WAP15-1, WAP17-2,
WBP66-1) were performed in connection with the phase of the test
program to investigate the influence of lateral pressure on bond.
Specimens with center wires of 7/16-in. strand and concrete strengths
of approximately 6000 psi and 8200 psi were tested. The relationships
found for these tests were very similar to those in the tests described

“above (Fig. 4.3).

Test series WBP66-1 produced extremely high bond stresses
compared with the results of series WB08-1 (Fig. 4.1). The difference
may be attributed to shrinkage. Although the concrete mix and the concrete
strength were practically identical in both series, the age of the concrete
at which the tests were carried out differed by almost two months. The

shrinkage deformations of the concrete, developed during this period of
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time, induced additional lateral stresses acting normal to the surface
of the wire. As a consequence of the higher normal stresses, the bond
stresses of test series WBP66-1 exceeded those of series WB08-1.

'Summarizing the test results obtained with the center wires
of strand, it may be concluded.that the concrete strength had a well
defined but small effect on the bond strength of plain wire., The bond
strength increased with the age of the concrete, which is mainly
attributable to shrinkage. The maximum bond stress was developed at
a slip of approximately 0.,0001 in. For an 8- to 17-day old concrete,
the average maximum bond stresses varied from 300 to 330 psi depending
on the concrete strength. At a slip of 0.1 in., the range of the average
‘bond stresses was as 10Q as 80 to 160 psi,

The above bond values compare very well to results obtained
by Keuning (1962) who used pull-out tests to study the bond character-
" istics of 0.192=in. rouﬁd prestressing wire. In Keuning's tests, the
bonded length was three in. The age of the concrete was nine days, the
éoncrete strength was apprdximate]y L700 psi, and the maximﬁm bond stress.
was 330 psi. At a slip of 0.1 in., Keuning's tests indicated an average

-bond stress of 110 psi.



5. EFFECT OF STRAND SIZE

The most commonly used type of strand in prestressed concrete
is seven-wire (round-wire) strand. With the exception of extremely
small diameters which are used in model structures, the diameter of
seven-wire strand ranges from approximately 0.25 in. to 0.6 in. In
order to limit the number of tests, it was necessary to study the
effect of different variables on bond experimentally with only one
strand size. To projecf those results.to other sizes required an
investigation of the influence of the strand size on bond.

The investigation described in tHis report included four
different strand sizes with nominal diameters of 1/4, 3/8, 7/16, and
.1/2 in, Three different concrete strengths were used ranging from
2300 psi to 7600 psi. A total of 33 tests was performed with 1/4=in.,
3/8 in., and 1/2-in. strand, and 54 tests were carried out with 7/16-in,
strénd (see Table B.1 and B.2) to investigate the effect of the strand
size on bond, |

Average unit bond force-siip relationships for different
strand sizes, as obtained with a concrete strength of approximately
5400 psi, are plotted in Fig. 5.1. With exception of the 3/8=~in.
strand, the relationships show a similar trend for the various strand
sizes. The bond force increased initially without measurable’s1ip.
After having reached a certain value (initial bond force), the strand
started slipping. The bond strength beyond the initial bond force

continued to increase at a small but steady rate,.
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The 3/8=in. strand displéyed a different bond-slip character-
‘istic. The steady increase of the bond strength was interrupted by a
sudden decrease of the bond force at a slip of roughly 0,001 in., The
rate at which the bond force increased at slips larger than approximately
0.01 in. exceeded that of the other strand sizes,

The unit bond force of the strand increased with the>diameter.
To determine how much the bond strength was affected by the strand size,’
the nominal bond stress (i.e., the pull-out force divided by the theoreti-
cal surface area) was plotted for each strand size and for each concrete
strength in Fig. 5.2. To express bond in ferms of bond stress was
justified by the facts that the twist angles of the different étrands
.(ioea the angle formed by the axes of the exterior wires with the
longitudinal axis of the strand) were approximately identica! and that
the tor$ionai stiffness of $trand had little influence on the beond
' strength (see Section 3;3). The latter fact was confirmed indirectly
in Fig. 5.2. Although 1/2-in, strand is stiffer witﬁ-respect to
torsion than 1/4-in. strand, the bond stress of both strands increased
with slip at approximately the same rate.

The relationships in Fig., 5.2 suggest a slight trend of the
noﬁinal bond stress to decrease with increasing strand diameter. A
study of all the test data, however, indicated that this trend was
statistically not significant. In Fig. 5.3 through 5.5 the mean, the
confidencé intervals of the mean, and the mean including two standard
deviations were plotted versus the strand size for concrete mixes

A, B, and C. :The confidence intervals indicate the range within which
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the average bond stress lies with a probability of 95 percent. The
limits determined by two standard deviations enclose ostensibly 95
percent of all test data.

The bands representing the scatter of individual test results
for each strand size in Fig. 5.3 through 5.5 overlap one another by
such a margin, both for a slip of 0.0001 in. and 0.1 in., that the
trend indicated in Fig. 5.2 appears doubtful, or at least not signi-
ficant. It should be noticed that the confidence interval was relatively
small for 7/16-in, strand in Fig. 5.3 because 35 test results were avail-
able for this strand size. Only 12 test résults could be. used for the
other strand sizes,

The variation of the nominal bond stress with the strand
diameter for each of the three concrete strengths of mix A, B, and
C is presented in Fig. 5.6. The variation is shown in terms of
conf idence intervals of'the mean (probability = 95 percent) and in
terms of the mean plus two standard deviations. Figure 5.6 iiiustrates
the variation of the nominal bond stress with the concrete strength.

In Fig. 5.7 the average bond forces at different slips
. (0,0001 in,, 0.01 in., 0.1 in.) are plotted versus the strand diameter.
Provided that the same bond characteristics pertain to all strand sizes,
straight line relationships, starting at the origin of the graph, should
be obtained. For practical purposes and within the range of strand
sizes tested, the bond force of strand may be assumed to vary approxi-

mately linearly with the strand diameter,



6. EFFECT OF CONCRETE PROPERTIES ON BOND OF
PLAIN WIRE AND STRAND

6,1 Introductory Remarks

To compare the inflﬁence of different concrete properties on
bond is extremely difficult, because varying one propefty of the
concrete inevitably results in the change of other properties. By
changfng, for example, the strength of the concrete, which may be
achieved by varying either the mix proportions or the age of the
concrete, the characteristics of settiement of the fresh concrete
may be altered in one case, the conditions of shrinkage in the other,
It is therefore not possible to separate the inf}ueﬁce of individual
. properties to such a degree as to render absolutely reliable relation=-
ships between bond strength and individual concrete>properties. It
is possible, however; by careful selection and control of the concrete
mixes‘9 to determine the trend andlthe significance of the effeets
different concrete properties exert on bond.

In the following, effects of concrete properties, such as
strength,'consistency, cqring conditions and age on bond of plain wire

and strand are described.

6.2 Effect of Concrete Strength on Bond of Plain Wire and Strand

Three different mix proportions for the concrete were used
(Section A.2.3) to study the influence of concrete strength on bond.
The mix proportions were chosen so that the ratio of the volume of
cement plus sand to the volume of gravel, and the consistency of the

fresh concrete, as measured by the slump, remained constant for all

29
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three mixes. Necessarily, the amount of cement and the water/cement
ratio were different., The properties of the mixes (A, B, C) and the
resulting strength characteristics of the concrete are listed in
Table-A.l,- The -age.of .the.concrete at. the_time the tests were per=
formed was eight or nine days. The average compressive strength was
approximately 5400 psi, 7500 psi, and 2400 psi. The relation between
the compressive strength and the splitting strength of the concrete is
shown in Fig. A.2.

Three series of tests with center wires of four different
strand sizes (1/4, 3/8, 7/16, and 1/2 in.) were performed to investigate
the variation of the bond strength of plain wire with the concrete
'strength. The average bond-slip relations of these tests are presented
in Fig. 4.1. Each curve represents the average of three tests. Since
no significant influence of the wire diameter on the bond strength could
be found, the bond stresses of all four wire sizes were averaged and
plotted “in Fig, 4.2, The concrete strength.appeared to have a small
but definite effect on the bond strength throughout the whole range
of slip.

In Fig. 6.1,lthe bond strength, obtained with different
cohcrete strengths, was expressed in percent of -the bond stress
developed at a concrete strength of approximately 5000 psi. Each
symbol in this graph represents an average of three test results.
Taking the mean value of those results, regardless of the wire diameter
and the slip at which the results were obtained, it appears that the

bond strength increased by roughly four percent for every 1000-psi
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increase of concrete strength. Téking into consideration the introductory
remarks of this chapter, and the_fact that the above result was derived
from only twelve tests per concrete strength, the quantitative conclu-
“sion—is-debatable. ~It-shows clearly; however; that the concrete--
stréngth has but little influence on the bond strength of plain wire.

A larger number of tests was performed with strand té study
the irfluence of concrete strength on bond, Including all four strand
sizes, 36 tests were carried out with a concrete strength of roughly
2400 psi, 71 tests with a concrete strength of 5500 psi, and 47 tests
with a concrete strength of 7500 psi. Theldata from the following
series were used to evaluate the effect of concrete stréngth: series

' SA09=1 through SA08-14, with the exception of series SA23-8 and SA08-13
(Table B.1), series SB09-1 through SB08-3, and series SC09-1 through
SC08-4 (Table B.2).

Figures 6,2 fhrough 6.5 present the average bond-s1fp
relationships of the four strand sizes at various cdncrete strengths,
fhe trend of the bond strehgth to increase significantly with the
‘concrete strength was common to all four strand sizes. In order to
. compare the relative increase of the bond strength of all four strand
siées, the bohd strength measured at v;rious concrete strengths was
expressed in percent of that bond strength that was found at a concrete.
strength of approximately 5500 psi (Fig. 6.6).‘ Despite the differences
fn strand‘siéé and slip, the results compare surprisingly well. Accord-
ing to this figure, the unit bond force increased, on the average, at a

| rate of eight percent per 1000 psi of concrete strength for a slip of"
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0.0001 in., and at a rate of eleven percent per 1000 psi of concrete
strength for a slip of 0.1 in. These numbers are higher than that
observed for plain wire. It should be noted, however, that the larger
number of tests with strand (154) compared with that for plain wire (36)
resulted in more reliable mean values,

Another illustration of the apparent effect of the concrete
strength on bond of strand, showing the variation of individual test
results

ou 9

6.3 Effect of Concrete Consistency on Bond of Strand

The consistency of the concrete may be measured'by the siump
.the fresh concrete exhibits in a specified test (ASTM Cl143-66). 1In
order to find the effect of the consistency of concréte on bond, various
concrete mixes were designed such that both the strength characteristics
and the water/cement ratio remained constant while the consistency was
varied, This was achieved by varying the ratio of fine aggregates
(cement plus sand) to coarse aggregates (gravel). Two comparable sets
of test series were condu;ted, each set containing three series

(SA09-6, $SD09-1, SE09-1, and SA09-7, SD09-2, SE09-2). The properties
.of the concrete mixes used (A, b, E) are 1istedlin Table A.1. The

slump values developed by the three concrete mixes were approximately
O+, 1,5, and 7.0 in. The average strengths of the concrete at the

age of nine days were within a range of 800 psi. Since the concrete
properties and the curing conditions were comparable the results of

both sets of test series were averaged,
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Each bond=slip relationship in Fig. 6.7 represents an average
of eight or ten identical tests. A comparison of the three bond-slip
curves indicates that the bond strength of strand is affected by the
consistenéy of the concrete. Despite the comparatively low strength
of the concrete mix yieiding the largest siump, specimens with this
concrete developed the highest bond strepgth. This result confirms
that the strength of concrete by itself is neither sufficient nor
reliable as a sole basis for the prediction of bond strength with
respect to concrete properties.,

The favorable bond characteristics developed by the high=
slump concrete may be attributed to shrinkage. Although the water/
-cement ratio was identical for all three concrete mixes, the High-
slump concrete required more water and cement to reach a comparable
stfength‘at a jow consistency. Consequently, this mix was bound to
" develop more shrinkage fhan the other two mixes. The resulting

difference in contact pressures between the concrete and the strand,

caused by shrinkage deformations, led to an increase in bond strength.

6.4 Effect of Curing Conditions on Bond of Plain Wire and Strand

The basic method of curing the pull-out specimens that was
used throughout the whole test program is described in Section A.k,
The speciméns_were kept moist in their forms for two days. Then, the
forms were struck, and the specimens were moved to the fog rooﬁ with a
relative humidity of 100 percent. After being in the fog room for
. four days, the specimens were stored in a c]imatencontrolfed room

with a temperature of approximately 730F and a relative humidity of 50
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percent. In order to probe how sensitive bond strength was to different
curing conditions, a pilot series of tests was conducted early in the
test program, using, compared with the basic methed, two extreme curing
conditions.

Series SA08=13, including six specimens, was cast with concrete
of the proportions of mix A. During the‘First two days, all six speci=
mens were kept moist within their forms. After removing the forms,
three specimens were stored in the fog room with a relative humidity of
100 percent, and three specimens were stored in the climate-controlled
room at a relative humidity of 50 percent.'

In addition to this series, another series of six specimens
A(SAO8-]2) was cast with the same concrete proportions as series SA08-13,
However, the specimens were cured in the usual manner described above.
At an age of eight days, the specimens of both series were tested.

The results afe plotted 'in the form of bond-slip relationships
in Fig. 6.8. The normally cured specimens and thosé stored in the fog
room (moist cured) yielded similar results. However, the specimens
stored at a relative humidity of 50 percent (dry cured) developed a
.significantly higher bond strehgth although the strength of the dry
cufed concrete was only insignificantly larger than that of the normal
and moist cured specimens.

In order to confirm this variation of bond strength with
curing conditions, two other series of tests were carried out: one
with 7/16=in. strand (SB18-4) and one with the center wire of this

strand (WB18-2). Both series were cast from the same batch of concrete,
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which was proportioned according to mix B. FEach series included six
specimens., Three specimens were dry cured, and three specimens were
moist cured. The curing conditions were identical to those of series
SA08-13, ‘However, instead of testing the specimens at an age of eight
dayé,Athe tests were performed after 18 days in order to extend the
influence of the two different methods qf curing.

The deformations of the concrete caused by shrinkage and
swelling were measured from the time the forms were removed until the
day of testing. The deformation was measured with an 8=«in. Berry gage
along four lines located on two opposite féces of the concrete prism
(Fig. 6.9). The average results, obtained from six specimens for
" each type of curing, indicate that the moist cured specimens developed
a swelling strain of approximately 5 x 10'.'5 (of the same magnitude as
the reliability of the measurements), and the dry cured specimens a
shrinkage strain of rouéh]y 26 x 10“5 Both changes in strain relate
to the'state of the concrete two days after casting.
| "The bond=-slip relationships of series WB18-2 and SB18-kL
(Fig. 6.10) demonstrate that dry curing of the concrete resulted in
. significantly higher bond strengths than moist curing, especially at
sméll slips. With increasing slfp,'the difference between the bond
forces developed by dry cured and moist cured specimens decreased.

At a slip of 0.15 in., the influence of the different curing conditions
on the bond strength of both plain wire and strand was too small to be
measurable.

Since the compressive strength of the concrete, determined

with cylinders subjected to the same curing conditions as the test
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specimens, was identical for both types of curing, the consistent
difference in bond strength may only be explained by shrinkage. It
should be noted that the swelling measured in the moist cured specimens
does not indicate absence of stresses due to early shrinkage in the

first two days.

6.5 Effect of Age of Concrete on Bond of Plain Wire and Strand

It was not intended to investigate in this program the influence
of the concrete age on bond on a brbad'scale. In order to perform such
an investigation properly, a large number of specimens, cast preferably
from one batch of concrete, would be necessary. Sets of tests would
“have to be conducted in certain intervals of weeks, months and years.
Taking into account different storage conditions, this investigation
would be a program in itself. Nevertheless, the tests carried out in
the executed program at different ages of the concrete provided some
valuable data concerning the effeét of age on bond.

The age of the concrete at which tests were usually performed
was eight or nine days. The preparation and test procedure for speci-
mens being subjected to léteral pressure required a longer period of
time to conduct one test series. Therefore, the age at which those
specimens were tested varied from 15 to 24 days; One series was tested
at an age of 66 days.

Bond=-slip relationships of specimens with plain center wire
of 7/16=in. strand tested at different ages are compared in Fig. 6.11,
The curing conditions and the mix proportions of the specimens compared

with one another were identical. The initial bond stress of specimens
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cast wfth mix A and tested at ages of 8 and 16 days were almost identical,
With increasing slip the 8=-day old concrete, although having a lower
compressive strength, provided bétter bond resistance. The 66=day .
old specimens cast with concrete of mix B developed initial bond
stré;ses aimost 30 percent higher than comparable 8-day old specimens.
It should be pointed out, however, that the average results were based
’dn only three individual tests, |
More test results were avai{ab]e for 7/16-in., strand. Average

bond-slip relationships dbtained at an age of 8-9, fS, and 22-23 days
are shown in Fig. 6.12, The averages were formed from the tests of
series SA09-1 through SA08-1L, listed in Table B.1 (with the exception
~ of SA08-13), and the series SAPI5-1, SAP22-2, SAP23-3 (Table B.3).
Although the statistical weight of the test groups varied significantly
because of the different number of tests available, a consistent
influence of the concrete age on the bond strength may be observed
from those results.

. The tendency of the bond strength to increase with the age of
the concrete was confirmed by the test results of series SAL12-=1 which
. was conducted to study the influence of sustained loading on boﬁd
(F}g. 6.13). As part of this investigation, three specimens were
tested at an age of 12 days, and three specimens, cast with the same
batch of concrete, at an age of 129 days. The concrete strength
increased during this time period by approximately 1100 psi. Accord-
ing to the results, described in Section 6.2 this would call for.an

approximately eight-percent increase of the initial bond strength.
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The initial bond strength of the 129=day old specimens increased
however by as much as 55 percent. At a slip of 0,01 in., this
difference was reduced to 12 percent, and at a slip of 0.1 in. to
approximately 3 percent. \

Similar test data were obtained from series SAL11-2 and
SBLI12=1. Three specimens of each series were tested at ages of 1i
(SAL11=2) and 12 (SBL12-1) days. Three specimens, cast from the
original batch, were tested at ages of 451 (SAL11-2) and LL46 (SBL12-1)
days. The average bond-slip relationships are shown in Fig, 6.1k,

In contrast to the results of series SAL12=1, the initial
bond strength of the specimens of series SAL11-2 and SBL12-1 did not
increase after the period of approximately 15 months. The average
bond strength at large slips, however, was found to have increased
by approximately 65 and 30 percent, The increase of the concrete
strength during that pefiod was practically negligible.

The test results represented in Fig. 6.12 through 6.14
summar ized in ?ig. 6.15 seem to indicate different trends for the bond
strength versus the age of the concrete at different slips. The initial
.bond strength appeared to reach a peék value at a concrete age of approxi-
mately 20 to 50 days. Beyond this peak, the initial bond strength seemed
to decrease gradually with incfeasing age of the concrete,

The bond strength at large slips appeared to increase
steadily with the age of the concrete.

Because of the few test data available and the inconsistent

results at large slips (Fig. 6.15), the above trends are not confirmed
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reliably enough to draw definite conclusions. It appears that the
variation of the bond strength with the age of the concrete is
attributable primarily to a vériation of contact stresses between
the strand and the concrete due to lateral shrinkage of the concrete
prism‘(see Chapters 9 and 14). The increase of the concrete strength
during the time periods investigated contributed only a negligibly
small amount to the increase in Eond strength.

Peattie and Pope (1956), who studied the effect of the age
of concrete on the bond resistance of plain bars within the first 28
days of ége, came to the conclusion that sﬁrinkage of the concrete
closely adjacent to the steel was the primary reason for bond. It
‘was found in their torque - and pull=-out tests that the maximum bond
capacity was reached within a period of 3 to 14 days. The fact that
the maximum bond strength was developed in such a short time while
" shrinkage continued appfe;iably up to ages of one to two months, was
explained by the exothermic process of hardening of the concrete. The
higher temperatures developed in the interior of the specimen, immediately
around fhe steel, accelerated the contraction of the concrete. From the
- tests described in this investigation, it may be concluded that a longer

period of time is needed to develop the maximum bond capacity.

6.6 Concldding Remarks

On the basis of a relatively large number of tests, it has
been shown that the concrete strength had relatively little influence
. on bond of plain wire and strand. Although the ideal condition of

separating the effect of the concrete strength on bond could not be
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fully achieved, test results indicated that, on the average; the bond
strength of plain wire increased by approximately four percent for
every 1000 psi of additional concrete strength., For strand, the
increase was approximately ten percent,

The primary source of bond was found to be shrinkage. This
has been confirmed by tests in which the consistency and the curing
conditions of the concrete were varied, while the strength of the
concrete was being kept‘constant. Tests used to stqdy the effect of
the age of the concrete indicated the same results. Therefore,
bond strength is sensitive primarily to aii variables that affect

shrinkage, and only secondarily to the strength of the concrete..



7. EFFECT OF éETTLEMENT

Settlement of fresh concrete is caused mainly by a segregation
of aggregates and water due to differences in their specific gravi-
ties. The.solid'parts of the mix tend to sink to the bottom while the
water tends to rise to the top surface of the concrete., The latter
process is referred to as 'bleeding.'' An additional volume chénge,
Which'is caused by hydration of the cement and which may be described
as ''chemical shrinkage'!, adds to the amount of settlement during the
very early stages of hardening of the concrete,

If reinforcing bars are held riéidly by the formwork while
the settlement of concrete takes place, the steel and tHe concrete
may lose contact on that side of the reinforcement where the settle-
ment is directed away from the steel. Furthermore, the concrete in

the immediate vicinity of the steel may be of porous quality because

of -water and-air-bubbles_which rise during vibration and may get
trapped under the reinforcement. The reduced area énd quality of
contact between steel and concrete must result in a reduction in
bond strength.

The amount of settlement depends on many variables, such
as the cement and water content of.the concrete mix, the surface
characteristics of cement and aggregates, the kind and energy of vi-
bration, the'type and surface of the formwork; thevwidth of the
specimén, and, of course, on the thickness of the concrete layer that

settles. It was beyond the scope of this investigation to study the
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effect of all those variables with respect to bond of strand.
However, two series of tests were carried out to demonstrate the
magnitude of the effect of settlement on bond strength.

Series SA09=15 and SA09-16, with a total of 30 individual
tests, were conducted to study the influence of the concrete depth
on bond of strand. The concrete strength was 5370 psi for SA09-15
and 5150 psi for SA09-16. The slump was 1,5 in. in both series. In
the form, the strand was supported in a horizontal position. The
-cross section vertical to the direction of pouring was constant for
all specimens: 4 by 9 in. The dépth of'the concrete below the
center of the strand was varied (2, 6, 10, 15, and 30 in.). The

" thickness of the concrete above the center of the strand remained
two in. for all specimens. The forms.were made of oil-treated
plywood.

The compactién of the concrete was accomplished with an
internal vibrator, For two types of specimens of éeries SAQ9-15
(with depths of 15 and 30 in. below the strand), the concrete was
vibrated in two stages: the form was filled halfway, vibrated,

- filled to the top, and vibrated again. One type of specimen in
series SA09-15 (with a depth of 10 in. below the strand) was not
vibrated, A1l others were vibrated in one stage.

The average bond-slip relationships of both test series
(Fig. 7.1) demonstrated the sensitivity of bond to the deptH of
concrete under the strand. Specimens with concrete depths of two

in. below the strand developed the highest bond force throughout



L3
the entire range of slip. With increasing depth, the bond’strength
decreased rapidly. However, for depths greater than ten in., the bond
force appeared to approach a constant value.

The minimum concrete cover for strand in prestressed concrete
ranges from 0.75 to 2 in., depending on the type of structure and the
conditjons of the:environment. " Therefore, a concrete depth of two in.
under the strand may be considered as the optimum bond condition for
horizontal strand. In Fig. 7.2, the average bond forces, developed
with specimens of different depths at a certain slip, were expressed
as percentages of the average bond force fhat was obtained with a
depth of two in. The results are indicated separately fof series
SA09=15 and SA09-16. 1In addition, average values were plotted using
the results of both test series, since the concrete properties and
"the test conditions were nearly identical,

With concrete depths equal to or larger than ten in., the
bond strength dropped to values of 60 percent of the maximum bond
strength, depending on the slip. Even at the relatively shallow depth
of six in., the measured bond strength in series SA09-16 was as low as
65 percent of the bond force for a depth of two in. below the strand.
The bond strength may drop even fufther, if the vibration of the
concrete is executed carelessly or omitted completely. This is
.indicated by the results of series SA09~15. The bond strength
developed by the specimens that were not vibrated at all was
approximately 30 percent lower than if the specimens had been

vibrated.
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pressures are listed for each test series in Table B.3. It should be
ment ioned fiere that several specimens, which are not included in Table
B.3, had to be discarded because there was either too much leakage
before the desired lateral pressure could be reached, or the concrete

specimen broke when a pressure exceeding 2500 psi had been applied.

8.2 Influence of Test Procedure on Results

The procedure of buiiding the test specimens into the pressure
apparatus by pounding in lead seals, és described in Section A.7, was
suspected to have some influence on bond of strand or wire. Therefore,
two specimens with 7/16-in, strand were built into the pressure appara-

. tus and tested without lateral pressure. The results were compared with
test data of two specimens of the same series (SA08;14) which were tested
without the pressure apparatus. The bond-slip relationéhips of the four
tests (Fig. 8.1) indicated that the lead-packing procedure had no apparent

influence on bond.

8.3 Limits to the Application of Lateral Pressure

The maximum pressure applied in the tests was 2500 psi. This
- limit was set by the fact that the cdncrete prisms, which had cylinder
strengths ranging from 5300 psi to 8700 psi broke at lateral pressures
exceeding 2500, It was possible to apply a lateral pressure of 3000
psi in several tests and to keep this pressure constant, however, the
concrete prism broke each time shortly after a small pull-out force

had been applied to the strand or wire, The failure was caused by

cracking of the concrete near the middle of the specimen in a plane
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perpendicular to the direction of the pull-out force. Because of the
high lateral pressure, the seal (shim steel) covering the concrete
specimen was punched through along the crack permitting oil to leak
through the concrete and wedge the prism apart. 1In several tests,
which had been performed under a constant pressure of 1000 or 2000
psi, the pressure was increased after a sliﬁ of 0.15 in. had developed,
The failure occurred in the same manner as described above at pressures
ranging from 3000 to 4200 psi, unless .excessive leakage ended the test,
Transverse cracking at approximately one third to nearly one
half of the uniaxial compressive strength éf the concrete was consis—
tent with major longitudinal cracking observed in uniaxfal]y loaded
| cylinders at roughly 70 percent of the ultimate load. Presumably, the
transverse strain in the biaxially stressed prisms was twice as large
as the strain developed by uniaxially loaded specimens.
The above regults were confirmed by an investigation of the
multiaxial strength of concrete conducted by FumagaTli (1965). It
bwés reported that concrete prisms subjected directly to hydraulic
pressure without having a seal between fhe concrete and the pressure
~ fluid developed an average biaxial compressive strength of 0,36 times
the uniaxial strength of concrete. 'The failure loads found above were
a 1itt1é higher than those reported by Fumagalli. Reasons for this dis-
crepancy weré the shim steel seal-used jn the described investigation,
and possibly a small longitudinal restraint caused by the end seals

between the pressure chamber and the concrete prism,
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The lack of reaching pressures exceeding 2500 psi did not
pose a serious impediment to the investigation. The trend of the
effect of lateral pressures was indicated well enough by tests obtained

with Tlateral pressures up to 2500 psi.

8.4 Effect of Lateral Pressure on Bond of Plain Wire

Three series of tests were conducfed to investigate the
influence of lateral pressure on bond of plain wire: series WAP15=]
and WAP17-2 with concrete strengths of approximately 6100 psi, and
series WBP66-1 with a concrete strength of 8200 psi. The individual
bond-slip relationships are shown in Fig. B.43 through B.45. Since
the concrete properties and the age Qf the concrete of series WAP15-]
and WAP17=2 were comparable, the results of both sefies were averaged
for demonstrating the trends observed.

The average bond stress=-slip relationships, as shown in
Fig. 8.2 and 8.3, indicate that the shape of the bond-slip curves for
plain bars was not altered by'varying the lateral pressure. The lateral
pressure, however, had a significant influence on the magnitude of the
bond strength. Any incréase of lateral pressure . raised the bond stress
. by an amount approximatefy proportiona] to the lateral pressure.

Figure 8.4 shows the initial bond stresses found in individual
tests as functions of the applied lateral pressure, The initial bond
stress corres;onds to the maximum bond force measured at a slip of
approximatel? 0.0001 in. For specimens with plain wire, this was

identical to the maximum bond stress obtained in the test. The

following may be gleaned from Fig. 8.4:
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(a) The initial bond stress increased in direct proportion
to the applied lateral pressure for both concrete strengths,

(b) The results are clearly separated for the two concrete
strengths at lateral pressures of zero and 1000 psi. At a lateral
pressure of 2000 psi, this separation is not as distinct because two
results obtained with the IdWer-strength»concrete turned out to be
as high as the results of the higher—streﬁgth concrete. Despite those
two results it appeared that the concrete properties had a measurable
effect on the bond strength of plain wiref It should be noted however,
that the difference was presumably not caused so muéh by the strength,
but rather by the age of the concrete, or more precisely by the different

amount of shrinkage, as pointed out in Chapter 4 and 6.

8.5 Effect of Lateral Pressure on Bond of Strand

Two preliminary test series (SA?iS-I and SAP22-2) with one or
two pressure tests oh]y, and two main series (SAP23-3 and SBP2h4-1) with
eight pressure teéts each, were carried out using 7/16=-in, strand to
study the influence of lateral pressure on bond, The results, plotted
in the form of unit bond force=-slip relationships, are shown in Fig.
8.5 through 8.7.

Common to all four test series was the significant increase
of tﬁe ma*imum bond force with increasing lateral pressure. The maxi-=-
mum bond strengfh for externally applied lateral pressures equal to or
exceeding 1000 psi seemed to be reached at slip values ranging from

0.0003 to 0,0007 in. In contrast to the bond strength developed by
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tests without lateral pressure, which tended to increase with increasing
slip, the bond strength of specimens subjected to lateral pressures
dropped immediately after reaching the maximum bond force. The drop
became larger the higher the applied lateral pressure was.

In Fig. 8.8, the maximum bond force of every individual
test was plotted versus the lateral pressuré. It appears from the
p]otted data that:

(a) the maximum bond strength of strand was linearly propor-
tional to the externally applied lateral pressure, and

(b) the concrete strength appeared to have no significant
influence on the maximum bond strength of strand within the test range
of roughly 5000 to 9000 psi. The conditions of shrinkage were approxi-

mately the same for all test specimens.

8.6 Effect of Increasing Lateral Pressure on Bond of Plain Wire and

Strand at Slips Larger than 0.15 in,

The pull-out tests reported so far were performed under a
constant lateral pressure and were usually discontinued when the strand
~or wire had slipped by an amount of 0.15 in. A variation of the test
procedure was used in some of the tests. At a slip of 0,15 in., the
test was COﬁtinQed by raising the lateral pressure, which had been
constant until then, by 500 psi. After keeping the pressure constant
at the new IeQel for approximately 30 seconds, the pressure was raised
by another 500 psi. This step-by-step increase of lateral pressure was

continued until either the concrete prism broke or the leakage of oil

became excessive,
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To illustrate the test procedure, two typical force=t ime
relationships, as recorded by the plotter of the testing machine, are
shown in Fig. 8.9 for plain center wire and for strand. Neither of the
two relations are plotted to scale. The testing machine was operated
in such a manner that‘the moving head of the machine travelled at a
constant speed of 0,05 {n./min. throughout the whole test.

Initially, the load increased without measurable slip until
reaching point A. This point represents the initia] bond force. The
rate at which the pull-out force increased was relatively low at the
beginning of the’test. This indicated thé tightening of .the end
anchorage. and the joints of the test setup. At point A, the load
dropped stdenly to a value far below the initial bond force. From
this point on, the force decreased gkadually for plain wire until it
reached point B, 1In tests with strand, the force increased steadily
after the abrupt drop at A.. In the range between points A and B, the
force and the slip ceased being smooth functions of.the time. The slip
of the strand or wire in this region may be described most fittingly
as stick=slip motion, a term which is understood without further ex-
planation by looking at the alternating build-up and drop of the bond
force indicated in Fig. 8.9.

At point B, a slip of 0.15 in. was developed. Instead of
ending the test at B, the lateral pressure was raised by 500 psi (e.g.
from 1000 psi to 1500 psi in Fig. 8.9). The bond force responded
immediately to the applied pressure and increased to PZ' After reaching

the new maximum, P,, the bond force dropped a little, and a stick=slip

2,
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type of motion started again. Another increase of the lateral pressure

by 500 psi raised the bond force to P, and so forth, until at point C

3
the test was terminated by leakage, or failure of the concrete prism.
It was a characteristic feature of the tests that, for plain wire, the
bond force in the stick-slip region tended to decrease at all lavels
of lateral pressure, while it tended to increase for strand.

Untrauer and Henry (1965) investigated the influence of normal
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strength was found to increase in proportion to the square root of the
normal pressure in contrast to the linear ré]ationship indicated by the
tests reported here. However, the stress conditions in the tests and

the steel specimens were not directly comparable. The test specimens

used by Untrauer and Henry consisted of 6-in. concrete cubes with the

deformed bar (#6 or #9) embedded in the center over the whole length
of the specimen. The 1étera1 pressure was applied to two parallel
faces of the bond specimen using spherically seated bearing plates. It
should be noted thét this loading system was basically uniaxial as
compared to the biaxial system described in this report. However,
because of the frictional restraint between the concrete specimen and

the loading plates, the state of normal pressure was probably not uniaxial,



9. EFFECT OF TIME

9.1 Introductory Remarks

The standard pull=out tests were performed within a short

period of time (approximately 5 to 10 minutes) while the concrete was

~

still relatively young (8 to 24 days). 1In order to study the influence

1

of time, three series of tests weré made to investigate two effects:
(1) the age of the concrete at the time of the test
‘(2) sustained loading |
Both effects were studied using 7/16-in, strand. The effect of the age
of the concrete was discussed in Section 6.5. The effect of sustained

Toading will be discussed in the following section.,

9.2 Effect of Sustained Load on Bond

The basic pull-out specimen described in Section A.3 waé
‘usédvtO‘investigate the bond propertiés of strand under sustained load,
Theﬁt¢3t setup_deveioped for sustained ioading is shown in Fig. A.7.
The pu]l-duf specimen with a Bonded length of one in. was loaded using
a canti]eVer-?ystem. Thg trail-end slip of the strand versus the
concrete was measured with a 0.,0001-in. dial indicator. The applied
load which could be varied either by changing the weight or the length
of the lever arm could be determined with an‘accﬁracy of plus or minus
20 1b,

The test procedure was as follows: Three short-time pull-out
tests were conducted on identical specimens. The averagé initial bond
force (at a slip of 0.0001 in.) was determined from the data obtained.

The long-time test specimens, cast from the same batch, were then loaded

53
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to different percentages of the initial bond force determined from
the first three specimens. This load was kept constant throughout
the duration of the test. The slip was measured continually,

The first of the three test series, SAL12=1, was a pilot
series, The tests were discontinued after a period of four months,
The specimens of series SALI11-=2 and SBL12-1 were observed over a period
of 15 months.

Figure 6.13 shows the average unit bond force=slip relation=
ship for the three specimens of series SAL12-1 tested at an age of 12
days to determine the ''short-time'' bond cﬁaracteristics. The concrete
cylinder strength was 6000 psi, Based on the‘initiallbond strength of
. these specimens, loads ranging from 60 to 115 percent of the initial
short-time load were applied to ten long-time specimens.,

The slip-time relationships are plotted for all ten specimens
of series SAL12-1 in ng. 9.1. Some of the relationships indicate a
'negative' slip. This was caused by the method of eva]ﬁating the slip
measﬁrements. In fhe pi]of series SALI2=1, the slip was measured with
a dial indicator mounted on top of the concrete prism, as shown in
- Fig. A.8. Since the dial readings included the shrinkage deformation
of the upper half of the concrete specimen, the'shfinkage deformation
had to be subtracted from the ''slip measurements.'' Shrinkage deforma-
tions were measured on three specimens of series SALI2-1 as indicated
in Fig. 9.2. Since the oraer of magnitude of the t ime -dependent slip
waé comparable with the scatter of the shrinkage deformations, this
procedure led to ''negative slips'' in some cases,

For the two test series, SALI1-2 and SBL12;1, another test

setup was used to eliminate the effect of shrinkage deformations
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on sltip measurements. The dial indicator was c]ampea with a frame to
the concrete in the middle of the specimen (Fig. A.7). Thus, the dial
recorded the slip of the strand, bonded only in the center of the
specimen, versus the concrete at the same level.

The data in Fig. 9.1 indicate that specimens loaded to
approximately 100 percent of their initia] bond strength did not s]ip
significantly within the time period of observation. The two specimens
loaded to 110 and 115 percent of the initial bond strength developed
a significant slip with time. The specimen loadéd to 110 percent
developed a slip of 0.0008 in. after three'days, 0.0015 in. after
three weeks, 0,0052 in. after eight weeks, and failed completely
' immediately thereafter, The specimen loaded to 115 percent developed
a slip of 0.003 in. after three days, 0.015 in. after three weeks, and
0.21 in. after eight weeks.

- Test series SAL]]-Z and- SBL12=1 consisted of five specimens
each.ijt the time the specimens were loaded, at ageé of 11 and 12
days, thelcoﬁcrete §trength was 6500 and 8700 psi, respectively.
Average bond fofce—slip relationships obtained from three short=-time
. tests of each series are shown in Fig. 6.14,

The slip=~time relationships developed by the specimens of
series SAL11-2 and SBL12-1 are presented in Fig. 9.3 and 9.k, The
slip was plotted to a logarithmic scale in order to be able to show
the total slip of all specimens. One test of series SBL12-1 with a
ltoad of 105 percent of the initial bond strength was discontinued after

a period of ten weeks when the test setup was disturbed,
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The logarithmic plots may give a false impression of the
actual slip-time relations, especially in series SBL12-1, To get a
better pefspective, Fhew§lipAof thg Fhfee»specimeq; of seriesﬂSALllsz -
and SBL12=1 that did not stip immediately after the application of the
load by a large amount is plotted to a linear scale in Fig, 9.5 and
9.6.

The two figures (9.5 and 9.6) indicate that up to one half year
no significant slip (less than 0,001 in.) developed. This ''slip' most
l1ikely reflected inelastic deformations due to creep and shrinkage of
the annular console of concrete which embraces the bonded length of
the strand (Fig. A.8).

The following observations may be made concerning the three
series of sustained load tests:

(1) The initial bond strength is sensitive to time (Fig.

9.6). |

(2) The initial bond strength may reduce with time to 80 or
70 percent of its initial value. In view of the fact that three
specimens of series SALI1=2 did not slip over theAwhoIe period of ob-

. servation lasting 15 months although they were loaded from 80 to 90
percent of the initial bond strength, the assumed réduction may be
considered as conservative. It shou]d‘be noted, however, that the
sensitivity of the initial bond strength to time depends on the type
of concrete.

(3) The reduction of the initial bond strength may occur a
cons iderable time after the application of the sustained load, In case
of series SBLI12=1, the reduction took place after a ﬁefiod of approximately

one half year.:
I
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(4) The concrete immediate]y surrounding the bonded length
of strand in the specimens of series SBL12=1 was cracked to a larger
extent than the concrete in the specimens of series SAL11=2., This is
shown with two typical photographs in Fig. 9.7 and 9.8, The cracks
were made visible by treating the concrete surface with a fluid con-
taining luminescent particles and illuminating it with ultraviolet
light. | |

(5) Specimens which slipped immediately after the application
of the load seemed to reach a state of equilibrium at a slip of
approximately 0.1 in.,

The phenomena observed above may be understood by considering
. the stress conditions existing in a cross section through the pull-out
specimen. The concrete of the specimen will shrink.with time. As a
result, radial compressive stresses will develop at the contact between
the concrete and the comparatively rigid strand. At the same time, cir=
cumferential tensile stresses will develop in the concrete. A theoretical
distribution of such circumfefential stresses based on an elastic solution
(see Appendix C.3) is shown in Fig. 9.9,

It was shown in Chapter 8 that the initial bond strength
depends on the contact pressure between the strand and the concrete,
Consequently, it must be assumed that the initial bond’strength will
increase as shrinkage progresses with time unless the circumferential
stresses in the concrete in the immediate vicinity of the strand exceed
the tensile strength of the concrete, In that case, radial cracks will
develop and cause the normal contact stress between strand and concrete
to decrease. The resulting bond strength will be less than during the

uncracked stage,
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The above considerations lead to the conclusion that shrinkage
has a beneficial influence on the initial bond strength as long as it
does not exceed the tensile strength of the concrete. If cracks
develop, the majority of the favorable influence of shrinkage on bond
will be lost.,

In the light of the foregoing explanation, the difference in
the test results of series SALI1-2 and SBL12~1 may be understood. The
tensile strength of the. concrete was almost identical for both series
(Table B.2), however thé shrinkage stEains differed‘by 20 to 25 percent
(Fig. 9.10 and 9.,11). It is therefore plausible that shrinkage stresses
exceeded the tgnsile strength in series SBL12=1 (after a period of one

.ha]fyear)‘ahd Ted to severe cracking but did not excged the tensile
strength in series SALIT=2,

Théoretica]ly, it is very difficult to predictvthe time at
which severe radial cracking will take place. Even if the shrinkage-
time relationljs known fof the concrete near the surface of the specimen
(Fig. 9;10>and&9.1!), the rate and amount of shrinkage near the center
of the speﬁimen will be uncertain. Furthermore, the prediction of the
stress build-up at the contact between strand and concrete due to
shrinkage is complicated by the fact that the stresses are continually
reduced by creep.,

Observation (5) above seems to indicate that the bond strength
is less sensitive to time at large slips (approximately 0.1 in.). Ap-
parently, the rate-at which the bond=slip relationship ‘increases at large

slips (Fig. 5.1) will suffice to prevent further movement.,



10, EFFECT OF SHAPE OF STRAND

10.1 Introductory Remarks

As strand moves axially with respect to the concrete in which
it is embedded, it rotates about its own axis. If the concrete specimen
and the point where the strand is gripped are restrained from rotation,
a torque is generated in the strand as it slips. The relation between
the rotation of the strand in the concrete and the axial slip can be
determined theoretically if the concrete is assumed.to provide a
completely rigid channel. The angle © through which the strand -

rotates may be expressed as

360 s
p

6 = (degrees) : (10.1)

where s = axialbs]ip and p = pitch of the strand in in., The amount of
rotation is a typical property of'the size, or more»accurate]y, the
pitch of the strand.

‘The fotafion-slip relationships of four different strand sizes
were measuréd in over 200 tests as described in Section A.6. The
' average rotation for each strand size was plotted versus the axial
slip in Fig. 10.,1. The measured dafa agree with the theoretical
values,

Thé magnitude of the torsional moment that is generated in
- strand under.the conditions mentioned above depends on the stiffness
of the cross section and the pitch of the strand. The results of test

series SA08-5 (described in Section 3.3) indicated that this torsional
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moment has very little influence on the bond strength of strand as
measured in the pull-out tests. Despite the apparent insensitfvity of
bond to the torsional stiffness of strand, it was desirable for a better

under standing of bond to study the effect of the torsional stiffness

and the shape of the strand in more detaill

he shap f the stran For this purpose, tests

with twisted square steel bars and straight (nontwisted) strand were

performed.

10.2 Tests With Twisted Square Steel Bars

Seven-wire strand is usually manufactured with a standard
pitch for each strand size. Because it was desired to vafy the pitch,
~strand was not suitable for this investigation. Instead, cold rolled
solid square steel bars were chosen which were twistéd on a lathe by
different amounts as described in Section A.2.4. The bar cross section
was 5/16 in, square. The amount of twist was expressed in terms of the
angle o which was formed by the hé1ica1 edges of the twisted bar and
its axis. Pull-out tests were'conducted in the same manner as with
strand. The bonded length was one in.
Series QB09=1 cénsisted of 17 pull-out tests: three concrete
.specimens contained untwisted bars,'three contained bars with twist
angles of 8 to 14 degrees, three specimens contained bars with twist
angles of 27 to 29 degrees, and the rest contained bars with angles of
36 to 4b degrees. The twist angles differed within each group because
it was not possible to control the amount of twist on the lathe exactly,
Furthermore, the angle of twist varied slightly along the length of a

given bar for reasons stated in Section A.2.4, Although the bars were
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bonded over a length of one in. only, this nonuniformity was reFlected in
the scatter of the individual test results (Fig. B.50 through B.51).

The average bond=-slip relationships of series QB09-1 are
plotted in Fig. 10.2 and 10.3. It was necessary to show the resulfs
in two graphs, with the slip plotted both to a linear and a logarithmic
scale, in order to emphasize the differences at very small slips és
well as at large slips. The graphs contain two major groups of tests:

(a) The concrete.specimens'were allowed to rotate during
the test (v = 0%, 11°, 28°, 38°, u4°), The average results are
représented by»solid lines.

:(b) The concrete specimens were restrained ffom rotating
(o = 37°, 46°). The results are shown with broken Tines.

W}thin gfoup (a), the initial bond force increased onTy
slightly with the twist angle. The maximum bond force, however, was
'infiuenced significantly by the twist angle. After the peak force
was reached at slips smaller than 0.007 in., the load dropped suddenly
and approached a nearly constant bond force which was 30 to 70 percent
Idwer than the maximum bond force,

Group (b) consisted of only three specimens (o = 37°, 37.5°,
46°) which displayed completely dif%erent bond-s1lip characteristics |
(Fig. 10.,3). The initial bond forces at a slip of 0.0001 in. were stijl
of nearly the same magnitude as that of the test specimens with comparable
twist angles of the first group. However, while the bond forces of the
freely rotating specimehs dropped off at slips smaller than 0.007 in.,

the bond force of the rigidly held specimens kept rising with increasing
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slip. The maximum bond force developed by the restrained sbecimens
was several times greater than the bond force of identical but freely
rotat ing specimens. This demonstrates effectively the influence of the
torsional stiffness on bond. Twisting of the bars, in the torsionally
restrained case, led to increased contact pressures between the steel
and the concrete which, in turn, improved the bond strength. 1In the
unrestrained case, any build-up of horizontal restraints was prevented
by the freely rotating concrete specimen. Therefore, the torsional
stiffness of the bars did not affect the bond strength.

The maximum bond force of the tofsiona]ly restrained specimens
was approximately 3500 1b. Immediately after reaching the peak force,
hthe load dropped. The bars stopped twfsting and were ripped out of
the concrete Tike deformed bars. This is demonstrated by thas twist-slip
relat ionships plotted in Fig. 10.4. Exactly at the slip values at which
the load started to drop, the twist-slip relations of the restrained
specimens turned into horizontai iines., This indicated that the concrete
embedment was not rigid enough any more to enforce a further twisting
of the steel. The crushing of the concrete keys between two reighboring
-generators of the twisted bar resulted in a friction surface that was
rough enough to cause the bond force to decrease at a relatively slow
rate. The high amount of friction kept the twisted bar from instantly
rotating back to its original position. A slight rotation with reversed
trend is indicated however by the twist-slip relations in Fig. 10.k4,

Summarizing the results of the foregoing investigation, it

may be concluded that the torsional stiffness and the pitch are important
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factors for the bond strength of those bars that tend to rbtate when being.
subjected to bond forces. The pitch of the bar determines the relation-
ship between the axial slip and the amount of rotation (Eq. 10.1).
Furthermore, for a given torsional stiffness of the bar, the pitch
determines the magnitude of the contact pressure, and consequently the
increase in bond strength. Vice versa, the bond strength that can be
developed for a constant pitch is proportional to the stiffness of the
bar until either the cross section yields or the concrete is crushed

under the high contact pressures.

10.3 Tests with Straight (Nontwisted) Strand

The nature of the bond-slip reTation of strand differed
significantly from that found for plain wire (Fig. é.l). Since the
torsional stiffness of strand seemed to be too small as to affect the
bond strength of strand to a greater extent (Section 3.3), the bond-
s1ip characteristics of strand must be influenced by the cross sectional
shape, or the group arrangemeht of the wires. 1In order to investigate
this effect, pull-out tests with straight, nontwisted strand weré‘
performed.

The straight strand was fabricated in the laboratory by
assembling several straight wirés to a parallel bundle, Grouping of
three or seven wires resulted in straight three- or seven-wire strand,
The individual wires were cut from the untwisted center wire of twisted
7/16=in, strand. 1In order to keep the group of wires in touch during
casting, and to assure a uniform slip of:all individual wires during

the test, the wire bundle was tack-welded approximately two in, below
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and above the bonded length. The dimensions of the pull-out specimens
were identical to the standard specimehs,

Series UA09-1 consisted of three specimens with straight
seven-wire strand and two specimens with straight three-wire strand.
The average bond stresses of the straight three- and seven-wire strand
are plotted in Fig. 10.5. The results are compared with the average
bond=slip re]ationship found for single center wires of strand in
series WAO8-1., The wires tested in a group developed a higher initial
bond stress than a single wire. Grouping of the wires apparently
affected also the nature of’the whole bond;s]ip relation. While the
bond strength of the single wire decayed rapidly after the initial
bond was exceeded, the bond stress of the straight strand decreased
only s]ightly.r Beyond a slip of approximately 0,01 to 0.03 in., the
bond stress increased again,

In‘Fig. 10.6,.the unit bond force-é]ip relations of the
straight strands are compared with the average unit bond force-slip
relation of regular 7/16-in. strand. The initial bond forces of the
seven-wire strands were almost identical., The shape of the bond=-slip
.relations was comparable throughout the whole range of slip. The unit
bond force of the straight three-wire strand, of course, was less than
that of the seven-wire strand because of the difference in the bonded
area.

A comparison of the characterisfic shapes of unit bond force-
slip relationships for regular strand, straight strand, and plain wire

is presented in Fig. 10.7.



11. ON THE NATURE OF BOND BETWEEN STEEL AND CONCRETE

11.1 General Concept of Bond

Bond between steel and concrete has been investigated for
almost a century, yet the understanding of its nature is still incomplete.
The difficulty in developing a clear concept of bond derives from the
fact that the sources of bond are of a microscopic nature. Although,
as practice shows, it is not absolutely necessary to understand the
nature of bond in order to arrive at a satisfactory-design with the aid
of relevant bond tests, a thorough knowledge of the sources of bond
would help reduce the amount of required festing and make it possible to
predict and understand the influence of variables to which bond is most
sensitive,

The following hypothesis for the nature of bond was arrived
at mainly on the basis of experiments and theories which were reported,
especially in the pastvfew years, in the literature about friction
(Bowden, 1964; Kraghelskii, 1965; Rabinowicz, 1965). 1In order to explain
the mechanism of bond, two basic types of contact betwegn two solid
materials shall be discussed:

(a) When two solid materials are placed in contact, they
will touch each other only at certain points, no matter how smooth the
surfaces of contact may appéar (Fig. 11.1a). The individual area at
which actual material-to-material contact‘exists is commonly called the
junction, The summed area of the junctions is generally very small
compared with the apparent area of contact. If a force perpendicular

to the plane of contact exists, and one body is moved with respect to
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the other one, parallel to the plane of contact, a force is required to

overcome a certain resistance to motion. This resistance is known as

friction, It is _determined_by the shear _strength_in the junctions, . . .
i.e. the real areas of contact. If the friction force is exceeded,
shearing may take place either through the junctions, or if one material
has less shear strength than the junction itself, the material may

shear close to the junction. The friction force remains approximately
constant as sliding progresses because a new set of junctions is formed
immediately after the destruction of an existing set.

A finite area of contact in the junctions is formed only if a
lateral force presses the two materials together. Because of the small
area of contact, it may be assumed that the stresses in the junctions
are so high, even at extremely small ]atera] forces, that the material
near the junctions yields. Assuming furthermore that the yield stress
of the material remains approximately constant, it may be derived that
the real area of contact increases in direct proportion to the lateral
force. Consequently, the friction force, which depends on the actual

shear area, is a linear function of the lateral force. This approach

- assumes that the unit shear strength of the junctions is not enhanced

by the confining effect of the normal force,

(b) When a solid material, like steel, is cast into a
viscous material thét hardens after some time, like concrete, the
contact between the two materials is, in contrast to the above condition,
cont inuous (F}g. 11.1b). The two materials are solidly interlocked with

one another. If in this case a force parallel to the plane of contact
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is applied to one of the bodies while the other one is fixéd, the material
with the smaller shear strength shears off through a plane determined
approximately—by-the peaks of the surface of the stronger material.
Because the area of contact between the two materials is independent
of the lateral force, no contact pressure is required to provide an
initial resistance to sliding.

Since the conditions of contact differ from those described
in casé (a), the phenomenon of the initial shear failure of the inter-
Tocks should be distinguished from the phenomenon of friction. The
two cases described differ basically onl? in the initial stage of
sliding, because after the shear keys have failed in caée (b), a
system of two solid bodies sliding on one another is generated. The
contact is established by junctions formed by the rough edges of the
failure surfaces., This means that a true case of friction is obtained..

The mechanism of bond between steel and concrete may be said
to consist of two principal phases: an initial intérlocking phase, as
described in case (b), and a frictional sliding phase, as described in
case (a). The initial shear failure will take place in a plane through
the tips of the steel keys because the shear strength of concrete, or
rather cement paste, is lower than that of steel. Since it may be
assumed that after the failure the indentations in the surface of
the steel are still filled with concrete, or cement paste, the new
system of contact consists mainly of concrete sliding on concrete
(Fig, 11.1c) which becomes a problem of friction.

After the initial shear failure of the interlocking concrete

keys, the contact surface is relatively rough. Further sliding leads
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to a process of abrasion of the concrete surfaces by which loose wear
particles are formed between the two solid concrete layers, The amount
of abrasion increases with the distance of sliding. It may be assumed,
therefore, that after some slip a thin layer of loose wear particles has
formed between the sliding surfaces (Fig. 11.1d)

In the following sections the above concept will be investigated
in detail and each phase of bond will be studied in relation to the

results of the bond tests.

11.2 Surface Roughness of Steel

The surface of an apparently 'plain'' bar, produced either by
rolling, drawing, or even machining, is marred by a complex of micro-
scopic deformations. Rehm (1961) measured the indenfations on the
surface of various reinforcing steels with a profile metér, an apparatus
that records the vertical movements of a fine needle while it is trans-
versing the surface. The radius of the tip of the needle used was 0,001
in. Therefore, only ?ndentatiohswith openings larger than 0,002 in.
could be recorded.

The measured surface profile of cold drawn wire showed
-indentations with a maximum depth of approximately 0,0008 in. (Fig. D.1).
Rehm reported that numerous surface measurements indicated that the depth-
to-width ratio of the indentations remained roughly constant. This
ratio measured for cold drawn wire was, according to the profiles

reported by Rehm,fapproximately 1:10 to 1:15,
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11.3 Interlocking Between Steel and Concrete

After showing that the steel surface of prestressing wire is
relatively rough despite its smooth appearance, it is not difficult to
imagine that a firm physical interlocking takes place between the
steel and the initially semiliquid, later hardening concrete.,

An investigation by Martin (1967) indicated that the inter-
locking is of a much more complex nature than that produced merely by
the physical roughness of the steel surface. Martin}presented a theory,
bésed mainly on pictures taken with an electron microscope of the
contact surface between steel and cement mértar, which assumes that
water together with dissolved calcium=hydroxide and other dissolved
substances of the fresh cement paste penetrate the complete oxide layer
of the steel, kThe oxide layer, which covers every steel surface after
being exposed to air for a short time, is so porous and coarse in its

structure that penetratfon is very easy. The penetration is most
probably a simpie diffusion., Silicon and calcium do not only move
through the oxide layer but are built into the surface of the metallic
iron. The movement of thé dissolved components of the cement through
-the oxide layers leads to various types of reactions. Adsorptions
along boundary surfaces, recrystallfzations in intermediate layers,

and epitaxies“ at the pure metal result in an extremely interlocked

structure between steel and cement.

o

KEpitaxy: oriented growth of one crystalline substance on a substrate
of a different crystalline substance,
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According to Martin, the interlocking of steel ana concrete
is not only of a physical but also of a strong chemical nature. Because
of this intense interlocking it should be expected that a certain bond
force can be applied to a plain wire embedded in concrete before measur-
ing any s1ip, The typical characteristic of the measured bond=slip
relationships of plain center wires of 7/16-in. strand was indeed such
that the bond force increased initially without measurable slip (Fig.
11.2). After developing a bond stress in the order of 300 to 400 psi
(applied lateral pressure = 0), the bond force dropped suddenly. At
the same time, a large slip took place. This abrupt change in bond force
suggests that the interlocking structure failed at that point and that
'the bond force developed from then on was a matter of sliding fr%ction.

For the following discussion of the initial shear failure,
the simple conceptual model of a physical interlocking between steel
and concrete will suffice, The test results of Fig. 8.2 and 8.3 indicate
that the initial bond strength (i.e., the bond strength at which'shearing
of the interlocking structure takes place) increases with the magnitude
of the lateral confining hressure. The relationship appears to be linear
(Fig. 8.4). It follows that the shear strength of the concrete keys
interlocked with the indentations of'the steel sﬁrface is affected by
the lateral pressure.

A simple calculation will confirm the trend observed in the
tests. A simplified cross section through a‘concréte-steel interlock-
ing at the microscopic level is shown in Fig. 11.3a. It may be assumed

that the concrete shears through a plane as indicated in the figure.
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An element in the region of the shear failure is subjected to a known
normal stress Gy, an unknown normal stress Gx’ and an unknown shear
stress T (Fig. 11.3b). Since the magnitude of both o and T  is
Xy X Xy
unknown, let o be a certain portion of T, i.e. o =ct_, Also
X Xy X Xy
assume that the shear failure occurs when the principal tension in the

element"eXCeeds the tensile strength of the concrete.  Thus,

CT,., * O / (?TX -c )2 21

= = A Xy Y

o, ft ——-\L—————\Lz + — +Txy‘ (11.1)
where o, = principal tensile stress and ft = tensile strength of concrete.

For the shear stress Txy, the following expression is obtained

2 2 '
e, - ) - Je (0, - £)7 = b £ (0 - )
T - (1102)
xy 5 |

n

By assuming a value for the tens}!e trength of the concrete,
the shear stress may now be p]btted as a function of the lateral stress
oy for various ratios of’c. Figure 11.4 shows that the shear stress
increases with the lateral pressure. The relationship becomes more and
more linear as the value of c increases,

An analysis based on a finite-element method was used to
determine the stress distribution in a concrete key of an assumed
rectangular shape (see Appendix D), The results indicated that the

ratio ¢ was approximately 0,5 (Fig. D.5 through D.7). For a ratio of

c = 0,5 the relationship between shear stress and lateral pressure
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(Fig. 11.4) was found to be approximately linear, Thus, the trend
indicated by the simplified calculation agrees fairly well with the
trend observed in the tests.,

The magnitude of the shear stresses found by calculation
cannot be compared with the measured bond stresses., It was pointed
out in Section 11.2 that the indentations on:the surface of the steel
may have a width-to-depth ratio of approximately 10:1 to .15:1, Accord-
ing to the results of the analysis, the stress transfer from the steel
to the concrete is confined approximately to the uppe} third or upper
fifth of the concrete key (Fig. D.5 through'D.7). The failure condition
assumed in-the calculation will be reached in that portion therefore
before the rest of the shear key has been stressed to a large extent.
The total shearing of the interlocks may be assumed tb be a progressive
type of fai]ﬁre. Since the measured bond stresses thus represent only
average values, the stresses for the conditions of failure are expected
to be much higher,
| The calculation was not intended to match the test data
because of the simplified assumptions méde with respect to the mode
of failure, the magnitude of the limiting concrete strength, and the
distribution of the stresses. However it demonstrates that the approxi-
mately linear re]atfonship between the initial bond stress and the
lateral pressure, as observed in the pull-out tests, is explainable by
means of the hypothesis which assumes that the initial bond failure is
a shear failure of the concrete keys,

The analysis of the stress condition within the concrete key of

the microscopic interlock is of interest also in relation to the bond
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mechanism for deformed bars, In the case of deformed bars,'the concrete
key in Fig., 11.3a represents ideally the concrete between two lugs.
Figure D.8 shows the directions of the principal tensile stresses with-
in the concrete key, If tensile stress is the primary criterion for
cracking, the initial cracks should be approximately perpendicular to
the direction of the principal tensile stresses. Therefore, cracks
should extend from near the bearing face of the key making an acute
angle with the longitudinal axis of the reinfofcing_bar. Viewed in
two dimensions, this phenomenon would transform the concrete into a
series of discrete ;o]umns supporting the Ear at one end and bearing
on the mass of concrete at the other end (Fig. 11.5). Reactions from
" these inclined columns would create the excessive hoop stresses around
the bar which lead to splitting of the concrete, Depending on the
relative size of the shear key and the surrounding mass of concrete,
it fs, of course, possfbie that the ''columns! fail in shear before

splitting of the concrete takes piace,

11.4 Frictional Bond

According to the basic quantitative law of friction, the

friction force F is determined by
F = uN (11.3)

where p = coefficient of friction, and N = lateral force acting normal

to the direction of sliding,

In Eq. 11.3, the friction force is stated to be independent

of the apparent area of contact, This is explained by the fact that the
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frictional mechanism is determined by the real area of contact (Fig.
11.1a). The real area, however, is independent of the apparent area
and depends only on the magnitude of the lateral force and the yield
stress of the material.

On the basis of results from friction tests performed with
various materials, the coefficient of friction appears to be a function
of the sliding velocity (Bowden, 1964; Rabinowicz, 1965). However, with-
in a wide range of velocities, the friction coefficient remains nearly
constant. The small influence of the sliding velocity on the friction
coefficient may be explained by the insensitivity of the shear strength
of most materials to the rate of loading at moderate to slow loading
speeds.,

In general, the friction coefficient is also found to be less
dependent on the roughness of the sliding surfaces than is commonly
assumed, This phenomenon is understandable if it is rea]ized that
friction is determined mainly by the shear strength at the junctions,
However , the friction coefficient is affected by extremely smooth and
extremely rough surfaces. 1In the first case, thé real area of contact
" is larger than that determined by the yield stress of the material and
the lateral force. Therefore, the friction coefficient increases.

In the case of very rough contact surfaces, one surface has to be lifted
over the other one, or a kind of interlocking may take place that neces-
sitates shear failures through interlocking keys fhe area of which may
exceed that determined by the junctions, Consequent]y, the friction

coefficient increases in that case, too,
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The bond-sltip relationships for prestressing wire appear to
fit into the framework provided by the current concepts of friction.

Two sets of measured bond-slip curves are shown in Fig. 11.2,
The curves refer to two different concrete strengths and three levels
of confining pressure,

With respect to different bond mechanisms, each bond-slip
curve may be idealized by two straight lines as shown in Fig. 11.2:

(a) a vertical line which represents the interlocking mechanism between
steel and concrete, and (b) a horizontal line which‘represents the
mechanism of sliding friction,

The vertical line is terminated by the bond stress that is
" developed when the interlocking concrete keys shear off. The ordinate
of the horizontal line is determined by the bond stress caused by
sliding friction. A third Tine connecting the end of the vertical
lTine with the beginningvof the horizontal line represents a transition
from one bond mechanism to the other. Theoretically, the transition |
may be expected to follow a vertical line, in practice however, the
transition occurs gradually along a curve that approaches the horizontal
. friction line asymptotically,

Both bond mechanisms are related to the shear strength of
concrete, However, the areas to be sheared off are different for both
cases, During the interlocking phase, the area is determined approximately
by the roughness of the steel surface, assuming that the cement matrix éf
the fresh concrete penetrates into all indentations of the steel, The

area is independent of the lateral stress., During the frictional phase,
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the area of sﬁear is determined by the lateral force, The initial
interlocking mechanism leading to the maximum bond stress cannot be
mobilized again after the concrete keys have failed, The mechanism
characterizing sliding friction repeats itself endlessly because
simultaneously with the destruction of an existing set of junctions
a new set is formed.

When the interlocking structure fails, two phenomena occur
at the same time: (a) the bond force drops to the friction force
because the area of shear is smaller fér the sliding system than for
the interlocking structure. (b) A further reduction of the bond force
takes place because of a loss of contact stress.

The second phenomenon is due to a partial reduction of the
intensity of the contact, Concrete is a porous material with voids
that range from micro to macro size. It is assumed that.shearing of
the interlocking keys results in the formation of loose wear particles.
Through displacements of the contact surfaces, the wear particles are
transported and deposited in pores opened by the shear failure. This
is identical to a volume shrinkage of the concrete near the sliding
isurfaces. The phenomenon may be compared to the behavior of loosely
packed sand subjected to shear deformations. Caused by the lateratl
displacements, the sand grains in the shearing zone rearrange themselves
in a more compact manner which results in a reduction of volume,

The apparent shrinkage of the solid volume near the sliding
“surfaces leads to ‘a decrease in contact pressure-because -it -is extremely

sensitive to the quality of contact. A relative separation of the steel
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and the concrete in the order of 10°° to 10-4 in, would suffice to

reduce the contact stress due to external pressures of the magnitudes
applied in the tests to zero. (A discussion of this problem is presented
in Appendix C).

According to Eq. 11.3, the friction force is determined by
the product of the lateral force and the friction coefficient, Since
the lateral force acting on the surface of the steel due to shrinkage
or externally applied pressure ié unknown because of the drop in con-
tact stress following the initial shear Failufe, it is not possible to
determine the coefficient of friction re]fably from the data shown in
Fig. 11.2,

Before continuing the discussion about the bond mechanisms,
attention should be called to the fact that the increase of the bond
strength with the lateral pressure was explained by different means
for the interlocking méchanism and the frictional mechanism. In the
kinter]ocking mechanism, the shear area is assumed té be constant. The
shear strength of the material is assumed to increase because of the
confining préssure. In the current friction theories, it is assumed
that the friction force increases because the shear area of the
junctions increases. The shear strength is assumed to remain constant,

Considering‘the different states of normal stresses that exist
in the shear regions of the two bond mechanisms, the different explana-
tions are not unreasonable., In the interlocking phase, complete contact

o | VS .

is assumed between the concrete and the steel. Under the lateral pressures

applied in the tests, the stresses normal to the shear plane of the
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inter locking structure are well below the strength of the material,
especially because the material was confined in the directions parallel
to the shear plane. Therefore, each increase of the lateral pressure
results in an increase of the normal stress in the shear region. Be-
cause of the increasing normal stresses, higher shear stresses can be
developed.

In the frictional phase, the contact between the steel and the
concrete is limited to the juncti~ns. Therefore, the unconfined material
at the junctions 'yields'' at low pressures. Since the normal stress in
the junctions cannot increase anymore, the shear strength per unit area
remains constant. The increase of the total shear force is possible

' by expanding the area of the junctions,

11.5 Stick=Slip Motion

In many pull=out tests with plain wire and strand, it was
observed that the steel slipped in a regular intermittent motion which
is usually described as Hstick-s1ip" motion (Fig. 8.9). This indicated
that the friction force did not remain constant as a function of time,
According to Rabinowicz (1965), stick-slip motion, which is typical for
friction tests, may arise whenever the static coefficient of friction
is markedly higher than the kinetic coefficient. Sampson et al (1943)
found that for very short periods of stationary contact the kinetic
and the static coefficients of friction are identical, However, while
the kinetic coefficient may be assumed to remain constant within a

wide range of sliding velocity, the static coefficient varies as a
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function of the time of contact according to Ishlinski and Kraghelskii
(194L+). Experiments 5y Dokos (1946) indicate that the static coef-
ficient of friction varies significantly for short times of contact
(Tess than one second) and relatively little for longer periods. The
time of contact refers to the period from the beginning of the appli-
cation of the tangential force to the time the body stides.

In relation to the above, the bond-slip relations observed
in the pull-out tests may be interpreted as follows. After the initial
shear failure between steel and concrete, the bond force drops to the
fevel of the friction force. Because of tﬁe sudden slip, the force
comes to an equilibrium at a level below the value of sliding friction.
Until the bond force is raised to the level of the friction force, no
slip takes place. This short time of contact is enough to initiate
a higher static friction coefficient. Therefore, the bond force
~increases beyond the ;fiding friction force. After exceeding the -
static friction force, a sudden slip takes place with an attendant drop
in the bond force. Since the bond force drops again below the level
of the sliding friction capacity, the following increase of the bond
. force takes place without slip. Consequently, static friction can
develop -again. These steps repeat themselves regularly. It may be
assumed that the mean value of the friction force between peak and valley
of the stick-slip amplitude is the average kinetic friction during the
slip.

The amplitude of the stick-slip motion observed in the tests
increased with the lateral force because the difference between the

static and the kinetic friction force is proportional to the lateral

pressure,
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11.6 Determination of Friction Coefficient

Several tests in which a constant lateral pressure was
applied to the pull-out specimens were continued after a slip of 0.15 in,
had developed by increasing the lateral pressure in steps of 500 psi.
During that phase of the test, no slip measurements were taken. Typical
force=-time relationships as recorded by the plotter of the testing
machine are shown in Fig., 8.9. The plots indicate that the bond force
responded immediately to each increase of the lateral pressure,

The frictional character of the bond mechanism at that stage
of the test is demonstrated by the fact that the average bond force
remained approximately constant after each increase of the lateral
'pressure. The slight decrease of the bond force noticed for each
period during which the pressure was held constant had approximately
the same trend as the bond slip curve at a slip of 0.15 in. (Point B
for plain wire in Fig. 8.9). This can be attributed to either a small
decline of the contact stress or to the reduction in the friction
coefficient resulting from the increasing amount of loose wear particles.
The latter cause appears more plausible,

The maximum bond force reached immediately after each pressure
increase in tests with plain wire (Fig. 8.9) was slightly larger than
the peaks of the following stick-slip motion, because the static
friction coefficient developed for that case was higher due to the
longer period of contact. Since, according to the previous section,
the actual friction coefficient oscillates around the true coefficient
of sliding friction as the slip increases, the average friction force
determined by the stick-slip motions will be used to calculate the

coefficient of sliding friction.
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It was assumed in Section 11,4 that at a slip of 0.15 in.
the contact pressure was smaller than the externally applied pressure.
However, it may be concluded that an increase of the external lateral
pressure at that point of the test will result in an equivalent increase
of the contéct stress because further slip is not likely to lead to a
significant compaction of the material near the sliding surfaces as
it was the case immediately after the interlocking structure failed.
(A detailed discussion of the relationship between the externally
applied lateral pressure and the contact stress is given in Appendix C).

Knowing the increase of the contact stress as well as the
response of tHe friét?on force, it is possible to calculate the fric-
" tion coefficient i for each individual increase of lateral stress by

the expression

P -P
L = L 11 L)
M UdG ("D‘I
2
where Pi’ P; = bond forces according to Fig. 8.9, U = bonded area

(= 0.461 fnz for plain center wire of 7/16~in, strand) and do2 =
. increase of the lateral pressure (= 500 psi).

The individual friction ceefficients obtained in this manner
are plotted in Fig., 11.6 versus the laterally applied pressure. Al-
though the scatter was relatively large, it appeared that the friction
coefficient was independent of the lateral pressure within the range
from 1000 to 4000 psi. The average coefficient of friction found was
W = 0.29 for concrete mix A (fé = 6100 psi) and & = 0.32 for concrete

mix B (fé = 8200 psi).
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Figure 11.6 does not contain the friction coefficients
calculated for the first increase of the lateral pressure because
it was found that the coefficient determined from the first increase
was significantly lower than the values fgr the following pressure
enhancements (Fig. 11.7). This result agrees fully with the explana-
tion given for the bond mechanism in Section, 11.4, The first increase
of lateral pressure had to close a ''gap'' between the two sliding surfaces
which was created through the compaction of material bétween the contact
surfaces., Consequently, the contact stress increased by less than 500
psi. For any further increase of the lateral pressure, a fully com-
pacted material at the contact existed which resulted in stress increases
‘comparable to those applied externally.

The friction coefficients mentioned above were only sltighttly
lower than the fictitious coefficients of friction that are obtained
for the initial bond if the sheér failure of the interlocking structure
is explained in terms of Frict{on. The fictitious values which may
be determined from the slope of the average bond stress-lateral stress
relationships of Fig. 8.4 are found to‘be 0.33 for concrete mix A énd
0.38 for concrete mix B. The small difference between the initial
friction coefficient! and the coefficient of sliding friction indicates
that the area of contact through which shearing takes place differs little

for both cases,

11.7 Concluding Remarks

The results of pull-out tests with plain prestressing wire

agree with the hypothesis that bond of plain bars is caused basically
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by two different mechanisms: an initial interlocking mechanism
between the steeland the concrete followed by one of sliding friction.

The bond stress developed both during the interlocking and
the frictional phase appears to be extremely sensitive to the normal
stresses existing at the contact surface between steef and concrete,
The initial slip of the steel following the shear failure of the
intef!ocking structure results in a drop of contact stress, and there-
fore in a relatively large reduction of bond stress.

The coefficient of sliding friction between concrete and plain
prestressing wire was found to be approximéte1y 0.30. This value was
‘obtained under the assumpt ion that the contact stress in the tests was
‘equal to the externally applied pressure, It is very unlikely that the
%pontact stress was lower than the external pressure. However, it is
conceivable that the contact stress exceeded the external pressure by
as much as 20 percent. 'This would reduce the coefficient of friction
to 0.25.

Under conditions where no external pressure is applied, the
contact stress necessary to initiate friction after the initial shear
.failure of the interlocking structure has taken place is supplied

primarily by shrinkage.,



12, A CONCEPTUAL MODEL FOR BOND OF STRAND

12.1 Introductory Remarks

The basic bond mechanisms governing the bond characteristics
of plain wire also determine the bond strength of strand. However, the
actual stress distribution existing at the contact surface between the
strand and the concrete due to a pull-out force is rather complicated
compared with that for plain wire because of the geometry of strand,
Provided the concrete specimen and the strand grip are fixed with respect
to rotation around the axis of the strand, any slip causes the strand to
~untwist itself. This property diétinguishés strand, with regard to
bond, both from plain bars and from deformed bars.

In order to study the principal féatures determining the bond
capacity of strand, it was desirable to design a simple conceptual
model which would make it possible to link the bond properties of
strand with those of p]éin wire,

in the following sections, such a model will be developed
both for the initial phase of bond which is determined by interlocking

between steel and concrete and for the sliding phase which is determined

.by friction,

12.2 1Initial Bond

The initial bond refers to that phase of the bond-slip relation
during which no slip between the strand and the concrete has yet developed,
The initial bond force, used frequently in the following discussion,

refers to the initial bond strength.

84
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To simplify discussion, strand may be thought of aé a round
bar with several lugs protruding from its surface. These lugs, repre-
senting the exterior wires of the strand, run helically around the bar
forming an angle o with the axis of the bar (Fig. 12.la). 1If only a
very small element of the bar is considered, as shown, a two-dimensional
model is obtained., Consider this element being pulled down vertically
through a mass of concrete. It is assumed that only the lug is bonded
to the concrete.

The following forces indicated in Fig. 12,1b act on the lug
in the model: |

(1) A pull-out force P/n, where n represents the number of
lugs, or in the case of strand, the number of exterior wires.,

(2) A normal force N/n due to P, acting on the inclined
plane of the lug.

(3) A shear force gN/n, where q reflects the increase in the
shear strength of the interlecking concrete keys with the normal
pressure. - The factor q is comparable to the slope of Coulomb's failure
envelope. It may be determined from the initial bond stresses obtained
“for plain wires under various lateral pressures (Fig. 8.4). It was
found to be approximately 0.33 for a concrete strength of élOO psi, and
0.38 for a concrete strength of 8200 psi.

(4)‘ A shear force V/n which represents the interiocking
strength between concrete and steel. Qualitatively, the shear force
V is determined from the pull-out tests on plain wire, It includes the

effect of shrinkage.
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(5) A horizontal force F/n which is due to the externally
applied lateral pressure,

(6) A shear force qF cosa/n which is comparab]e to the shear
force qN/n but is caused by external lateral forces not including shrink=
age. This force is modified by the angle ¢ because it is assumed that
stresses parallel to the shear plane do not have a confining effect
on the concrete.

A similar element to that shown in Fig. 12.1a may be considered
at the opposite face of the bar. -With respect to the axis of the bar, this
element presents a mirror image to that in Fig. 12.1b. Consequently, the
hor izontal components of the forces will create an internal torsionaf
moment . In the case of a freely rotating strand or concrete specimen,
however , no external torsional moment can be generated by the strand
while untwisting itself in the free length between the strand grip and
the bonded length, Theréfore, the iqitial moment must be equal to zero,
and the forces of each element must be in equilibrium.

Summing the forces in the x= and y=-direction yields:

J

gN V ‘qFcosg
n n

31

P _. N
- sina - = =0 (12,2)

By eliminating the normal force N, the pull-out force P may be expressedl

in terms of the shear force V, the lateral confining force F, the factor



87 ~
q relating the shear strength to the normal stress, and the twist angle
(04N

cosqy = gsing

The shear force V, which represent; the bond resistance
provided by the interlocking concrete keys, may be determined readily
because for plain wire the initial bond force developed is equal to the
shear force V (¢ = 0, F = 0). Assuming that V is linearly proportional
to the bonded area, the initial bond férce of plain wire has to be
multiplied by the ratio of the actual surface of the strand to that of
the plain wire in order to obtain the shear force V for sfrand. The
~twist angle ¢ for the various strand sizes is listed in Table A.2.

With Eq.-12.3, it is possible to célcu1ate the initial bond
force of strand using data from plain wire tests. 1In Fig. 12.2, the
calculated initial bond force for strand is plotted versus test results
obtained’with various strand diameters, All the experimental data were
derived from specimens cast wiih concrete mix A and tested at an age of

eight or nfne days. No lateral pressure had been applied to the specimens

The calculated value of the initial bond force compares fairly
well with the average value of the test results for 7/16=in. strand and
1/2=in. strand. For 1/L-in, and 3/8-in. strand, the calculated initial
bond force lies at the lower boundary of the test results. It shou]d!be
noted, that the factor q used in the calculation (q = 0.33) was derived
from tests with center wire from 7/16~in. strand. It is conceivable,
that the exterior wires of some strands had different surface characteris-

tics than the center wire of 7/16-in. strand and therefore developed
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different initial bond properties. It was pointed out already in
Chapter 5 that 3/8~in. strand developed bond=slip characteristics that
differed slightly from those of other strand sizes.,

For practical purposes, it may be concluded that the initial
bond force of strand increases approximately linearly with the strand
diameter. The slight deviation of the calculated values from a straight
Tine (Fig. 12.2) derives from small differences between the measured
and the nominal geometric properties of strand.

Using Eq. 12.3, it is also possible to calculate the initial
bond force developed by strand under lateraily applied pressures. In
that case, the lateral force F is determined by multiplying the actual
bonded area of strand with the lateral stress applied.,

Test results obtained with 7/16-in. strand are presented in
Fig. 12.3, Compared with the test results of Fig. 12.2, the initial
bond forces in the case-with no lateral pressure applied are significantly
higher. This fact is due to the higher age of the concrete specimens at
the time of testing., The trend of the bond strength to increase with the
age of the concrete was confirmed for strand in Section 6.5 (Fig. 6.12).

Lacking tests with plain wire comparable in age to tests with
strand shown in Fig. 12.3, the initial bond force of strand at zero
Tateral pressure could not be reproduced theoretically on the basis of
wire tests., The increase of the initial bond strength with lateral
pressure, however, could be calculated using the second term of Eq. 12.3.
The calcu1ated‘relationship (Fig. 12.3) was obtained using a value of
q = 0.33 which was derived from wire tests conducted at an age of 15 and
17 days. The theoretical relationship compares fairly well with the

test results.
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It was mentioned above that for a freely rotating>strand or

concrete specimen no torsional moment develops. If the concrete speci=
men and the strand are fixed against rotation, the free length of the
- strand between the strand grip and the bonded part unwinds while being
stretched under the load. As a result, a small torsional moment is
applied at the attack end of the bonded length causing an increaSe of
contact pressure between the strand and the concrete. It may be shown,
however, that this moment is too small to create a significant increase
in bond strength. Tests conducted with both test setups demonstrated
that the infiuence of the torsional moment'on the initial bond strength
is negligible (Fig. 3.7). For this reason, use may be made of Eq. 12.3
'regardless of the test setup.

The model shown in Fig. 12.1 and Eq. 12.3 may alsQ be used
for calculating the initial bond force of twisted square bars. Since
both the square bars and the strand are manufactured by cold drawing,
the same shear forcé per unit area, representing the interlocking
mechanism, may be assumed for both steels. The shear force V is deter=-
mined by the initial bond force that was developed in one=in, pull-out
-tests with untwisted square bars. The average value found was 170 1b
(Fig. 10.2).

Using the above value in Eq. 12.3, the fnitia] bond force of
square bars at an applied lateral pressure of zero psi may be obtained as
a function of the twist angle o. In Fig. 12.4, this relationship is

compared with various test values of series QB09=-1,
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The scatter of the test results, especially at Iarge twist
angles., is large. This may be deduced from the high degree of nonuni-
formity in the geometry of the square bars at large twist angles.
Nevertheless, the trend of the calculated relationship agrees with the

test data,

12.3 Sliding Bond

Siiding bond refers to the phase of bond following the shear
failure of the interlocking structure. It is characterized by sliding of
the steel with respect to the concrete. The mechanism of sliding depends
on the friction properties of the two materials in contact. It may be
assumed that the coefficient of sliding friction remains con;tant
within the range of sliding velocities observed in thé pull=-out tests,
Any»change in the friction force is therefore assumed to be caused by a
change in contact stress between the steel and the concrete.

When strand slips through the concrete it may either wind
itself through the concrete liké a screw, or it may untwist itse]f;
depending on the test setup. Since strand has some torsional stiff-
ness, the manner in which strand slides through the concrete affects
éhe magnitude of the contact stress between stee} and concrete., Con=
sequently, two different cases of sliding have to be investigated:

(a) the concrete specimen of the strand is permitted to rotate freely
around its axis while the strand is pulled out, (b) the concrete
specimen and the strand are held fixed with respect to rotation during
the test,

Since the strand in case (a) is not restrained from rotating,

no torsional moment will be induced into the concrete prism. In case
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(b), the strand is forced to untwist itself through the rigfd concrete
embedment. Therefore, a torsional moment is generated within the
concrete prism due to the rotational stiffness of strand.

In order to study the sliding mechanism of strand, a model
very similar to that used for the initial bond may serve as an aid.
A smooth prism with a protruding lug s]qnted at an angle ¢ represents
one exterior wire of the strand (Fig. 12.5). Consider only the lug of
the prism bonded to concrete. When the prism is pu}ied down through a
mass of concrete, the prism will slide along a plane indicated by
the lug.

The following forces indicated in Fig. 12.5b act on the lug
" of the model:

(1) A vertical pull-out force P/n, where n is the number of
Tugs or, in the case of strand, the number of exterior wires.

(2) A normaf force N/n due to P, acting on the inclined
plane of the lug. |

(3) A friction force Nu/n, where u'is the coefficient of
sliding friction between steel and concrete

(4) A lateral force F/n where F is due either to shrinkage
of the concrete or to an externally applied pressure

(5) A friction force Fu cosa/n

(6) A spring force ks/n which repreéents a concrete reaction
that is equal in magnitude to the force necessary to untwist the strand.
The constant k is a spring factor that corresponds to the torsional

stiffness of the strand, s is the vertical slip of the strand. The
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spring force ks is initiated only in case (b) described above, where
the strand is forced to untwist itself.
(7) A friction force ksp cosa/n
Summing the forces in the x- and y~direction, the following

two equilibrium equations are obtained,

P N F ks ks .

= Cosq = — W - =L COSQ - —= Weosq - —=singy = 0 (12.4)
Psine - N + ks cose = 0 (12,5)
n n n ‘

These two equations lead to the following expression for P

P_=.Fu + ks (2u + tana) _ ‘ (12.6)

1 = p tano
According to Sect ion 11.6, the friction coefficient U between
prestressing wire and concrete which may be used in the above equation

-trand o -lF irtmA tC be a

o s was found It is not possible

however, to give the magnitude of the lateral force F because both the
lateral force due to shrinkage and the contact force between steel and
concrete due to the externally applied pressure are unknown (see Section
11.4 and Appendix C). The whole friétion force Fu may be determined
approximately, however, by using the friction force developed by plain
wires and multiplying it w{th the ratio of the bonded areas of strand
and wire,

In order to determine that part of the pull=out force that is

related to the increased contact pressure due to the torsional stiffness
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of strand, the spring constant k has to be determined. Because of the
composite cross section of strand, it is very difficult to find k for
strand theoretically. In view of a better understanding of the effect
of the torsional stiffness on bond, it appears therefore expedient to
study the influence of the torsional stiffness on the bond force with
the aid of twisted square bars.

The torsional moment of a square bar is, according to

Timoshenko (1955):

_ 0.1406 GO aq

a (12.7)

T

~where G = shear modulus, © = torsion angle, a = width of the square
bar, and L = length over which the torsion is applied.

The torsional moment may also be expressed in terms of two
force couples, Qt, where Q is the resultant force due to the contact
pressure caused by the torsional moment, and t is the moment arm as

shown in Fig. 12.6. Thus the torsional moment becomes:
T = 2Qt (12.8)

- Combining Eq. 12.7 and 12.8, the force Q is obtained to

_ 0.1406 GO a4

Q K (12.9)

This force, however, is identical to the spring force acting

in the model of Fig. 12.5. Therefore

Q= — (12.10)
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The torsion angle is related to the slip s by the éxpression

g = 27, (12.11)

where - p -is--the pitch of -the bar. The pitch, in turnmay be expressed
in terms of the twist angle  and the width of the bar by the relation=
ship
p = a/2rcota ' (12.12)
Combining Eq. 12.9 through 12}12, the spring constant k can

be calculated by the expression:

3
_ 0,1406 n Ga” tanw
k = ot (12.13)

As an approximation, a triangular stress distribution at
the contact between steel and concrete may be assumed asAindicated in
Fig. 12.6. With this assumption, the moment arm t becomes equal to
2a/3. The other terms of Eq. 12.13 were determined by the tests per=
formed with square bars (n = 4,VG = ]1.5x106psi, a =5/16 in., and
L =9 in., where L was the free length between the strand grip and the
bonded length).

The spring constant k for 5/16-in. square bars, determined with
the assumptions above, is plotted versus the twist angle o of the bar
in Fig. 12.7.

Knowing the spring constant k, the pull-out force P can be
calculated for any slip with Eq. 12,6, The friction force Fu in this
equation is determined for every slip value by the bond force-slip

relationship of the untwisted bar. Two calculated bond-slip relationships
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for 5/16=-in. square bars are plotted in Fig. 12.8 versus test results of
series QB09-1. Considering the simplified assumptions made with the
two=dimensional model and the possible scatter'of the test results,
_the agreement of the theoretical solution with the test results is
good, The theoretical bond-slip relation is valid, of course, only

as long as the bars untwist themselves through the concrete, As soon

as the concrete is crushed under excessive contact stresses caused by
the rotational spring force of the baf, the bars are pulled out of

the concrete without further rotation, and the bond force necessarily
deviates from the predicted relationship.

The large increase in bond strength that is due to the
'torsiona]‘stiffness of the square bars in the case where both the steel
bar and the concrete specimen are fixed against rotation is demonstrated
effectively by the measured bond-slip relationships shown in Fig. 10.3.

The influence of the torsional stiffness of strand‘on bond may
be derived by a similar method.to that used above for twisted square bars,
The rotational stiffness of the strand was found by experimental means.

The test setup used to measure the torsional stiffness is
'shown in Fig. 12.9. A free length of 7/16-in. strand was loaded in
tension. While the tensile force was_he]d‘constant, the strand was
rotated by small weights acting over a pulley and a lever arm. The
weight‘neededvto rotate the strand and the amount of rotation in degrees
were measured.

Figure 12,10 shows the measured relationships between the
applied torsional moment and the rotation (and slip) of the strand

for different lengths tested. The results of several tests indicated
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that the tension force to which the strand was subjected did not
influence the torsional stiffness of strand within the range of 500 to
1500 1b that covers the unit bond strength developed by strand.

In order to determine the spring constant k, a resultant force
distribution representing the contact stress between strand and concrete
due to the untwisting of the strand is assumed as shown in Fig. 12.11,
The resulting force couples Qt, where Q is the force acting on each
exterior wire perpendicular to the main diameter of the strand, and t

is the moment arm, form the torsional moment
T = 3Qt (12.14)

Since Q is identical to the spring force ks/n acting on the

model shown in Fig. 12.5, the spring constant k may be expressed by
kK = 0L (12.15)

With the slip, s, and’the angle of rotation, ©, being inter-
related by Eq. 12,11, the spring constant k may be determined using
the results of Fig. 12.10., Assuming that the moment arm t is approxi-
&ately 5/6 of the strand diameter, the spring constant k for 7/16-in.
strand is found to be 2700 1b/in,

The second part of Eq. 12.6 represents the bond force that is
caused by the rotational stiffness of the strand. Consequently, this
part determines the additional bond force gained in those tests in whfch
both the concrete specimen and tHe strand were fixed against rotation,

Using the above value of k, a twist angle of o = 13.39, and an average
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friction coefficient of u = 0,30 (see Section 11.6), the difference
in bond force can be shown to be 24 1b for a slip of 0.01 in. and 240 1b
for a slip of 0.1 in.

The actually measured difference in bond force is shown in
Fig. 3.7, where average bond-slip curves are compared for both test
setups. The order of magnitude and the trend of the difference in bond
force to increase in proportion to the slip are comparable with the
calculated values,

It may be concluded from the experimental as well as the
theoretical investigation that the rotatioﬁa1 stiffness of strand, in
contrast to that of square bars, has only a very small effect on bond

‘strength. This can be related directly to the small.torsional stiffness

of strand.

12.4 Lack of Fit

The results of Eq. 12.6 and the statements made in the last
paragraph of the foregoing secfion lead to the conclusion that the bond
characteristics of strand should be directly comparable with those of
plain wire. However, a comparison of typical bond-slip relationships
ation developed by plain

developed by strand with a typical bond-s

lip
wire indicates that this conclusion is apparently not true (Fig. 12.12).
Consequently,_Eq. 12.6 does not include all the sources contributing to
the bond strength of strand.

- With respect to the above problem, the following observations

may be deduced from Fig. 12,12:
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(1) The bond characteristics may vary significantly from
one lot of strand to another.

(2) A sudden drop in bond strength comparable to that observed
with plain wire was measured for 7/16-in. strand of coil II fmmediately
after the initial bond strength had been exceeded.

(3) The bond force of strand increased with slip either
immediately after the initial shear fa%!ufe had taken place or after a
slip of approximately 0.0l in, had deve}oped. In contrast to that, the
bond strength of plain wire decreased with increasing.slip approaching an
approximately constant value.,

From the second observation, it may be concluded that, at
small slips, at least some strands tend to show the same bond charac-
teristics as plain wire., However with increasing slip, a new source
of bond strength seems to be activated that accounts for the‘fncrease
of the bond force of strand at slips larger than 0.01 in.

The new bond source may be explained on the basis of the
following hypothesis. Assume that the shape of the strand is not
perfect, i.e. that the diameter, the pifch, or the angle of twist vary
slightly along the axis of the strand. 1In that case, the strand would
tend to wedge as soon as it starts slipping through the presumably rigid
concrete embedment because of a certain lack of fit between the cross
sections of the strand displaced fhrough slip and the stationary concrete
channel. As a result, strand:would develop bondAcharacteristics that
are similar to those of deformed bars.

It is not very difficult to show that irregularities in the

geometry of strand exist. Figure 12,13 and 12,14, for instance, show the
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cross sections of a piece of strand cast in concrete which were located

at a distance of one in. from one another. The slices were made from a
random specimen with a bonded length larger than one in. (Series SAO9318).
The different spacing of the exterior wires indicates that the diameter
and the angle of twist must have varied from one cross section to the
other.

Another attempt to show the nonuniformity of strand was made by
measuring the diameter of two 7/16-in. strands at ffve different locations
within a length of one in. (equal to the standard length of the pull-out
specimens). At each location, the diametef was measured over the three
sets §f exterior wires. The measurement was accomplished with a dial
indicator having a reading sensitivity of 0.0001 in. Figure 12,15
shows the relative variation of the strand diameter. It was in the
order of 0.01 in.

The nonuniforﬁity of the strand may account for the difference
in bond characteristics between strand and plain wire as folliows:

(a) Theoretically, it may be shown that a small variation of
the strand diameter is enough to explain the difference in the relative
. bond forceé. According to the bond-slip relations plotted in Fig. 12.12,
plain wire would develop a bond force of roughly 200 1b at a slip of
0.10 in, if it had the same surface area as strand, Strénd developed a
bond force of épproximate]y 900 1b at the same slip. Thus, a bond force
of approximately 700 1b would have to be attributed to the lack of fit
of strand if the small effects of the inclined plane and the torsional

stiffness of strand were neglected (denominator = 1, k = 0 in Eq. 12.6).
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Using a friction coefficient of 0,30, as determined in Section
11.6, a contact stress of approximately 1260 psi would be required to
develop a bond force of 700 1b due to wedging of the strand. According

_to Eq. C.6 of Appendix C, an increase of the diameter of the strand by

0.00016in. over a distance of 0.10 in. would suffice to generate a con-
tact stress of the above magnitude. This required variation of the
strand diameter is less than the measured variation shown in Fig. 12,15,

It should be noted that the contact stresses mentioned above
may lead to circumferential tensile stresses of such magnitude that
radial cracking immediately around the strand will take place,

(b) Practically, it was shown that ''straight' (nontwisted)
strand which was fabricated in the laboratory as described in Section
10.3 (Series UAO9=1) displayed almost the same bond characteristics as
the twisted strand (Fig. 10.5 and 10.7). An explanation for the
difference in bond characteristics between a single wire and a group of
three or seven parallel wires is offered by the hypothesis about the
lack of fit. If all the individual wires are not perfectly parallel,
'straight! strand will show bond properties of a slightly deformed bar.
Because of the tack welding necessary to keep the wires in touch (Section
10.3), it was indeed not possible to produce a perfectly parallel strand.

The few tests performed with ''straight'' strand indicate that
the imperfection in the shape rather than the twist of the strand lead
to the relatively good bond characteristics of strand,

An appreciable difference was observed between the shapes of

bond-slip curves (Fig. 12.12) for strand acquired at different times.
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It is pertinent to discuss the observed difference in the light of
the bond mechanisms described,

Figure 12,12 shows that the bond force developed by 7/16-in.
strand of coil I increased immediately after the initial shear failure
of the interlocking concrete keys had taken place, In contrast, the
bond force developed by 7/16-in. strand of coil II dropped after ex-
ceeding the initial bond strength. After a slip of approximately 0.01 in.,
it also started to increase, It should be noted that the average initial
bond force was exactly identical, and that the bond force at a slip of
0.15 in. was nearly the same for both strands again,

The only difference between the two strands that could be
detected was that the surface of the strand had a dull, dry appearance
for coil I and a shiny, oily appearance for coil II. This seems to
indicate that the surface of the strand of coil I, which had been stored
in the laboratory for a much ionger time than coil II, was oxidized
to a greater extent.

A similar observation was made for strands of other diameters,
The surface of 3/8=in, strand resembled very closely that of the 7/16-in.
. strand of cbi! II, while the 1/4-in. and 1/2=in. strand had the dull
surface of the 7/16=in. strand of coil I. The 1/4=in, and 1/2=in.
strand displayed bond characteristics comparable to those of 7/16=in.
strand of coil I. The 3/8—ih, strand, however, developed a drop in bond
force at very small slips that was typical for 7/16=in. strand of coil
IT (Fig. 5.1), The decrease of the bond force for the 3/8-in. strand

did not occur immediately after the initial shear failure but at a slip

of roughly 0,001 in,
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The apparent influence of the surface properties onbthe bond
characteristics of steel could also be observed in tests performed by
Rehm (1961). The bond strength of round steel bars tested by Rehm
with a surface showing indentations of a depth of 0,003 to 0,004 in.
increased immediately after the initial shear failure at a much faster
rate than the bond force of bars having surface indentations of only
0.001 to 0.003 in.

It may be concluded from the above observations that the bond
characteristics of strand are affected by the surface roughness. Consider
therefore two contact surfaces between steef and concrete (Fig, 12.16):
(a) a contact showing a rough steel surface, characterizing 7/16-in.
;trand of coil I, and (b) a contact showing a ''smooth" surface,
characterizing . 7/16~in. strand of coil II.

With respect to the initial bond strength determined by shear
failure along the peaks of the steel surface, there should be no signi=
ficant difference between case (a) and case (b) because the shear area is
approximately the same for both cases. This conclusion was confirmed by
the tests (Fig. 12.12).

With respect to sliding, there may be a difference between case
(a) and case (b) at small slips. In view of the wider indentations,
it is likely that the initial roughness of the failure surfaces is
greater for case (a) than for case (b). Consequently, higher contact
stresses and additional shear stresses necessary to shear off ''rough
spots'' will cause initially a larger friction force in case (a). After

some slip, the degree of smoothness, and therefore the magnitude of the
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contact stress, will assume similar values for both cases. With the
assumption that the effect of the lack of fit is comparable for both
strands, the friction force will tend to approach the same magnitude
after a certain slip (Fig. 12.12).

The effect on bond of strand related to the lack of fit may
be summarized as follows:

Ideally, strand with a perfect geometric shape (if every
cross section along the length of the strand is idehti‘a}) will develop
a bond=slip relationship similar to one obtained with plain wire. This
has been verified for some of the test speéimens at small slips (strand
of coil II, Fig. 12.12), |

With increasing slip, however, a deformed-bar effect develdps
which causes the bond strength to increase with slip, This effect is
due to irregularities in the shape of the strand. The irregularities
lead to a lack of fit Eetween tHe'strand and the concrete, thus increasing
the lateral confining stresses.,

A second effect influencing the bond=-slip relationship of
strand at very small slips is due to the surface roughness of the steel,.
- This effect may be understood in the 1ight of the following considerations.
Because of bearing under the lugs, the bond force of deformed bars in-

r the interlocking shear keys of the 'plain”

(]

creases immediately aft
part of the bar have failed. On the other hand, the bond force of
piain bars with very smooth surfaces will drop immediately after the
initial shear failure has taken place. Consequently, it may be assumed

that bars with rough surfaces will develop bond-slip relations which,
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immediately after the initial shear failure, will range somewhere

between the two extreme cases,

12,5 Concluding Remarks

With the conceptual model developed in this chapter to explain
bond of strand, it was possible to predict the initial bond strength of
strand on the basis of test results obtained Qith plain wire. It was
shown that the inclined=plane effeét due to the twisted shape of strand
had Tittle influence on the initial bond strength because of the small
twist angle ¢ of strand, It was also possible to determine the influence
of the lateral pressure on the initial bond strength using the conceptual
model .

With respect to sliding-bond strength of stfand, it was
| possible to show that the inclined plane effect and the tbrsiqna1
stiffness of strand had little influence. This led to the conclusion
that a perfectly shaped strand would exhibit bond characteristics similar
to those deveioped by plain~wiré. It was not possible, however, to predict
the bond force developed during the sliding phase of the bond-slip relation-
ship theoretically because of the difficulties involved in making deter-

ministic assumptions concerning the irregularities in the shape of the

The disadvantage of not being able to predict the bond force
of strand beyond the initial bond strength is not very important consider-
ing the fact that the sliding-bond strength of strand remains approximately

constant with increasing slip (Fig. 5.1).



13, THE APPLICATION TO PRACTICAL PROBLEMS OF DATA
FROM ONE=-in., PULL=-OUT TESTS

13.1 Introductory Remarks

Short=-length pull-out tests provide a valuable means to study
the effect of various parameters influencing the bond properties of
reinforcing steel. The results are very informative with respect to the
fundamental bond-slip relation between steel and concrete. However,
short=-length pull-out tests can be useful for practice only if the
resu}ts can be projected directly to problems such as determining the
bond-forée developed over a given bonded length or the anchorage length
for a given bond force.

In the following sections, the app1icability df a theéretica]
method is discﬁssed to solve the above problems by using results from
one-in, pull-out tests. The theoretical results are compared with

actual test values,

13.2 Theoretical Determination of the Bond Force-Slip Relationship

for a Given Bonded Length
.Theoretically, it is possible to calculate, by an iterative
~method, the bond force-slip relationfor any bonded length of strand if
the unit bond force-slip relationship and the stress-strain curve of
~the strand are known.
The analytical method is based on the following assumptions:
(1) The change in slip over a giVen bonded length is equal to
the change in length of the steel, With this assumption, the deforma-

tion of the concrete is neglected. The error is negligibly small because

105



106
the deformation of the concrete is usually very small compéréd to that
of the steel., Because of the uncertainties involved in the assumptions
concerning the concrete deformations, {t does not seem reasonable to
include the concrete deformations in the calculation.

(2) The change in steel force over a given bonded length is
equal to the bond force transferred to the concrete.

(3) The unit bond force=-slip relation measured in the one-in.
pull-out tests represents the actual bond-slip relation between strand
and concrete,

Consider now a pull-out specimen With a given bonded length.
The steel stress at the trail end of the specimen is equal to zero.

For a given trail=-end slip, the bond force and the slip distribution

along the bonded length are to be determined using the bond-slip relation-
ship indicated by the one-in, pull-out test, The bond force and the

slip are determined iteratively at small intervals of the bonded length
progressing from the trail end of the specimen to the attéck end, A
detailed description of the calculation, which was performed with the aid
of a digital computer is given in Appendix E.1.

Using an average unit bond force-slip relationship of 7/16~in.
strand obtained from one-in. pull-out tests and a modulus of elasticity
for strand of 28 x 106 psi, slip distributions along the bonded length
were calculated for various trail-ehd slips as shown in Fig. 13.1,
Simultaneously, the bond force developed by the strand was cé]culated
as a function of the bonded length (Fig. 13.2).

After calculating the relationships of the bond force and

the slip versus the bonded length for several trail-end slips, it was
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possible to construct complete bond-slip curves for any given bonded
length both for the trail-end and for the attack-end slip. Relation-
ships obtained in this manner are plotted in Fig. 13.3 and 13.4 versus
actually measured test curves from series SA09-18,

The agreement between calculated and measured results is
favorable. The bond-slip relationships shown in Fig. 13.3 indicate
that the bond force at which the trail end started to slip could be
calculated almost exactly on the basis of the one-in. pull-out tests.
However, at trail-end slips ranging from 0.001 in, t§ 0.1 in., the
ca1cu1atedvbond force was constantly lower than the measured bond force,
The difference increased with the bonded length. This discrepancy is

understandable in the light of the bond stress-slip relations of series
SA09=-18 plotted in Fig. 3.5. The bond=slip curve of the one-in. tests
on which the calculation was based dropped immediately after the initial

was exceeded and increased o
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nly after a slip of approximate=

ly 0.03 in. had developed. Tests with larger bonded’léngths did not
exhibit this marked drop in bond force. Since the calculation was
based on the bond values of one-in. tests, all theoretical bond=-slip
. relations reflecf this drop. |
The difference ‘in the shape of the unit bond-slip curves in
Fig. 3.5 may be’explained with the help of the lack-of=-fit hypothesis.
Consider an infinitesimally small bonded length of strand. This
length would ﬁot develop any effects due to lack of fit if pulled out
df the concrete. Consequently, the bond force would drop immediately

after the interiocking concrete keys have sheared off. 1In contrast,
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a large embedment length would develop a substantial differential

slip between trail end and attack end. Therefore, the slip developed

at the attack end will be so large by the time shear Tailure takes

place at the trail end that the strand near the attack end wedges
because of lack of fit, As a result, it is not likely that the entire
bonded length slips suddenly after the initial bond strength is exceeded
at the trail end. Consequently, the drop in bond force observed in the
short =length pull-out tests does not occur. It appears that one-in.
specimens approach the bond characteristics of an infinitesimally short
length while specimens with bonded lengths.equa1 to or larger than

three in. exhibit the bond characteristics of large bonded lengths.

The difference between the calculated and the measured bond
force related to the attack-end slip observed immediately after the
trail end has started to slip (Fig. 13.4) may be explained in a similar
manner as above. The pronounced drop of the calculated bond force was
causedvby the fact that the calculation was based on one-in. pull-out
tests.

The difference between the calculated and the measured bond
force related to the attack-end slip observed before the trail end has
slipped may be attributed partly to the fact that in the calculation the
deformation of the concrete was not taken into account, O0On the other
hand, the ''measured'' relationships shown in Fig. 13.4 may not be
absolutely correct because the measurements of the attack-end siip
had to be corrected for the deformations of the strand and the concrete

specimen, which required several assumptions (Section A.6)
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In view of the fact that the calculated bond forces related
to the trail-end as well as the attack-end slip (after the trail end
has slipped) were always smaller than the measured bond forces, it may
be concluded that the method of calculating bond=-slip relationships on
the basis of results obtained from one-in. pull-out tests leads to safe

and satisfactory results,

i3.3 Theoretical Determination of the Anchorage Length in Prestressed
Members

The anchorage Tength of strand in a pretensioned prestressed
member can be determined in a similar manner to that described in
. Section 13.2 for any level of prestress on the basis of results obtained
from one-in, pull=out tests. Required for the ca]cuiation are the stress-=
strain curve of strand and a unit bond force-slip relationship which is
characteristic both for the strand and the concrefe used., The assumptions
on which the calculation is based are identical to those oF Section 13.2,

The anchorage length~is defined as the length of strand neces-
sary to transfer the entire effective prestressing force of the pre-
tensioned strand to the'concrete by bond. The effective prestressing
force is that force that acts on the concrete member immediately after‘
the release of the prestress (i.e. the prestressing force minus the
force lost by the instantaneous deformation of the strand and the
concrete).

Because of thé definition of the anchorage length, the
following boundary condftions are known: (a) At the end of the pre-

stressed member, the steel stress is equal to zero. (b) At the end
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of the anchorage length (in the interior of the beam) the steel stress is
equal to the effective prestress while the slip is equal to zero (it
is assumed in the calculations that any bond stress, no matter how low,
causes a relative movement between the steel and the concrete). Since
the end conditions are known both for the steel stress and the slip
" at the end of the anchorage length in the interior of the beam, the
calculation, consisting of a simple iteration procedure, is started at
this end following a similar method as that described in Section 13.2.

It is known that the prestressing force of the strand diminishes
towards the end of the prestressing memberlwhile the slip between the
strand and the concrete increases., The iteration process, in which the
steel stress and the slip are determined at small intervals progressing
from the end of the anchorage length towards the end of the prestressed
member, is terminated by the condition that the steel stress in the
strand becomes zero. fhe anchorage length is determined by the sum of
the iteration intervals required., A detailed description of the calcu-
fation procedure is given in Appendix E.Z.

Using a typical unit bond force-slip relation (the average
.of the results of the nine pull=-out tests (Fig. F.I13 and F.14) prepared
together with the prestressed beams described in Appendix F), a modulus
of elasticity for strand of 28 x 106 psi, and an effective prestress of
160 ksi, the calculation yielded slip and steel stress distributions
within the anchorage zone as indicated in Fig. 13.5 and 13.6. The
nearly linear curve in Fig. 13.5 shows that an average bond stress could

have been used without the iteration procedure to obtain approximately
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the same result. This is due to the approximately flat bond response
for strand with increasing slip.

The calculated anchorage length plotted as a function of the
effective prestress is shown in Fig. 13.7. The curve in this figure
could also have been obtained by a simple calculation using an average
constant bond stress.

In order to check the applicability of the calculation method
based on results of one-in., pull-out tests, five pretensioned prestressed
beams were tested as described in Appendix F. The reinforcement in the
beams consisted ofitwo 7/16-in. strands, in three beams, the strands
were placed 2 in. above the bottom, in two beams 10 in. above the bottom.
.The'effective prestress immediately after transfer of the prestressing

force into the beam was approximately 160 ksi. The anchorage length
was determined by measuring the strain distribution of the concrete at
the level of the reinfofcement,

For reasons stated in Appendix F, the 1engfh of strand
required to transfer 90 percent of the effective prestressing force was
measured and called L(90). This value was compared with the calculated

“results,

Table 13.1 shows the calculated and the measured data for the
three beams in which the strand was placed two in, from the bottom of the
beam. The calculation was based on the average bond-slip curve of the
nine pull-out tests that were performed together with the above beams
(Appendix F, Fig. F.1k4),

Before comparing the calculated with the measured data, it

should be noted that the scatter of the measured individual values was
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considerable, although the effective prestress and the concrete strength
were within three percent for the three beams. The scatter was comparable
to that encountered in pull-out tests and is credible in view of the fact
that it is more difficult to achieve uniformity in curing and settlement
conditions for large beams than for small pull-out specimens. The large
influence on bond of curing and settlement was discussed in Chapters 6

and 7.

The calculated lengths L(90) were within +9, +25, and -1
percent of the measured average length L(90) for each beam. The
calculated siip was within +9, +12, and 0O percent of the measured
average end slip. As far as conclusions may be drawn from three
'tests, it appears that the calculation based on one-in. pull-out tests
using non-pretensioned strand provided a reasonably safe estimate both
for the anchorage dength and the end slip. This is consistent with the
results found in Section 13.2 which indicated that the average bond force
developed by a given length of nonprestressed strand was a little higher
than the calculated values because the bond characteristics of one-in.
specimens differed slightly from those of specimens with longer bonded
.lengths.

Considering the above results, it may be concluded that the
bond characteristics of a nonprestressed strand subjected to 'pull-out'
forces do not differ significantly from those of a pretensioned strand
subjected to ''pull-in'" forces. Theoretically,’the state .of the contact
stresses between the strand and the concrete is different for both cases.

If a nonprestressed strand is subjected to pull-out forces, the strand
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diameter tends to contract due to the axial tension. Consequently,
there should be a reduction of the compressive stress between the strand
and the concrete., 0On the other hand, if a prestressed strand is pulled
into the concrete after the release of the external pretensioning force,
the diameter of the strand will tend to expand due to the elastic shorten=
ing of the strand and cause the strand to wedge within the concrete channel
('"Hoyer Effect'). The resulting radial contact pressures for full pre=-
stress may be on the order of several thousand psi if e]asti; behavior
of the concrete and perfect contact is assumed,

In practice, the contact stresses due to the Hoyer Effect
appear to be, at least for strand, considerably smaller than assumed
on a theoretical basis. Concluding from the reasonab]y’good agreement

of the calculated and the measured anchorage length of the pretensioned

strand as well as the calculated and the measured bond=-slip relation of
the nonprestressed strénd} the effect of the wedging of the strand in a
pull=in case may apparently be neglected in practice. This éssumption
agrees with test results reported by Keuning (1962) who found that the
difference between the bond strength of strand developed in a pull=in
. test and a pull-out test was not significant. It should also be noted
that the steel tensile stress reached in the one-in. pull-out tests
was less than 15,000 psi. Although the Hoyer Effect would not have
been registered in the test results, neither would the ''negative Hoyer
Effect!'.

Since the anchorage length and the end slip could be predictedv

satisfactorily by the iteration technique described above, it may be
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assumed that the calculated slip= and steel-stress distribution
(Fig. 13.5, 13.6) are fairly reliable, too. Consequently, it may
be derived from the analytical results that the full anchorage length

of strand, L, is on the average

L=vl,12xL(90), (13.1)

For the two beams with the reinforcement near the top surface,
no directly comparable results from pull-out tests were available to
confirm the measured data by computed values. However, the ratio of
the anchorage lengths and the end slips between the two types of beams
with different depths of concrete under the strand showed exactly the
same trend as the pull-out tests described in Chapter 7. Figure 7.2,
for instance, shows that, for a slip of 0.5 in., specimens with a 10=in,
depth of concrete u%dervthe strand developed, on the average, only 75
percent of the bond strength of specimens with a depth of 2 in, Com=-
pared with this, the anchorage lengths developed by the beams with the
strand near the top surface were, on the average, 28 percent higher than

those of the beams with the strand near the bottom.

13.4 Concluding Remarks

It was shown that the entire bond-slip relation for any bonded
length of a nonprestressed strand could be calculated by using the
results of one=-in. pull=-out tests. It was also possible to predict,
on the basisiof one=in, pull-out tests, the anchorage length and the

end slip of strand in a pretensioned prestressed member,
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It appeared that the calculated values provided a lower bound
to the test results. This was caused by the fact that pull-out specimens
with a bonded length of one in. have bond characteristics that differ
siightly from those of specimens with larger embedment lengths. The
difference was explained with the effect of the ''lack of fit'', To use
a unit bond force=-slip relation based on a larger bonded length would,
in general, not yield any advantage because the magnitude of the unit
bond force deviates from the true unit bond force with increasing bonded
length. The degree of deviation depends on the slope of the actual unit
bond force-slip relationship (see Chapter 3).

For practical purposes, the theoretical determination of the
'anchorage length and the end slip in a prestressed member, based on
results from one=in. pull-out tests, appears to be adequate. Therefore,
it may be conciuded that one-in, pull-out tests provide data that are
applicable directly to bractical problems. Furthermore, if the bond-slip
curve from the one-in. test is nearly flat in the rahge of slips expected
for the case under consideration, the average bond stress from the one=in,

test can be used directly -to determine anchorage length and slip.



14, RECOMMENDATIONS FOR DESIGN

14,1  Introductory Remarks

In the design of pretensioned prestressed concrete members, it
is desirable to know the anchorage length of the prestressing reinforce=~
ment as well as the buiid-up of the steel stresses within the anchorage
zone in order to be able (a) to calculate the shear stresses near the
end of the member, (b) to determine the distribution of the anchorage-
zone stresses perpendicular to the prestressing reinforcement, and
(c) in short memberé, to establish that part of the member for which
full prestress is available, |

In the following section, recommendations are made concerning
.the anchorage length of seven-wire (round wire) strand, These recommenda-
tions are based on the results of 486 pull-out tests and five prestreésed=
beam tests described in this investigation as well as the results of
several investigations carried out at other research institutions reviewed

in Chapter 1.

14,2 Basic Anchorage Length

The anchorage length is defined as the length required to
transfer the full effective prestressing forcé to the concrete by bond,
The critical steel stress is the effective prestress immediately after
release of the prestressing force and is less than the pretensioning
stress existing in the prestressing bed.

In design practice, it is tacitly assumed that there is a
unique value for the anchorage length of a given strand at a specified

prestress. Actually this value can vary over a considerable range
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depending on factors such as condition and position of the strand and
workmanship. In order to discuss the effects of the pertinent variables,
it is necessary to define a 'basic anchorage length'' for a set of
specified conditions as follows:

(a) The effective prestress immediately after release of the
prestressing force is 175 ksi. This value is the maximum a]]oWable
steel stress for strand with a tensile strength of 250 ksi according
to the Building Code Requirements for’Reinforced Concrete (ACI 318-63,
paragraph 2606 (a)2.). |

(b) The prestressing force is released gradually into the
concreté member .

(c) The strand is clean, and free of oil, grease,or severe:
corrosion,

(d) The concrete strength at the time of release s 4000 psi.

(e) The strand is placed in a horizontal position such that

th of concrete below

r+

he strand is no more than 2 in.
For the above conditions, the average anchorage length may

be assumed to be

L =¢CD (1h.1)

ength, C = coefficient re

where L = anchorage 1 flecting the surface

conditions of the strand, and D = nominal diameter of the strand,.
Resﬁ]ts from pull-out tests performed with strand have

indicated that C may vary for different lots of strand despite the

specified conaitions described under (c) above.
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Figure 14.1 shows two distributions for the anchorage lengths
determined on the basis of individual results from pull=-out tests:

(1) The distribution indicated by the heavy line represents
the results from 153 pull-out tests including four strand sizes (1/4,
3/8, 7/16, and 1/2=in. strand).  The strand had been stored in the
laboratory for periods ranging from three to five years, The surface
had a dull, dry appearance although it could not be described as
rusty .

(2) The distribution indicated by the shaded area represents
the resulfs from 30 pull-out tests with 7/16-in. strand (coil II)
which had been stored in the laboratory for less than one half year,
Its surface was very clean and shiny,

The distributions are shown for concrete of mix A (average
compressive strength = 5400 psi). The anchorage lengths determined
from tests with different concrete strengths were normalized to a
concrete strength of 5400 psi using the relationship between concrete
strength and anchorage length indicated in Fig. 14.2 and 14,3,

Distribution (l) yields a mean anchorage length of 49
'str;nd diameters, or normalized to a concrete strength of 4000 psi
(Fig. 14.3),55 strand diameters. Thé average basic anchorage length fof

that type of strand would therefore be

L =550D (14,2)

The variation of individualbanchorage tengths expressed in

terms of the mean plus and minus two standard deviations ranged from
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33 to 65 strand diameters, or normalized to a concrete strength of 4000
psi, from 39 to 71 strand diameters. |

Distribution (2) yields a mean anchorage of 69 strand
diameters, or for a concrete strength of 4000 psi, a mean value of 77
strand diameters.

The average basic anchorage length for that type of strand

would therefore be
L=770D ' (14.3)

The mean plus minus two stanaard'deviations ranged from 43
to 96 strand diameters, or for a concrete strength of 4000 psi, from
-51 to 103 strand diameters.,
A direct comparison of anchorage lengths determined on the
basis of results from‘pQII-out tests using only concrete of mix A
(average concrete strenéth = 5400 psi) and 7/16-in. strand from coil I
and coil II (Table A.2) is presented in Fig. 144, |
If the individual anchorage lengths of 7/16-in. strand from
coil II measured in three prestressed test beams, as déscribed in
" Appendix F, are normalized to an effective prestress of 175 ksi and a
concrete strength‘of 4000 psi, the éverage anchorage length is found to
be 69 strand diameters, with the individuallva]ues varying‘from 56 to
90 diameters. The ”measured” anchorage lengths are thus within the
range predicted on the basis of the pull-out tests represented by
distribution (2).

As demonstrated by the data in Fig. 14.4, two strands of

presumably the same type and diameter may have different bond
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characteristics depending on the surface conditions, even if both
strands are termed '!free of corrosion'l,
The basic value of the anchorage length for the conditions
descr ibed above may be affected by several variables. Their influences

will be discussed in the following sections.

14,3 Effect of Strand Properties

14.3.1 Prestress Level

It may be assumed that the ahchorage length increases
approximately in linear proportion to the effective prestress. This

assumption was confirmed by tests (Kaar, 1963) and computétions based

_on bond-slip relationships from pull-out tests (Section 13.3, Fig. 13.7).

14,3.2 Strand Size
As expressed by Eq. 14.1, it may be assumed that the anchorage

length varies approximately linearly with the strand diameter., This

reflects simply the fact that the anchorage length varies in propoktion
to the bonded area. Anchorage lengths measured by Kaar (1963) as well
as results from pull-out tésts (Chapter 5, Fig. 5.7, Fige 14.3) confirm

the above assumption.

14,3.3 Surface Conditions

The surface conditions of the strand may have a significant
influence on the anchorage length.

(a)v'Rusted strands were found to have better bond characteris-
tics than clean strand, Depending on the extent of the corrosion, the
anchorage length for rusted strand may be up to 30 percent shorter than-

that for clean strand (Preston, 1963; Hanson, N. W.,1969).
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(b) Surface films of grease, oil, or dirt which‘may be
deposited on the strand during handling in the prestressing plant are
known to reduce the bond strength significantly., As a result, the

anchorage length will be larger than that for clean strand.

14.4 Effect of Concrete Properties

1441 Concrete Stréngth

Conclusions and test resuits concerning the effect of the
concrete strength on the anchorage leﬁgth are not quite consistent
(see Section F.8.7 and Table F.4). The anchorage lengths predicted on
the basis of bond-slip relationships from pull-out tests indicate that
the anchorage length decreases with increasing concrete strength
(Fig. 14,2, 14.3). Kaar (1963), on the other.hand,'Found on the basis
of a large number of beam tests that the concrete strength ranging from

1600 to 5500 psi had no significant influence on the anchorage length,

In practice, the variation of the concrete strength will be
relatively small since the préstress will be released as early as
possible fn most cases. The minimum allowable concrete strength at
release of the préstress is according to the Building Code Requirements
for Reinforced Concrete (ACI 318-63, paragraph 2618(b)) 3000 psi for
strand with diameters equal to or smaller than 3/8 in., and 3500 psi
for larger sﬁrands, The Standard Specifications for Highway Bridges,
AASHO, (Section 1.6,18), requires a minimum concrete strength at the
time of the release of prestress of 4000 psi.

In view of the above, it appears advisable to neglect the
influence of the concrete strength on the anchorage length and to assume

the basic value for the anchorage length as discussed in Section 13.2,
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14,4 .2 Shrinkage

Results from many pull=-out tests have indicated that the bond
strength is affected by all variables related to shrinkage such as
curing conditions, consistency, and age of the concrete (Chapter 6).
This is caused by the fact that the reduction of the concrete.volume
due to shrinkage initiates lateral pressures at the contact face between
strand and concrete. These stresses result in an increase of initial
bond strength (see Chapter 8).

Despite the significant influence of shrinkage on the anchorage
length, it is not possible to take its efféct into account explicitly
for practical purposes. However, special bond tests should be made in
case expansive or shrinkage-compensating cements are used,

14.4,3 Age of Concrete

The bond stréngth between strand and concrete was found to
increase with the age of the concrete at which the load was applied
(Section 6.5). Part of the increase is due to the increase in concrete
strength. The greater part is attributable to shrinkage, an effect
which appears to be dissipated over a long period of time, possibly
- because of relief of shrinkage stresses,

For practical purposes, the influence of the age of thé concrete
on the anchorage length may be neglected, since the time at which the
prestress is released in practice varies at the most by a few dayé.
According to the results described in Section 6.5, the effect of the
age on the bond strength is hardly noticeable over such a short period

of time.
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14,5 Effect of Settlement of Concrete

Aggregates and water segregate in the early phases of the fresh
concrete due to differences in their specific gravities. If strand is
held rigidly with respect to the formwork during the hardening process
of the concrete, the solid parts of the concrete mix tend to settle
away -from tHé strand in the direction of gravity while the water tends
to rise toWards the top of the concrefe member . This may lead to a
reducedkarea‘and quality of concrete on that side of the strand that
>fécés into the direction of the gravity forces, The resulting loss
ofjbpnd strength will depend on the amounf of settlement,

o Settlement of concrete is affected by many parameters (see
"Chapter 7). The most significant parameter is the depth of concrete
that éettles. Results from pull-out tests (Chapter 7) and beam tests
(Appendix F) indicéted that the bond strength is reduced markedly for
depﬁhs axceeding two iﬁ. of concrete below a horizontally placed strand.

Based on the results of Fig. 7.2 and Table F.2, the following
percentages of the basic vaiue of the anchoragev1ength are recommended
with respect to the depth of concrete below the strand (Fig. 14.5)

(1) Depth 2 in. 100% of basic value

|/\

(2) Depth > 12 in, ' 140% of basic value
For depths ranging from 2 to 12 in., values for the required anchorage
lengths may be obtained by a linear interpolation.

Draped strands may be treated as horizontal strands. An

average depth of concrete may be assumed within the anchorage zone.
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For strands prestressed in the vertical direction, no test
data are available. Concluding from results obtained with deformed
bars, an increase of the basic value of the anchorage length by at

least 40 percent seems to be advisable.

14,6 Effect of Lateral Pressure

Latera! compressive stresses acting perpendicular to the
contact face between strand and concreie were found to have a signi-
ficant influence on the bond strength fChapter 8). Although no direct
results concerning the anchorage length are available, it may be
expected that the anchorage length is inffuenced to the same extent
.by tateral preésure as the bond-slip relationships developed in pull=-
out tests, | |

In practice, lateral compiressive stresses perpéndicu]ar
to the strand ih the anchorage zone méy be caused by various sources
such as support reactions, lateral prestressing forces, or shrinkage
deformations. Since it is aifficult to predict the stress conditions
at the contacf between strand and concrete, the consideration of the
beneficial influence of lateral stresses on the anchorage length does
not seem to be justified unless tests under similar stre§s conditions

show otherwise.

14,7 Effect of Time

Bond between strand and concrete is provided by two mechanisms:
(a) mechanical interlocking between the microscopically rough strand
surface and thé concrete which does not permit any measurable slip,

and (b) a friction mechanism between two sliding contact surfaces
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after the interlocks have sheared off (see Chapter 11 and 12). During
the frictional phase, the strand must wind or twist itself through a
rigid predetermined concrete channel. Although the torsional stiffness
of the strand is too small to cause a significant increase of contact
pressure between the strand and the concrete to increase the bond
strength, it was found that slight variations of the pitch or the
diameter of the strand along its axis causes wedging of the strand.
This lackfof—fit effect, which increases with the slip, causes the

bond strength to increase after the interlocks have'sheared off. In
contrast to that, the bond stress of plaih wire drops immediately after
the shear failure of the interlocking keys because wire does not
exhibit this lack-of-fit effect. Typical bond=slip relations for strand
and plain wire are shown in Fig. B.1l.

’ Pull-out tests subjected to sustained loading over a period
of 15 months have implfed that the initial interlocking bond strength
may decay with time. 1In series SBL12-1, the strand started to slip
after a périod of one half year. This may have been due to a gradual
reduction of contact stresses between strand and concrete due to creep

~and the formation of'shrinkage cracks. The reduction may be as large
asIZO to 30 percent,

The Frictioﬁa] bond of strand at large slips appears to be
less sensitive to time under sustained loading than the initial bond
because the lack=-of-fit effect which is responsible for the relatively

high bond strength at large slips depends more on geometric conditions

and less on the state of lateral stresses. Pull-out specimens that
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have slipped under sustained loading seemed to reach a state of
equilibrium at a slip of approximately G,] in.

The end slip of strand caused by the transfer of the prestress
is on the order of 0.05 to 0.1 in. depending on variables such as
level of prestress, size of strand, or type of release. With the assump-
tion that the bond strength due to sustained loading is reduced by 5
percent at a slip of 0.1 in. and by 20 to 30 percent at a slip of 0.0001
in., the average bond strength’affectfng the anchorage length may be
assumed to be reduced by 10 to 15 percent if the slip distribution
within the anchorage zone is taken into coﬁsideration. Accordingly,
the anchorage length of strand may possibly increase under sustained
‘loading by 10 to 15 percent.

A definite increase of the anchorage length of. strand with
timé has not been observed over periods up to one year (Riisch, 1963:
Kaar, 1963; Appendix F). It must be noted, however, that in the tésts
the prestress decreased with time due to shrinkage and creep of the
concrete and relaxation losses in the strand. This loss of presfress
may balance the reduction of the bond strength. Kaar (1963) adjusted
‘the anchorage lengths measured at certain time intervals to the original
prestress and found that the averagé increase of the anchbrage Tength
would be approximately 6 percent, the maximum increase 19 percent. These
values, however, were not observed actually.,

The influence of time on the anchorage length of plain
prestressing wire may be more significant than that for strand. As

pointed out above, frictional bond of plain wire is not improved by
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the lack-of-fit effect. Consequently, the bond stresses depend on
lateral stresses throughout the whole rangé of slip. The reduction
of the bond stress, or the increase of the anchorage length, may there-
fore be expected to be possibly as much as 20 to 30 percent if the same
assumptions are made as for strand.

Test results reported in literature vary considerably.
Ro§ (1946) reported that the anchorage length of 2- and 3-mm wires
doubled with time. Marshall (1949), and Evans (1955) found an approxi-
mately 100-percent increase in the anchorage length of plain 0.08-in.
wire over a period of one year. 0On the ofher hand, Base (1957)
repérted‘that the anchorage length of plain 0.2-in. wire increased very
little over a period of one half year. Rusch (1963) found no increase
in the anchorage length of plain 2-mm wire over a period of three months.

On‘the basis of the understanding of the bond mechanism
developed in this inveétigation and the evidence provided by Ros (1946),
Marshatl (1949); and ﬁvans (1955), it would not be unreasonably conser=-
vative to assume that the anchorage length for wire would increase with

time by as much as 100 percent.

4.8 Effect of Workmanship

14.,8.1 Vibration

Bond-slip relationships from pull-out tests indicated that
omitting vibration of the concrete may lead to a reduction of the bond
strength by as much as 40 percent (Fig. 7.2). In order to ensure a short
anchorage length, the vibration of the concrete in the anchorage zoné

should be carried out with special care.
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14.8,2 Release of Prestress

The anchorage length was found to be sensitive to the manner
of release of the prestressing force by several investigators (Kaar,
1963 ; Riisch, 1963; Hanson, N. W.,1969). Releasing the prestress
gradually resulted in the shortest anchorage length. Cutting the strand
increased the anchorage length to a maximum. The difference was found
to be as high as 20 percent for strands up to 1/2-in. diameter, and as

high as 30 percent for 6/10-in. strand (Kaar, 1963).

14,9 Concluding Remarks

Although the anchorage length depends on many pérameters which
-cannot be’controlled by the designer, a knowledge of the range of the
anchorage length that may be expected under certain éircumstances is
required in design of pretensioned prestressed structure#.

The average anchorage length may be estimated by the following

expression,

se
= A —_ L,
L= B C Dy (14.4)
where L = anchorage length in in.
A = Factor reflecting the depth of concrete below the strand
(Section 14.,5). This factor may range from 1.0 to 1.4,
B = Factor reflecting the type of release of the prestress

(Section 14.8.2). This factor may vary between 1.0 and 1.3.
‘Assuming that the strand is cut after careful preheating of

the strand, an average value of 1.1 may be assumed.
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C = Factor reflecting the surface roughness of the steel. Its
value is discussed in Section 14,2,
D = nominal strand diameter in in.
fse ; effective prestress in the strand immediately after release
of the prestress in ksi,

Other factors than those given in Eq. 4.4 are more difficult
to quantify. If is possible, however, since the quality of the workman-
ship is of great significance for a short anchorage'length, to demand
a tight control over it by the manufacturer,

In general, the designer does ndt know the surface conditions
of the strand which is going to be used in the structure. Consequently,
he has to use a safe value for the coefficient C. On the basis of the
results described in Section 14.2 and ancHorage lengths measured in

beas (Table F.4), a value of C = 70 appears to be adequate, Thus,

the anchorage length may be estimated by the expression

=70ABD 22 (14.5)

It should be emphasized that this equation refers to an average value.
In choosing an anchorage length, the designer should consider the
significance of an overestimate of the bond strength on the safety

and serviceability of the structure. In investigating shear stresses
near the supports, it would not be overconservative to increase the
value given by Eq. 14.5 by 50 percent. On the other hand, in investi-
gating anchorage-zone stresses, the value given by Eq. 14,5 should be

reduced by 50 percent.
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In case the information concerning the anchorage fength of
prestressing strand under a given set of conditions is not sufficient,
it is advisable to perform a series of pull=out tests as described in
“Appendix A under the-conditions for which the information is required
and use the average bond-slip relationship to estimate the anchorage
length. Sinee the bond-slip relationship of strand is generally a
fairly flat curve, a good estimate of the anchorage length may be

obtained by using an average unit bond force.



15. SUMMARY

The main objective of this investigation was to develop a
fundamental understanding of the nature of bond between strand and
concrete and to establish the effects of various parameters on the
anchorage length for prestressing strand,

The experimental part of this investigation consisted of 486
pull-out tests and five prestressed-beam tests. With a few exceptions,
the pull-out tests had an embedment length of one in. in order to
obtain bond=slip relationships that were nearly independent of the
bonded length and characteristic for the sfrand used.,

A hypothesis was developed to describe the nature of bond
between strand and concrete., It was shown that the test results of the
one-in. pull-out tests could be applied directly to practical design
problems. Reéommendations for the anchorage length of strand in pre-
tensioned prestressed beams are made on the basis of data from pull-out
tests as well as beam tests.

.The hypothesis on the nature of bond between strand and concrete
may be summarized as follows:

(1) Bond between strand and concrete is provided by

two mechanisms: (a) a phyéica] inteflocking between the micro-

scopically rough steel surface and the surrounding concrete and

(b) a frictional mechanism between two sliding contact surfaces

after the original interlocks have sheared off, No significant

slip (less than 0.0001 in.) takes place during the initial

interlocking phase.

131
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(2) During the frictional phase, the strandAinps, Be -
cause of the helical arrangement of the exterior wires, strand
rotates while slipping through the concrete channel. The
maximum torsional moment created by this rotation was found to
produce contact pressures between the strand and the concrete
that were too small to cause a significant increase in bond.

(3) 1deally, the bond characteristics of a perfectly
made strand (if every cross section along the length of the
strand is identical) should be similar to those of plain
wire. However, slight irregularfties in the arrangement of
the exterior wires result in wedging of the strand in the
concrete channel. This deformed-bar effect acts only during
the frictional phase and increases with the slip.
The bond=-slip characteristics of strand as measured in the

pull-out tests were found to be influenced by the following variables:

(4) Strand diameter: The bond strength per unit length

of strand increased approximately in linear proportion to the
strand diameter which was varied in this investigation from
1/4 to 1/2 in.

(5) Concrete strengfh: The bond strength of strand

increased by approximately ten percent per 1000 psi of concrete
compressive strength. The }ange of concrete strengths in
the tests varied from 2400 to 7600 psi.

(6) Shrinkage: The lateral pressure due to shrinkage

acting normal to the surface of the embedded strand increased
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the bond strength markedly. Therefore, all parameters
investigated that varied with shrinkage were found to affect
the bond strength. Such variables were consistency, curing
conditions, and age of the concrete.

(7) Settlement of Concrete: The bond strength of strand

held in a horizontal position during casting decreased rapidly

IWAR J
Wi G

increasing depth of concrete below the strand due to
settlement of the fresh concrete. A depth of concrete of six
in. below the strand caused the bond strengfh to drop by as
much as 30 percent with respect to that obtained for a concrete
depth of two in, Beyond‘a concrete depth of ten in., the bond
~strength tenaed to approach a constant value. The maximum
observed reduction of the bond strength was approximately 35
.percént with respect to the average bond stiength developed for
a depth of two in.

(8) Lateral pressure: Results from pull-out specimens

subjected to externally applied lateral pressures ranging from
zero to 2500 psi.indicated a linear incfease of the bond strength
of strand with the lateral pressure. The effect was greater for
the initial bond strength (interlocking phase) than for the
frictional phase.

(9) Time effects: (a) The effect of the age of the

concrete was not investigated systematically. However, the
available test data indicate that the initial bond strength

may increase during the first 20 to 50 days and then decrease
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again. At a concrete age of 15 months, the initial bond
strength was almost identical to that developed at an age of
eight days. (b) Under sustained loading, the initial bond
"strength appeared to decay. " The ‘reduction of the-initial bond
strength which may take place as late as one half year after
the application of the load may possibly be as high as 30
percent, Thebond strength at large slips (0.1 in.) was less
sensitive to sustained loading.
A major objective of this investigation was to apply the
results from the pull-out tests directly té practical problems.

(10) With the aid of a simple iteration procedure and the
results from one-in., pull-out tests, it was possible to predict
the measured bond-slip relationship, both for the attack-end
and the trail-end slip, for any given bonded length of strand
subjected to éull—out forces.

Using the same procedure it was possible to calculate the
anchorage length of strand ina pretensioned prestressed beam
for any given prestress. The results demonstrated that data
from one-in. pull-out tests with‘nonprestressed strand can
be used directly to determine the anchorage length of a
prestressed strand.

On the basis of results from pull-out tests, and prestressed
beam tests conducted during this investigation and in other laboratories,
the following recommendations may be made with respect to the anchorage

length of strand:

t
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(11) The anchorage length is a direct function of the
strand diameter and the prestress. The average anchorage
length, L, may be expressed as

f

- _se
L—7OABD]75 (15.1)

Where A = coefficient reflecting the settlement of the concrete
(range: 1.0 to 1.4, depending on the depth of the concrete
below the strand); B = coefficient reflecting the type of
reiease of the prestress (range: f.O to1.3): D = nominal

‘ 3trand diameter, Fse = effective prestress (in ksi) immediately
after release of the prestressing force,

Equation 15.1 represents an average-value based on
laboratory tests without representing factors such as surface
conditions of fhe strand, concrete properties, and quality of
workmanship. According to observations made with pull-out
tests, the average anchorage length may vary under field or
plant conditions from values 50 percent smaller to 50 percent

higher than that suggested by Eq. 15.1.
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Table 13.1

COMPARISON OF EXPERIMENTAL AND CALCULATED DATA FOR
PRESTRESSED BEAMS

Beam

PBB -1 PBB=2 PBB -3
Prestress before Release (ksi) 169.7 168.7 165.7
Effective Prestress (ksi) 161 .4 160.8 157.5
L(90) measured South 22 20 23.5
at Release End (in.) North 21 20,5 20.5
L(90) measured South 2L 19 24
at Fixed End (in.) North 22 18 28
Measured Average
L(90) (in.) 22.5 19.4 2L, 0
Calculated L(90) (in.) 2L .6 24,3 23.8
End STip measured South 0.068 0.051 0.076
at Retease End (iny) NoFth 07064 0,067 0, 064
End S1ip measured South 0.071 0.075 0.071
at Fixed End (in.) North 0.073 0.062 0.070
Measured Average
End STip (in.) 0.069 0.064 0.070
Calculated
End Slip (in.) 0.075 0.072 0,070
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FIG. 1.1 CROSS SECTION OF STRAND CAST IN
‘ CONCRETE



14k

1500 T T T T , T T

1000

- O

£

~

L

?2’ /4 -in. Strand

T 0

©

5 0.5 in. Bonded Length ,

m 1.0in, e T
- o =

[ =

- 000 —

500 f— —
3/8~in, Strand
o 1 L |
0.000I 0.001 0.0l 0.l
Slip, in.

FIG. 3.1 AVERAGE UNIT BOND FORCE~SLIP RELATIONSHIPS OF STRAND
FOR VARIOUS BONDED LENGTHS, SERIES: SA09-1, SA09=2



145

1500 T T T T I

.é 500 — —
S .

a

@ 7/16-in, Strand

et

o

(T 0

o

c

S

m —— po—
&=

=

) —

Bonded Length 1.5 in,
, 2.0 in.

500 p— : -

[ [/2~in. Strand

0.000!1 0.001 0.0l o}

Slip, in,

FIG. 3.2 AVERAGE UNIT BOND FORCE=-SLIP RELATIONSHIPS OF STRAND
FOR VARIOUS BONDED LENGTHS, SERIES: SA08-3, SA09-4



146

12,000f— ]
L=20in., Trail-End M

[

W

= L=15in, Trail-End Slip

a4

q; 8000 —
(8]

B

o .

L ///
o L = 8in.,Trail-End Slip

= —

& aooo}—

L= 3in., Trail-End Slip]

Attack - End Slip -

L=1lin, Trail-End Slip
R

0.000! 0.00i 0.0l 0.1

FIG. 3.3 AVERAGE FORCE-SLIP RELATIONSHIPS OF 7/16-1n. STRAND
FOR VARIOUS BONDED LENGTHS, SERIES:SA09-18



147

12,000 — . p—

8000 |— —

Trail-End Slip

Attack-End Slip

4000

Applied Force, kips

Slip, in.

FIG. 3.4 AVERAGE FORCE-SLIP RELATIONSHIPS OF 7/16=in., STRAND
FOR VARIOUS BONDED LENGTHS, SERIES: SA10-19



1200 — T T T T

B -
£
- R
o
- 800 -
[<3]
Q
S
w _
o
e
]
o
- 400 p}— -
[
)
7/16-in, Strand
o | | | ’ ]
0.000! 0.00! 0.01 ol

Slip, in,

FIG. 3.5 AVERAGE UNIT BOND FORCE vs. TRAIL-END SLIP RELATIONSHIPS
FOR DIFFERENT BONDED LENGTHS, SERIES: SA09-18

1200 T T T T T

400 t— -

Unit Bond Force, Ib/in.

7/16—in. Strand

L T R

0
0.000! 0.00! 0.0! 0.l
Stip, in.

F1G. 3.6 AVERAGE UNIT BOND FORCE vs. TRAIL-END SLIP RELATIONSHIPS
FOR DIFFERENT BONDED LENGTHS, SERIES:SA10=19




149

1200 T T T T T | T
1000 -
£
™~
>
= 800 !
PN )
(&)
S
L 600 — -
O
| -
S
m ]
- 400 — Concrete Specimens )
f o .
= ® Free To Rotate (5 Tests)
200 — O Fixed (4 Tests) -
N I N Y O N R
0 0.04 0.08 0.12 0,16
Slip, in,

FIG. 3.7 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in,
STRAND FOR DIFFERENT TEST SETUPS, SERIES: SA08<5



Bond Stress, psi

150

Center Wire of . Diameter !
@ 1/4-in, Strand - 0.084 in,
0 3/8-in. Strand 0.130 in.
A T7/16-in. Strand 0.147 in,
& |/2-in. Strand O.171 in,
400 T T T I T T T
Series . WC0O8-|

f.=2180 psi

Series - WAO8-|
f.=5040 psi

200

Series: WBO8-I
f; =8310 psi

-

O.%OOl 0.001 0.01 Ol
Slip, in.
FIG. 4.1 AVERAGE BOND STRESS=-SLIP RELATIONSHIPS FOR CENTER

WIRES OF DIFFERENT STRAND SIZES, SERIES WCO08-1,
WAOB-1, WBO08-1



Bond Stress, psi

i [ | T T ]
® f. = 8310 psi
4001 A f, = 5040 psi -
o f. = 2180 psi

200

! 1 FE

0
00001

0.001

Slip, in.

FIG. 4,2 AVERAGE BOND STRESS-SLIP RELATIONSHIPS OF PLAIN WIRE

Bond' Stress, psi

FOR DIFFERENT CONCRETE STRENGTHS, SERIES:

WBO08=1, WCO08-1

WAOB-1,

400

i 1
Series ! WAP 15 -]

f. = 6300 psi i
Series : WAP |7-2

400

200

SFriesi WBP 66-1
f, = 8220 psi

o}
0.000!

0.001

Slip, in.

FIG. 4.3 AVERAGE BOND STRESS=SLIP RELATIONSHIPS FOR CENTER WIRES

OF 7/16-in. STRAND, SERIES:

WAP15=1, WAP17-2, WBP66=1



152

1200

c
~N
—
@ 800k ;
I~
i /)
-U - ’/!/" /
s | —7
Bt /7/41/2 in. Strand
= 400 /b= 7/16 in. Strand (Coil I)
5 /“~-3/8 in. Strand
/ .
- /4 in. Strand
f, = 5400 psi
0.0001 0.001 0.01 Q. !
Slip,in.

FIG. 5.1 AVERAGE UNIT BOND FORCE=SLIP RELATIONSHIPS FOR
STRANDS OF DIFFERENT DIAMETERS



Nominal Bond Stress, psi

153

800 —

600 —

3/8-in. Strand

/—I/4 in.

7/16-
/— j/2-in.

M e - S
ﬁk
200 —
= 2370 psi
0
3/8-in. Strand
800 +— /4 -

600 |-

‘400 =

7/16-

in
/I/Z‘IH
] s

200 —
= 5380 psi
O
/4 -in. Strand
800 S — 3/8'in.
/—‘ 7/16-in.
600 -//./ /
p—— |
400 /’ET/Z-
200 }—
fe= 7570 psi
0 | ! | ] I [
0.0001 0.00! 0.0! 0.1

FIG. 5. 2 NOMINAL BOND STRESS-SLIP RELATIONSHIPS FOR STRANDS

Slip
OF DIFFERENT DIAMETERS




154

1200 T T I T

+ o
1000} ﬂ Mean T Two Standard Deviations

% Confidence Intervals of Mean
800 === Mean
800 —

400 —

200 . _
Slip =0.0001 in.

- R

T

(12 Tests) (12)  (35) (12)
1000 -

Nominal Bond Stress, psi
(e}

800 — —

600 |— _é_ —

400 —

200 - ‘ N
Slip =0.! in,
i

| I i
L 3 x L
4 8 16 2
, Strand Diameter, in.
F1G. 5,3 VARIATION OF MEAN, CONFIDENCE INTERVALS OF MEAN, AND
‘ MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE FOR
(5}

S
TESTS WITH CONCRETE MIX A (Avg, f(“: = 5380 psi)



155

1200

1000 —

600 —

400 —

200 |—

] ] f [
[1 Mean * Two Standard Deviations

% Confidence Intervals of Mean

= PMean

: Slip = 0.000! in,
{ |

1000 —

Nominal Bond Stress, psi
o

800 L—

600

400 —

200 —

T T T T

]
I\\"L\ A\

L

(9 Tests) (9) (8) (9) 7

Slip =0.1 in,
|

FIG. 5.4

rf— —

| |

L 3 I

4 8 16
Strand Diameter, in.

VARIATION OF MEAN, CONFIDENCE INTERVALS OF MEAN AND

MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE FOR

kTESTS WITH CONCRETE MIX B (Avg. f(': = 7570 psi)



156

1200

1000

800

600

| i | [

ﬂ Mean £ Two Standard Deviations
% Confidence Intervals of Mean

=== Mean —

;&', 400 _
0.
o
w
@ 200 —
n Slip = 0,0001 in,
2 o | | | !
o ! T T Y
foal
S (12 Tests) (12) (n (12)
£ 1000 —
E
(=)
2
800 -
600 -
400 -
200 —
Slip =0.! in.
o ! l | l
i 3. z L
4 8 . 16 2
Strand Diameter, in,
FIG. 5.5 VARIATION OF MEAN, CONFIDENCE INTERVALS OF MEAN AND

MEAN + TWO STANDARD DEVIATIONS WITH STRAND SIZE FOR
TESTS WITH CONCRETE MIX C (Avg. fé = 2370 psi)



157

1200 === T T T T I | ! ‘

[T Mean = Two Standard Deviations

1000 —
Confidence Intervals of Mean

800 j—

600

400

200

1000 #—

Nominal Bond Stress, psi

800

600

400

200 j—-

Slip = 0.1 in,
; i | l ! | i i i

[¢] 2000 4000 6000 8000
Concrete Compressive Strength, psi

FIG. 5.6 VARIATION OF NOMINAL BOND STRESS WITH STRAND DIAMETER AND
CONCRETE STRENGTH



158

1200 T T T
Slip=0tin @&
- OIO' in, A 7
0.000lin. @
800+
4001
f, = 2370 psi
0
Slip= Olin. @
1200 b— 0.0l in. A
0.000lin. ®
s |
™~
£ 800
o
8 -
&
2  400f—
O .
m
c - .
5 ) J fe 51380 psu{
Y T l 1 T
Slip= O.1in. B
- OO0tin. A . i 4
0.000!in. @
1200 }— _A ' P
800 |— / -
400 |— —
r (_ N 1
» f. = 7570 psi
0 1 | | |
0 4 32 z L
: 4 8 16 2

Strand Diameter, in.

FIG. 5.7 AVERAGE UNIT BOND FORCE vs. STRAND DIAMETER FOR
VARIOUS SLIPS AND CONCRETE STRENGTHS



159

200 T
150 = ]
|
A
- *EA
f ey
3 g - v
© 100 £7 o %
@ v
[ AgA =N
B
50 b~ -]
o | | I
o] 2500 5000 7500 10,000

Concrete Compressive Strength, psi

O.OOOISl_(z(_S_I_ 0.1 Center Wire of
o] @ © {/4-in. Strand
v v - 3/8-in.
0 B B -~ 7/16-in.
A A 2 1/2~-in.

FIG., 6.1 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH
FOR PLAIN WIRE IN PERCENT OF THE BOND STRESS OBTAINED
WITH A CONCRETE STRENGTH OF APPROXIMATELY 5000 psi



1500 , i 160 T T T I

~ fo= 7500 psi (9 Tests)
fo= 5500 psi (12 Tests)

g
:

Unit Bond Force, Ib/in
\ I
N

f,=2400psi (12 Tests)  —

500// -
/
B i
0 1 | l | L
0.000! 0.00! 00t - 0.1
| Slip, in.

FIG. 6.2 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH FOR
1/b-in. STRAND

£ 7
~
=
q; 1000 ]
18]
S
u- —
o
[t
@
J ] fe= 7500 psi (9 Tests) |
; S \\—fc' = 5500 psi (12 Tests)
N fo= 2400 psi (12 Tests) |
o [ 1 L
0.0001 . 0.001 0.0l 0.1

Slip, in.

FIG 6.3 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH FOR
3/8-1n. STRAND



161
1500 , | ,

1000

\\ / ]
f/””—’—_——f \L_
fo= 7500 psi (9 Tests)

500 —

fo = 5400 psi (35 Tests)
B ‘ fo= 2400 psi (Il Tests) .

L |

0 .
0.0001 0.00I 0.0! 0.1

Unit Bond Force, Ib/in
\ ¢

Slip, in.
FIG. 6.4 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH
FOR 7/16<in. STRAND

1500

1000

500 |— ' f, = 7500 psi (9 Tests) —
fe = 5500 psi (12 Tests)
= 2400 psi (12 Tesfs) -]

| L |

00001 0.00! 0.0l 0.1
Slip, in.

FIG. 6.5 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH
FOR 1/2-in, STRAND

Unit Bond Force, Ib/in.




162

150 — - ‘E‘ —
5 %
=
[
© 100 O
T
[
0- %
“r
50 — —
o 1 ! !
0 2500 5000 7500 10,000

Concrete Compressive Strength, psi

Siip,
0.000! 0.01 O.1 Center Wire of
¢] @ < [/4-1in. Strand
v Yy = 3/8-in.
0 B B ' 7/16-in.
A A A I/2=in.

FIG, 6.6 VARIATION OF BOND STRENGTH WITH CONCRETE STRENGTH
FOR STRAND IN PERCENT OF THE BOND STRENGTH OBTAINED
WITH A CONCRETE STRENGTH OF APPROXIMATELY 5500 psi



163

£
~
=
-~ 1000
®
3
b
o
u.
©
=
o :
@ 500p— . —]
-— 7.0-in. Slump, f¢=4970 psi
= |.5-in. Slump, f¢=5300 psi
o) = .
0.4=in. Slump, f,=5750 psi
0 ] I L [ : . 1
0.0001 0.001 - . 00t , 0.1
Slip, in.

FIG., 6.7 VARIATION OF BOND STRENGTH WITH CONCRETE CONSISTENCY
FOR 7/16=in. STRAND

1500 — ’, ,

£ -
™~
2
d; 1000
o
b
o
L.
<)
[ =
@ -
_ 500 Curing:  felpsi) No. of Tests—
P
= Dry’ 640 3
= Normal 5480 6 .
A - - Moist - 5240 3
o L L L
0.0001 0.001 0.0! } 0.1

Slip, in.

F1G. 6.8 VARTATION OF BOND STRENGTH WITH CURING CONDITIONS OF
CONCRETE FOR 7/16-in. STRAND, AGE OF CONCRETE: 8 DAYS, .
SERIES: SA08-12, SA08-13 |



164

30

n
o

Moist Cured

Swelling

073
3 .
-

Strain,

o
|

Shrinkage
o
li

Age of. Concrete , days

FIG. 6.9 SWELLING AND SHRINKAGE STRAINS OF COMCRETE vs. TIME,SERIES:
WB18-2, SBI8-4



165

1000 T ] T I . ]
Plain Wire

- Dry Cured (f¢=8600 psi)
Moist Cured ( fo=8600 psi)

4

500

Bond Stress, psi

15C0 _
£
~
2 |
@
Q
-
© 1000 —
2
o 7/16 -in. Strand
m u -
= Dry Cured (fq=8600 psi)
=
> - , -
500 Moist Cured (f;=8600 psi)

0
0.000! 0.001 0.0l 0.i
Slip, in.

FIG. 6,10 VARIATION OF BOND STRENGTH WITH CURING CONDITIONS OF
- CONCRETE FOR CENTER WIRE (OF 7/16=in. STRAND) AND
7/16=1n, STRAND, AGE OF CONCRETE: 18 DAYS, SERIES:
wB18-2, SB18-=4
(Each curve represents an average of three tests).



166

T T ] T [
400 8 Days, f;=5040 psi (3 Tests)
a /~lsoays,f;=eloo_psi (9 Tests)
@ -
[42]
2
9 200} —
g
S
@ 8 4
(a)
0
400 66 Days, fc = 8220 psi (3 Tests)
‘gi .//——-8 Days, fo= 8310 psi(3 Tests)
@ B \P\ i
g: .
= N
9D 200f— —
°
€
o
m - i
, (b)
o [ B I
0.000! 0.001 0.0l 0.1
Slip, in.
‘FIG. 6,11 VARIATION OF BOND STRESS WITH AGE OF CONCRETE FOR

PLAIN CENTER WIRE OF 7/16-in. STRAND, SERIES:
WAP15-1, WAP17-2, WBP66=1, WBOB-I

WAO8 -1,



Unit Bond Force, Ib/in.

FIG. 6.12 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE FOR 7/16=in.

1500

1000

500

0.0

0

167

22/23 days, f;=5910 psi (8 Tests)
IS days, f;=6600psi (4 Tests) |
8/9 days, f,=5430 psi (35 Tests)

| | [
0.01 Ol
Slip, in.

I | l
0,001

[e]e]]

STRAND (COIL I)

Unit Bond Force, Ib/in.

1500

1000

500~ \ \“ 129 days, t, =7140psi(3 Tests) |
12 days, f'= 6000psi (3 Tests)
o | | | | | |
0.000! 0.00] 0.0 o
Slip, in.
FIG. 6.13 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE FOR

7/16=in. STRAND (COIL I), SERIES: SALI2-l



168

3000 L — ;

2500 4— —

Series ! SBLI2 -1 -~

2000—  Age: 446 days, fe =8800 psi ——\ / —
12 days, fo=8700 psi —

Series i SAL|I-2
1s00b— Age 45| days, fo=7020 psi
Il days, fo=6500 psi

Unit Bond Force, Ib /in.

1000 }

500 b— —

0
0.000i . 0:00I 0.01 0.1

Slip, in.
FIG. 6,14 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE FOR
7/16=-in, STRAND (COIL II),SERIES: SALI1-2, SBL12-1



Bond Force Developed at Time of Test
Bond Force Developed at Eight Days

169

2.0 T ] 1
1,8 - /~\ .
f N\
16~ | AN ? B
/l \\ ’
|.4—ﬁ' T\ __’__///’f’ T
I2~I|T //L..—-'\ __,.—/"’” ﬁ ]
| ’1}// ; S~ I
1.0 Il' 0 »\\\\\\ “
r! | \%\

. .':
0.8 7]
-{LE‘ 8 Tests) (3) (3)3)

0.6 7

-t\ (35)
0.4 |- T
® Slip =0,000! in.
o2} 0 Slip= 0.lin. N
o [ | 1 |
0 100 200 300 400

Age of Concrete, days

FIG. 6,15 VARIATION OF BOND STRENGTH WITH AGE OF CONCRETE FOR

7/16-=in., STRAND

500



170

) d = 2in
] 6in
T d @] I0in
- — — - / i S — - A — — ,_\I 5in‘ . - —
& 30in,
1500 ] T ]
£ i _
~
—
® 1000
[&]
S
w
o
o
o
o}
500 E
=
[ o=
oD
0
£
~
£
Y
€ o000
Q
w
©
=
[}
@
= 500}
[
-
0
0,000 0.00I 0.0l 0.1

Slip, in.

FIG. 7.1 AVERAGE UNIT BOND FORCE=SLIP RELATIONSHIPS OF 7/16-in,

STRAND FOR VARIOUS CONCRETE OEPTHS BELOW THE STRAND,
SERIES: SA09-15, SA09-16



Ratio of Unit Bond Forces, %

100

80 |

60

20

40

@ Slip = 0000l in.
O 0.00!in.
—fF === -
| iDep?h 8 O.Ultm.
—— v 0.1 in.
&~ . . . G
T T I — -
Q) .
0 ® 2
g : s
B O e O o B 0 —
® § ®
v o , !
1olv =3 v v v v o
e ‘ l v 7 __
i B8
L :
. l — Not Vibrated !
BN, -
|
Average of
Series | SA0S-15
— Series | SA09-IS Series : SAO9S-16 Series . Sll09~l€>I ]
| |
0 10 20 30 0 10 20 30 0 10 20 30 - ‘.40
Depth of Concrete Below Strand, in.
FIG. 7.2 EFFECT OF DEPTH OF CONCRETE BELOW STRAND ON BOND, SERIES:

SA09-15, SA09-16

VA



172

2000 T T T i =7 [

£
S
=
@
[&]
©
S
a - Regular Pull-Out Test .
= ~—-——— Pressure-Test Setup
=
>
o Ll [ | |
0.000! 0.001 0.01 0.
Slip, in,

FIG. 8.1 INFLUENCE OF PRESSURE-TEST SETUP ON UNIT BOND FORCE-SLIP
RELATIONSHIPS OF 7/16-in, STRAND, SERIES: SA08-14

2000 (— | : . — : r
n f e = 6100 psi |
1500 }— .
‘B
a | , | o
@ o, = 2000 psi (4 Tests)
m 1
?b‘: 1000 — 0,=1000 psi (5 Tests) |
)= 9= 0 psi (9 Tests)
O —
(48]

' : Slip, in. :
FIG. 8.2 AVERAGE BOND STRESS=SLIP RELATIONSHIPS FOR CENTER WIRE
FROM 7/16-in. STRAND UNDER VARIOUS LATERAL PRESSURES,
SERIES: WAPI5-1, WAP17-2



173

3000 T T T ] T T

2500— : —

fes” 8220 psi | |

2000 — —
‘D
(oK
i - ~
w
(]
-
w 1500 —
- B o, =2000 psi (3 Tests)
@ o, =1000 psi(2 Tests) |

O psi(3 Tests)

1000

500

0
0.000I 0.00! 0.0l 0.1

Slip, in.

FIG. 8.3 AVERAGE BOND STRESS=-SLIP RELATIONSHIPS FOR CENTER WIRE
FROM 7/16-in, STRAND UNDER VARIOUS LATERAL PRESSURES,

SERIES: WBP66-1



174

1600 T T T =T T

1200

800

Bond Stress, psi

& f,,=5900 psi -

O f,5 =6300 psi

B fgg=8220 psi
| | | | | |
o] 1000 2000 3000

Applied Lateral Pressure, psi

FIG. 8.4 VARIATION OF INITIAL BOND STRESS WITH LATERAL PRESSURE FOR
CENTER WIRE FROM 7/16-in, STRAND, SERIES: WAPI5-1, WAP17-2,

WBP66 -1




175

3000 T T i T i l

2500 4—
o, =2150 psi (2 Tests)

20004—

-

- o, =1150 psi (I Test)
1500 == \~\ \/ 2 , —
—_

—:——\\/—-J

Unit Bond Force, Ib /in.

1000

O psi (4 Tests)

q
1

5> = O psi (2 Tests)

500 — EE g —
— = —— f. 5 = 6600 psi
i ————— f_,, 26450 psi i
0 1 | | | | |
0.000! 0:001 0.0l 0.1

Slip, in.

FIG. 8.5 AVERAGE UNIT BOND FORCE=SLIP RELATIONSHIPS OF 7/16-in, STRAND
FOR VARIOUS LATERAL PRESSURES, SERIES: SAPI5-1, SAP22-2



176

4000 { ‘{ - T l T

r— e

B o, =2450 psi (2 Tests) -

o, =2000 psi (3 Tests)
~ / o,=1000 psi (3 Tests) ]
o,= 0 psi (3 Tests)

3000 | ]

I 1

- —
£
<

o _ —
@

8 \

2 20004— | | ]
2
o

m - -
=
-

— —

- —

- fc23= 5340 psi —

o [ L |
0.000! 0.00l 00! ol
Slip, in.

FIG. 8.6 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16=in.
STRAND FOR VARIOUS LATERAL PRESSURES, SERIES: SAP23-3



177

4000 l — : ] l T
}__ -—
o, = 2500 psi (1 Test)
- o, = 2000 psi (3 Tests) 7]
o, = 1500 psi (| Test)
- o, =1000 psi (3 Tests ) -
oc,= 0O psi (3 Tests)
3000p— N , |
£
~N
o N -
@
2
LE 2000 — —
©
[
S
s} — —
=
=
- » —
//
1000 }— —_
i f. o4 = 8670 psi
o ] [ L
0.000I 0.00I 0.0! .ol
Slip, in.

FIG. 8,7 AVERAGE UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16=in,
STRAND FOR VARIOUS LATERAL PRESSURES, SERIES: SBF24-]



178

4000 T e T T 1//
u]

c 8
< -
2 3000 — : yd 4
@ / g 0 /
g /0 a /
w ,g// /n/
©
f g
cg 2000 — / / g / / -
o / /A/
g D/ //
E A
x nooo&/ A f's = 6600 psi "
= 0 fep2 = 6450 psi

O fe23 = 5340 psi

® f.pq = 8670 psi

. | | | |
0 1000 . 2000 3000

Applied Lateral Pressure, psi

FIG. 8.8 VARIATION OF UNIT BOND FORCE WITH LATERAL PRESSURE FOR

7/16-in, STRAND, SERIES: SAPI5-1, SAP22-2, SAP23-3,
SAP24 ] ‘



179

Plain Wire
@»
©
) .
o
w
5
O
I
E
a
1000 1500 2000 2500 3000 3500 %, (psi)
Strand
i ©
I
o ' l
O | |
b !
© I
w |
I ¢
5 ! |
o , l
! | |
= I
> |
ro
|
|
|
m Iﬁmm
1000 1500 2000 2500 7, (psi)

Time

FIG. 8.9 TYPICAL FORCE-TIME CHARTS AS RECORDED BY THE TESTING
MACHINE FOR SPECIMENS WITH PLAIN WIRE AND STRAND WHICH
WERE SUBJECTED TO LATERAL PRESSURE(UZ)
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FIG. 9.7 TYPICAL CRACKS ALONG BONDED LENGTH OF
SPECIMENS FROM SERIES SAL11-2

FIG. 9.8 TYPICAL CRACKS ALONG BONDED LENGTH OF
SPECIMENS FROM SERIES SBLI12-1



186

Cross Section of Specimen
Showing Circumferential
Stresses

Circumferential
Stress

. A

I= 4 in.
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FIG. 12.1 A CONCEPTUAL MODEL FOR INITIAL BOND OF STRAND
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FIG. 12.13 RANDOM CROSS SECTION, A, THROUGH PULL-OUT
' SPECIMEN OF SERIES SA09-18

FIG. 12.14 CROSS SECTION THROUGH THE SAME SPECIMEN AS
SHOWN IN FIG. 12.13 LOCATED ONE in. FROM

CROSS SECTION A



209

0.0l in.:[ Tt — /"’/—' Sample |

Sample 2

0.0i in.I

FIG. 12,15 RELATIVE VARIATION OF STRAND DIAMETER

FIG. 12,16 FAILURE PLANES RELATED TO THE SURFACE
ROUGHNESS OF THE STEEL



210

1 I T
0.08+ 1
0.06 |— —
0.05~-in. Trail- End Slip
=
~ 0,041 —
e 0.0l-in.
wn
0.000kin.
0.02 _
L | l
% 4 8 12 16 20

Bonded Length,in.

FIG., 13.1 CALCULATED SLIP DISTRIBUTION ALONG BONDED LENGTH
"~ FOR VARIOUS TRAIL-END SLIPS

12,000 I T T T
10,000 |— —
8000 |— C -

o

8 s000b— _

S

g

o

S 4000} 0.000l-in. Trail-End Slip  —

@ 0.0l-in.

0. 10-in.
2000}— : . —
0 | | L | |
0 4 8 12 16 20

Bonded Length,in.

FIG. 13.2 CALCULATED FORCE DISTRIBUTION ALONG BONDED LENGTH
FOR VARIOUS TRAIL-END SLIPS ’



Bond- Force, Ib

211

16,000 T T T
— — — Cgiculated Relationships
14,000 | Measured Relationships _
12,000 F_ Bonded Lengfh = 20in. B
10,000} — —
A 5 //
sooof~ T — — o in s =
.5000—; 8in. ‘a__”////;r/ .
~ 4000|- ——— A7 —
‘ . ) 3in. / \
. . Lin— |
0 [ 1 | '
0,000 0.00! 0.0l 0.1
Trail — End Slip, in
F1G. 13.3 CALCULATED AND MEASURED BOND FORCE vs. TRAIL=-END

SLIP, SERIES: SA09-18



212

16,000 T T T
— — - (Calculated Relationships
14,000 |- Measured Relationships _
12,000 — —
10,000— —
2
8 8000} _
S
e
2 000} —
o)
- m
4000 —
3 in/.\
- i:__./)j-
-
// .
0 L 1 |
0.0001 0.00I 0.0l : 0.1

Attack — End Slip, in.

FIG. 13.4 CALCULATED AND MEASURED BOND FORCE vs.ATTACK-END SLIP,
SERIES: SA09-18 ’



Steel Stress, ksi

FIG.

Slip, in.

FIG.

213

1 I [ | B [ T
160 }—
120 |—
80—
40— -
Effective Prestress = |60 ksi
. | | | | | |
0 4 8 12 16 20 24 28 32

Distance Along Beam, in.

13.5 CALCULATED STEEL STRESS DISTRIBUTION FOR 7/16=in, STRAND IN
ANCHORAGE ZOME OF PRESTRESSED BEAM

I I { { ST i i
008~ Effective Prestress =160 ksi

0.06

0.04

0.02

28 32

Distance Along Beam, in.

13.6 CALCULATED SLIP OF 7/16-in. STRAND IN ANCHORAGE ZONE OF
PRESTRESSED BEAM



214

[ |
200 —
1601— —
‘»
R B -
B 120+ —
()
=
w — -
[
& 80— _
@
= - i
©
&L
RS To] S —
L
0 l | L [ |
24 30 36

0 6 12 8
~ Anchorage Length, in.

FIG. 13.7 CALCULATED ANCHORAGE LENGTH vs.EFFECTIVE PRESTRESS



215

Number of Tests

50 { T T T T
/4 —in. Strand
' 3/8 —in.
401~ 7/16=in.(Coil I)
l/2—in.
30— (153 Tests) _
20 ) _
7/16 —in. Strand
= Coil (30 Tests)
10— —
ob— 1 =
o 20 - 40

Anchorage Length, diameters

FIG. V4,1 DISTRIBUTION OF ANCHORAGE LENGTHS DETERMINED ON BASIS
OF INDIVIDUAL RESULTS FROM PULL-OUT TESTS (EFFECTIVE
PRESTRESS AFTER RELEASE = 175 ksi, fé = 5400 psi)



216

8000|— ]

6000}— —

4000 7

Concrete Strength,psi

2000} ]
1/4-in. 3/8=in. 7/16-in. 1/2-in. Strand

(Coil 1)

| l , | |
0 10 20 30 40

Anchorage Length,in.

FIG. 14,2 ANCHORAGE LENGTHS DETERMINED ON THE BASIS OF AVERAGE
RESULTS FROM PULL=-OUT TESTS (EFFECTIVE PRESTRESS AFTER
RELEASE = 175 ksi)

o I/4-in. Strand

8000 — . ]
Cé!v A v 3/8-in.
'\ O 7/16-in. (Coil 1)
\ A 1/2=in.
.‘73 \
2 soo0o}— —
£ %A
=4
g \
[7p]}
o 4000 \ —
© \
& \
3 avo a
2000 — \ _
o | l 1 ] |
0 20 40 80 80 100

Anchorage Length, diameters

FIG. 14.3 ANCHORAGE LENGTHS DETERMINED ON THE BASIS OF AVERAGE
RESULTS FROM PULL-OUT TESTS (EFFECTIVE PRESTRESS AFTER

RELEASE = 175 ksi) ‘



217

20 1 T T T
15— —
[ 7]
e
[2]
Q .
[ 7/16 —in. Strand
Y= Coil IL (30 Tests
© oL 7/16-in Strand _
& ! .
@ Coil I (35 Tests)
¥ :
E
P TR N o o
< 7
5v-—- ]": —
. | : ”"w‘ )
0 20 40 60 80 100
Anchorage Length, diameters
FIG. 14,4 DISTRIBUTION OF ANCHORAGE LENGTHS DETERMINED

ON BASIS OF INDIVIDUAL RESULTS FROM PULL-OUT
TESTS (EFFECTIVE PRESTRESS AFTER RELEASE = 175 ksi,
f“: = 5400 pst)



218

200 1 T
i _

160 — —
s | | i
(@]
g 120}— l —
-
© ] | _
S ] |
o
§ ot -
c -
< || | |
5 || |
T 40— | —]
s || |
3 B —
= | |

oL [ . | 1

0o 2 10 12 20 30 40

Depth of Concrete Below Strand, in.

FIG. 14,5 VARIATION OF ANCHORAGE LENGTH WITH DEPTH OF
CONCRETE BELOW CENTER OF STRAND



APPENDIX A: DESCRIPTION OF PULL-OUT TESTS

A.1 Introductory Remarks

This appendix presents a description of the materials used,
the test specimens, the loading system, the testing procedure, and the
measurements.

A.2 Materials
A.2,1 Cement

High-early=-strength cement was used for all test specimens
(Brand: Universal Atlas, Type III).

A.2.2 Aggregates

Sand and pea gravel from the Wabash River were used in all
"~ concrete mixes. The origin of these aggregates is an outwash of the
Wisconsin glaciation. The sand consisted mainly of quartz. The
major constituents of the gravel were limestone and dolomité. The
sand had a fineness modulus of approximately 3.0, The maximum size of
the gravel was 3/8 in. A characteristic sieve analysis for both the
sand and the gravel is shown in Fig. A.1. The sand and gravel were
oven-dried and cooled before mixing.

~A.2.3 Concrete Mixes

Six different mix proportions were used during the whole
test program.( The proportions of the mixes and the average strength
characteristics of the resulting concrete are listed in Table A.1,
A1l proportions are given in terms of dry weights. In each mix

proportion, the ratio of the volume of cement plus sand to the volume

of gravel was kept constant., It was approximately 1.2,

219
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The majority of all test specimens was cast using mixes
designated A, B, and C. The average nineéday compressive strengths
of these mixes were approximately 5500, 7500, and 2500 psi. It
was intended to keep the slump constant at 1.5 in. in all three
mixes.,

Mixes D and E were designed as variations of mix A. The
consistency of the concrete, indicated by the slump, was varied
whereas the water-cement ratio was kept unchanged. . The mix proportions
were chosen in such a way that approximatg]y the same concrete strength
as for mix A was obtained, Mix F was used only in one test series.

The concrete properties and the age of the concrete at the
time of testing are listed in Table B.l through B.4 for each indi-
vidual test series.,

The compressive strength of the concrete was determined
from tests on three 6 by 12-in, cylinders. The loading speed was
60,000 1b per minute. The splitting strength was found from three
6 by 6-in. cylinders 1oadedbby a compressive force on opposite
generators of the cy]indér. Strips of stiff fiber board, 1/8 in.

" thick and 1/2 in, wide, were placed between the heads of the testing
machine and the cylinder to distribﬁte the load uniformly along the
length of the specimen. The loading speed was 9000 1b per minute,

The average splitting strength of each test series is
plotted versus the average compressive strengfh in Fig. A.2. The

following expression approximately satisfies the relationship between
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the splitting strength and the compressive strength:
fsp = 5.5 Jfé (A.T1)

Both stresses are expressed in psi,
A2 steel

The reinforcing strand used in this test program consisted
of seven-wire (round wire) strand with nominal diameters of 1/4 in,,
3/8 in., 7/16 in., and 1/2 in. The 1/k-in., 3/8-in., and 1/2-in,
strands were cut from one roll each, Two rolls weré used for the
7/16-in, strand. The surface of the strand was clean and not
corroded. The measured properties of the strand such as cross
sectional area, pitch, angle of twist, and the apparent modulus of
elasticity are listed for each strand size in Table A.2. The modulus
of elasticity was measured with the strand clamped at both ends of a
25-in. length. The deformation over ten in. was measured with a
mechanical gage.

The plain wires used in the tests were cut from the straight
center wires of the different strand sizes. The diameters are listed
in Table A.2, The surface characteristics of the center wires were
approximately identical to those of the exterior wires of the strand.

In a few test series, 5/16-in. square steel bars were used.
For reasons stated in Chapter 10, it was required to twist the bars
by different amounts. The twisting was accomplished in a lathe without
subjecting thé bar to any axial force, The torque was applied by

rotating one end of the bar about its axis while holding the other
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end in a grip that permitted axial motion. Bars with 1engths of
approximately five ft were twisted in one piece., The center of the
bar was supported by a sleeve to prevent buckling. The degree of
twisting along the axis of the bar was fairly uniform up to a twist
angle of approximately 300. (The twist angle was formed by the
helical edges of the twisted bar and its longitudinal axis). Beyond

L HE -

- S s eim 3 Tdes Ao miammom PN
that, tne uni i

ormicy decreased apid Y

concentrations,

A.3 Description of Specimens

The basic pull-out specimen consisted of a & by 4 by 9=~in,
_ concrete prism. The steel (strand, wire, or square bar) was centered
in the middle of the specimen parallel to the long Qide. The length
over which the steel was actually bonded to the concrete was shorter
than the length of the concrete prism. The rest of the embedded length
was kept free from bond by thin-walled metal pipes that Were drawn
over the steel. 1In most cases;the bonded length was oniy one in.,
located at midheight of the concrete prism. Figure A.3 shows a
typical specimen split in two halves.

Regardless of the bonded length, a length of four in. was
left unbonded at the end where the pull~out force was to be applied,
For bonded lengths greater than two in.,, the length of the concrete
specimen was extended such that two in. of stge] could be left free
of bond at the unloaded end of the specimen. Thus, the length of
the concrete specimen was equal to the bonded length plus four in,

plus two in,
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The specimen was cast in such a way that approximately five
in, of strand extended from the concrete prism at the end where the
load was to be applied, and three in. at the free end where the slip
was to be measured.

In some cases the depth of the concrete specimen was varied
to study its effect on bond. The steel, however, remained centered
for all specimens in the upper cross section of 4 by 4 in, with respect

to the direction of pouring.

A.4 Casting and Curing

The length of steel (strand, wire, square bars) that was
to be in contact with the concrete was treated with utmost care.
First it was brushed with a éteel brush to clean it of surface dirt.
Then it was carefully washed with acetone and trichloroethylene to
remove any grease that might have been deposited on the surface while
handling the steel., This treatment may be considered as being unreai-
istic if compared with common field practice, However it was necessary
in order to obtain a maximum of uniformity in the test conditions,

Two steel pipes‘with a wall thickness of approximately
" 0,016 in., were pulled over both ends of tHe steel so far that only
the bonded length (mostly one=in. léng) was still visible. The inner
diameter of the pipes was chosen so that the pipes could slide along
the steel with a minimum of clearance between the pipe and the steel,.
The clearance at the ends near the bonded length was sealed with hot
sealing wax., This procedure could be accomplished so that the desired
bonded length was obtained with a maximum error of 0.06 in. or 6

percent of a bonded length of one inch,
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The steel strand, which was delivered by the manufacturer
in rolls, retained a curvature when cut into short pieces, especially
in the larger diameters. Therefore, all specimens were cast in steel
forms which had clamping devices on the end plates to keep the strand
straight during casting and hardening of the concrete. (Fig. A.4).

Before casting, the steel pipes were thoroughly gfeased with
cup grease, The concrete was mixed in a pan-mixer. All specimens of
one test series were cast from one batch. The concrete was vibrated
with an interior vibrator at four spots in a constant pattern., The
vibration was done by the same person throughout the whole test
program. For each batch, three 6 by 12-in. cylinders and three 6 by
" 6=in. cylinders were cast to determine the compressive and splitting
strength of the concrete.

The specimens and the cylinders were left in their forms for

two days a'ndkept '“"mo‘“i‘s‘t“‘by"—cover“i"n‘g ~them with-wet—bu r'i'ap o ATter -twor e e

days the forms were struck and the pipes, which were intended to
prevént bond between the concrete and the steel outside the bonded
length, wére pulled out. This could be done with ease. |
The specimens and the cylinders were stored in the moist
room at a relative humidity of 100 percent for four more days,
Afterwards they were brought to a room with a constant relative
. humidity of 50 percent and a temperature of 730F. They were kept
there until the time of testing. Most pull-out tests were carried
out at an age of eight or nine days. Some test series, particularly

the tests to be conducted under lateral pressure, were carried out at
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a higher age (two to three weeks) because both the preparation and
the testing required more time than for standard pull-out tests.

The specimens to be tested under lateral pressure needed a
special treatment. After being cured for six days, the surface was
carefully smoothed with sand paper. All pores were filled with
gypsum plaster (Hydrocal). The surface was painted with a lTiquid
solution of neoprene, which hérdened to a rubbery coat of approximately
0.004-in, thickness., The four long faces of the specimen were wrapped
into a shim steel with a thickness of 0,004 in, On one side the shim

steel was overlapped and sealed with epoxy glue.

A5 Test Setup

A Tinius Olsen Uceltronic testing machine was used for all
tests (Fig. A.5). 1Its maximum loading capacity was 12,000 1b, Eight

different load ranges were available, the lowest one having a range

of 120 1b. The machine made it possible to control the pull-out

speed exactly since its loading system was completely mechanical,

The concrete specimens were placed into a steel cage, which was

fixed to the upper head of the testing machine through a hinge

(Fig. A.6). The longer end of the steel, sticking through a hole at
the bottom plate of the cage, was éripped by a strand grip or the jaws
of the testing machine which in turn were fastened to the lower head
of the testing machine by another hinge., The two hinges had two
degrees of freedom, but they were restrained from rotating around the

vertical axis,
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Two different principal test setups were used: (a) The
steel cage was supported by a thrust bearing at the top, thus per-
mitting the cage, and along with it the concrete prism, to rotate
ostensibly freely around the vertical axis. The actual rotational
restraint of the thrust bearing, caused by rolling friction, was
measured and found to be linearly proportional to the thrust within
the range of the applied pull-out forces. The magnitude found was
approximately &4 1b in. per 1000 1b of thrust, (b) The steel cage
was supported without fhrust bearing. In this case the steel cage
was completely restrained from fotating around its vertical axis,

Between the concrete prism and the bottom plate of the cage
‘a thin foam rubber plate was placed to compensate for stress concentra-
tion due to an uneven concrete surface,

A completely different test setup was necessary for the
sustained-load tests. Specimens of standard dimensions were loaded
using a cantilever system (Fig. A.7). The applied Toad, which could
be varied by either changing the weight or the lever arm, coﬁid be

determined with an accuracy of + 20 1b,.

‘A.6 Measurements

The basic measurements in é]] pull-out tests were limited
to load and slip readings. The slip was measured by a dial indicator
‘with a reading sensitivity of 0,0001 in. The dial indicator was held
by a heavy metal ring which rested on the top surface of the concrete
prism (Fig. A.8). The pointer of the dial was kept in contact with the
free end of the steel, Thus, the dial recorded the slip of the steel at

the end of the bonded length versus the top surface of the concrete prism.
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A special system to hold the dial indicator was designed for
the sustained-load tests. Shrinkage of the upper half of the concrete
prism would affect the readings if the slip would be measured with the
system described above over a long period of time (Fig. A.8). In
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a frame holding the dial indicator was clamped at midheight to the
vertical sides of the concrete prism (Fig. A.7). Thus, the dial
readings indicated directly the slip of the steel, which was bonded
over a length of only one in. in the center of the Specimen, versus
the concrete at the same level,

In many pull=-out tests containing strand of twisted square
bars, the untwisting of the steel versus the rigidly held concrete
prism was measured. In other tests the rotation of the unrestrained
concrete prism versus the steel was investigated. For this purpose,
a five-in. long pointer was gTued onto the top of the free end of
the steel, and the amount of rotation was read off a scaie at the end
of the pointer (Fig. A.6).

In tests with bonded lengths larger than two in., the slip
was measured on both ends of the bonded length. 1In addition to the
0.0001-in, dial used to measure the slip at the unloaded end of the
strand, two dials with a reading sensitivity of 0.001 in. were
clamped to the loaded end of the strand to record the attack=-end
slip. The pointers of the dials were in contact with the steel plate
supporting the concrete specimen.,

According to the test setup shown in Fig. A.8, the measured

slip at the loaded end of the strand, indicated by the average of the
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two dial readings, included the following extraneous deformations in
addition to the actual slip between strand and concrete: (a) the
deformation of the concrete console around the bonded length; (b) the
elastic deformation of the strand between the bonded length and the
attachment of the dial indicators to the strand; (c) the deformation
of the concrete specimen between the bonded .length and the supporting
steel plate; and (d) the elastic deformation of the supporting steel
plate.

The deformation of the concrete console around the bonded
length was primarily a shear deformation. A special test series,
BBO9-1, was conducted to determine the magnitude of the shear defor-
‘mation., The test results are discussed in section B.3. The relation-
ship found between the deformation of the concrete console and the unit
bond force indicated that the deformation was on the order 0,00015
in. per 1000 1b of unit bond force,

The elastic elongation of the unbonded length of strand

could be determined without difficulty. The modulus of elasticity

1t
was measured to be 28 x 106 psi, the f}ee,length of strand was 9.5
_in. For a pull=out force of 1000 1b, the elastic deformation of a
7/16-in. strand (coil II) was determined to be 0,0029 in,

The elastic deformation of the concrete specimen below the
- bonded length was determined on the basis of a simplified assumption.,
The bond force was assumed to act at midhe}ght of that part of the

bonded length which has slipped more than 0,0001 in, From-that point,

a distribution of the stresses in the concrete under an angle of 45°



229

was assumed. A more precise determination of the concrete deformation
on the basis of elasticity solutions would have been of little
advantage in view of the uncertain assumptions about the concrete
properties and the questionable validity of a purely elastic solution.,
For a bonded length of 3 in. and a force of 2000 1b, the deformation
of the concrete was calculated to be 0.0004 in. At 11,000 1b and a
bonded length of 20 in., the calculated deformation was approximately
0.004 in,

The elastic deformation of the supporting steel plate was

negligible,

A.7 Application of Lateral Pressure

The specimens of seven test series were tested under
externally applied lateral pressure. A cross section of the pressure
apparatus, is shown in Fig. A.9. The apparatus consisted of a cylindrical
steel chamber with end plates. Thé end plates had a square opening of
such dimensions that the concrete prisms wrapped in a 0,004-in. thick
shim steel could barely be siipped in. The end of the chamber opening
was wider leaving a squaré ring space between the concrete prisms and
‘the chamber of 1/2 in. Into this space a lead ring, poured in advance,
was inserted and pounded in with suéh effort that the leaﬂ was forced
not only to fill the space completely but even to withstand pressures up
to L4000 psi without significant leaking. The lead was held in place

and even compressed further by two end steel plates which were tightened

against the steel chamber with six 1/2«in. bolts.



230
The pressure chamber was connected with an electric hydraulic
pump (Fig. A.10). O0il was used as pressure fluid. The pressure was
measured with a 10,000-psi Bourdon gage. A close-up of the pressure

apparatus with the test specimen in place is shown in Fig., A.11

A.8 Test Procedure

A1l specimens were loaded with thé same speed. The speed
of the moving head of the testing machine was held constant at 0,05
in. per minute, At the beginning of the test, the slip dial was set
to zero., The first load reading was taken when the dial had moved
to 0.0001 in. From then on the load was read at certain slip intervals,
" The tests were discontinued after the slip had reached a magnitude of
0.15 in.

The test procedure for the specimens being subjected to
lateral pressure was basicaliy the same., The desired lateral pressure
was applied before the pull-out test was started, It was kept constant
during the whole test., |

In some tests the attack-end slip was measured in addition to the
trail-end slip (Fig. A.8); The two dials at the attack end were recorded
‘by an automatic camera, which was released simultaneously with the read-
ings taken at the trail-end dial,

The test procedure for the sustained-load tests was as
follows: Three short-time pull-out tests were conducted on ostensibly
identical specimens. The average initial bond force (bond force at a
slip of 0.0001 in.) was determined. THe sustained-load test specimens
were then loaded to different percentages of that initial short-time

load.
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TABLE A.1
PROPERTIES OF CONCRETE MIXES

Ratio by weight Water/Cement Average Average Average
Cement :Sand:Gravel Ratio S1ump 8(or 9)-day 8(or 9)-day
Mark (in.) Compressive Splitting
Strength Strength
(psi) (psi)
A 1:2.8:3.1 0.65 1.5 5380 Loo
B 1:1,0:1.6 0.40 1.5 7570 460
€ 1:4,7:4,7 1.05 1.5 2370 230
D 1:3.3:3.5 0.65 0.3 5750 Lio
E 1:2,6:2.8 0.65 C 7.1 L4970 Loo
F 1:3.9:3.9 0.90 0.5 3400 300
TABLE A.2
STRAND PROPERTIES
Nominal Diameter Cross Angle Modulus
Strand of Center Sectional Pitch of of
Diameter Wire - Area¥ : Twistw Elasticity
(in.) (in.) (in.2) (ing) (%) (ksi)
/L 0.084 0.0368 3.88 11.5 -—-
3/8 0.130 0,086 5.06 13.1 -
7/16 0,147 ~0.110 5.83 13.3 28.,2x10°
(Coil 1) ( ‘
716 0.150 0.118 5.81 . 13.3 27.9x10°
(Coil I1)
1/2 0.171 0.153 6.7k 13.1 ———

" based on avefage we ight per foot

ek tang = 7 X nominal strand diameter
pitch
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FIG. A.2 SPLITTING STRENGTH vs. COMPRESSIVE STRENGTH FOR 8(or 9)-DAY
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FIG. A.3 TEST SPECIMEN SPLIT IN TWO HALVES

FIG. A.4 SPECIMEN BEFORE CASTING
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FIG. A.6 TEST SPECIMEN IN PLACE
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FIG. A.8 TEST SETUP FOR SPECIMENS WITH BONDED LENGTHS
EXCEEDING TWO in.
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APPENDIX B: PRESENTATION OF PULL-OUT TEST DATA

B.l! Identification of Test Series

Each test series is identified by a sequence of letters and
numerals., The first letter characterizes the type of reinforcement in
the pull-out specimen (S = strand, W = wire, Q = square bar, U = straight,
nontwisted strand, B = bolt). The second letter represents the type of
concfete mix., The proportions of the six different concrete mixes,
marked A through F, are given in Table A.1. The third letter, if used,
refers to a particular test setup: P stands for the lateral pressure
the specimens were subjected to, and L staﬁds for long-time or sustained-
locad test. The two-digit number following the letters identifies the

age of the concrete at which the specimens were tested. The number

after the dash represents the numerical sequence of the test series.
They were numbered consecutively as long as the specimens shared the
same type of steel and concrete mix, and, in addition, were tested

in the same test setup.

B.2 Unit Bond Force-Slip Curves

A sequence of simultaneous force and slip measurements
‘provided the basic information about the bond properties of strand,.
Thus, a measured force-slip relationship is reported for every test.
It would have been desirable to express the quality of bond in terms
of bond stresé, i.e. bond force per unit area, however this was not
possible since bond of strand is not only a function of its surface
area but also of its geometry. As an alternative, the magnitude of

bond was plotted in terms of bond force per unit length, and was called

239
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unit bond force. Although a function of the strand size, this term
provides a simple measure of bond, It should be éharacteristic for
every strand. The term of unit bond force will be used for strand
and twisted square bars throughout the whole investigation. For
plain wires, the magnitude of bond was expressed in terms of bond
stress.
| The slip was plotted to a logarithmic scale‘in most graphs.

The reason was the large range of slip measurements extending from
0.0001 in. to 0.15 in. The maximum end slip of 7/16-in. strand,
prestressed to 160,000 psi, was in the order of 0,07 in. as beam
tests indicated. The main interest was therefore concentrated in the
slip range below this value. The logarithmic scale offered, for this
purpose, a very efficient way of plotting although it had the disad-
vantage of not lending itself to direct interpretation. In order to
provide a perspective éf the logarithmic plot, a typicél bond=-slip
relafionship for strand and plain wire was plotted in Fig. B.l,‘using
both the linear and the logarithmic scales.

The left axis of the logarithmic plot does not indicate
- zero slip. It represents the smallest slip value that could be
measured reliably. It was observed in all tests that the pointer
of the dial indicator started to move at a smaller load than the initial
force plotted in the logarithmic graphs.

In some test series, including mainly tests with plain
wire and strand tests under externally applied lateral pressure, no

bond force-slip data were obtained within the initial slip range from
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0,000 in. to 0,01 in., in extreme cases even to 0,04 in. The hand of
the dial indicator turned around for one or several complete revolutions
at such a speed that it was impossible to record any readings. 1In
those cases, the initial bond force at a slip of 0.0001 in. was
connectea graphically with the first bond force data available at
larger slip values by a straight line in the semi-logarithmic plot.
The straight line seemed to be the most likely and most consistent
approach to the actual bond force-slip relation.

Three identical specimens were usually tested to investigate
the influence of one variable on bond. Grbups of three ostensibly
identical bond=-slip relationships were plotted in separate graphs.

" Three or four of those graphs, representing all the individual tests
of one series, were combined in one figure,

In Fig. B.2 through B.53, every test series carried out
during this investigatfon is presented in the manner described above.

These figures contain the bond-slip relationship of each individual

test.

B.3 Correction of Initial Slip Measurements

Measurement of the attack=end slip usually requires a
correction for the elongation of the reinforcement. Measurement of
the trail-end slip needs no correction for the deformation of the
reinforcement. However, it is necessary to make corrections for the
deformation of the concrete unless the slip dial is supported immediately

adjacent to the bonded length in both the longitudinal and transverse

planes.



242

The test setup used in this investigation, Fig. A.8, required

a correction of the slip measurement. The slip was measured only at

__the trail end in all tests with bonded lengths equal to or shorter than

two in. The apparent slip was measured with respect to the edges of the
upper surface of the concrete prism upon which the base of the dial
indicator rested. The possibility of using a probe to measure the
deformation of the concrete immediately adjacent to the trail end of
the bonded length was rejected because. it was desired to keep the
clearance between the concrete and the strand outside the bonded
length as small as possible.
The bonded part of the strand transferred the puli-out force
over a one-in. high annular console of concrete into the main concrete
prism. The high local stresses in the concrete console during the
pull=-out test led to local deformations which were measured as slip,
The overall deflection 5F_the top surface with respect to the trail
end of the bonded length was small enough to be negligible.
In order to find out how much concrete deformation was

included in the measured slip, tests had to be conducted in such a way
.that it was possible to measure the concrete deformation separately,
Caicu]ation of this deformation involved too many questionable assump-
tions about the response of the concrete to be of practical value. A
"series of tests was designed such that virtually no slip would be
developed during the test. High strength bolts with a diaméter of

3/8 in. and a head filed down to a diameter of 9/16 in, were cast

into concrete prisms identical to those used for standard pull-out
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tests (Fig. B.54). The underside of the bolt head bore directly on the

concrete console. While the edges of the bolt head were not in bond

‘with the surrounding concrete, the shank of the bolt, adjacent to the ————

head, was bonded over a length of one in. The bond condition on the
shank was varied. 1In five specimens the shank was threaded. In four
specimens the shank was plain, and in one specimen it was plain and
heavily greased. A steel rod, welded to the bolt head, served as

an anvil for the dial indicator. Since the bolt head rested on an
annu]ar area of 0.14 sq. in., negligible slip should occur between the
bolt head and the concrete., Consequent]y,’the dial readings would
indicate deformations of the concrete console.

The measured relations between the pull-outbforce and the
movement of the bolt head are shown in Fig. B.54, Bond along the
shank affected the results sighificant]y. A clearer perspective of
the influence of bond é?ong the shank may be obtained by comparing
the average relationships of the three types of tests (Fig. B.55).
The curve,fof the bolts with the threaded shanks may be divided into

two regimes: (a) an initial nearly linear portion with a steep

_slope, and (b) a subsequent nearly linear portion with a relatively

flat slope. It should be noted that the curve for the bolt with the
greased shank does not exhibit regime (a), and the curve for the bolts
with plain shanks represents a compromise between the two extremes.
The movement of the bolt head fn the test without bond along
the shank must havé been related to deformations of the concrete. The

concentrated bearing stresses, transmitted from the bolt to the concrete,
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cause the concrete immediately under the bolt head to deform under
stresses well in the inelastic range. The highly concentrated stress
transfer results in a soft force-deformation relationship. The com-
paratively fast rate of the initial deformation was precbably caused by
a lack of fit between the concrete console and the boit head.

The movement of thé bolt head in tests with bond along the
shank is caused by a concrete deformation, too. However, the initial
deformation must represent a shear deformation of the whole concrete
console., The pull-out force is transferred to the concrete initially
by bond. Since the force transmitted by bond is distributed over a
large area compared with the bearing area of the bolt head, the force~
"deformat ion relationship is much stiffer than that caused by bearing
stresses under the bolt head.

As long as the force in tests with bonded shanks is transferred
to the concrete ex;iusi?eiy by bond, the measured deformation represents
a shear deformation of the concrete console. After the bond stresses
have progressed along the shank so far that steel stresses are induced
at the end of the shank, the bolt head starts bearing against the
.surface of the concrete console. The part of the force that is carried
by bond does not undergo any further significant increase since the end
of fhe shank adjacent to the bolt head cannot slip with respect to the

“surrounding concrete., Thus, the bond strength of the shank cannot be
~utilized completely. A further increase of the pull-out force causes
the load carried by bond to increase only slightly owing to the

differential slip of the shank between the attack end and the bolt head.
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The rest of the pull-out force is transmitted directly by bearing of
the bolt head. Consequently, the force~deformation felation of tests
with bonded shanks becomes similar to that of tests without bond along
the shank. This is indicated by the approximately parallel slope of
the force-deformation curves in Fig. B.55 at slips larger than 0.0003 in,

The bondcondit.ions along the shank determine the load at which
bearing of the bolt head becomes effective. The better the bond along
the shank is, the more load can be transferred by bond, and consequently
the later the bolt head starts bearing.

If the force=deformation re]atioﬁship for bearing alone is
subtracted from the combined relationships caused by bond plus bearing,

Aa relationship should be obtained that indicates the deformation of the
concrete console caused only by bond forces. Actually, a somewhat
smaller force than that indicated by the force-deformation relation
for pure bearing should be subtracted since initially the concrete
console deforms due to bond even though the boit head has not started
bearing. The erfor attributable to this inaccuracy is so small, however,
that it may be neglected in this application.

The relationships developed in the manner described above are
plotfed in Fig., B.56. The initial é?ope of the two curvés'represents the
relationship between the deformation and the force transferred by bond,
The deviation from the initial slope indicates that the bolt head starts
bearing against the console. The re]atively’small further increase of

force represents the additional bond forces that were activated by

the differential slip.
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In pull-out tests with strand, the force is transmitted to the
concrete exclusively by bond. Therefore, the force-deformation relation-
ships of these tests should follow the initial slope of the curves
plotted in Fig., B.56., and retain this slope even at higher forces
since slip is not prevented towards the end of the bonded length by a
bolt head. Consequently, a maximum bond stress distribution can develop
on the whole length.
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relationships were plotted for all strands tested under lateral pressure.
At the beginning of the test, the measured.“slfp” increased approximate-
ly lTinearly with the applied pull-out force. At loads close to the
"maximum bond force, the measured ''s1ip'' started to increase at a

faster rate. The maximum bond force, finally, was marked by a rapid
increase of the slip and a sudden drop of the load (Fig. B.58). The
initial é]opes of the bbnd force='"'s1ip'! relationships in Fig. B.57

agree very well with the initial slope of the graph in Fig. B.56,

which indicates the shear deformation of the concrete console. The
agreement of the measured ''slip' data and the predicted deformation
.of the concrete console confirmed the conclusion that .the deformations
of the concrete console were measured in the pull-out tests as slip.,

The increasing rate at which the measured ''slip'' progressed
near the maximum bond force may be explained by a gradual failure of
bond between the strand and the concrete. The gradual failure must be
regarded as a progressive type of rupture proceeding from the attack

end of the bonded length towards the trail end. It must be emphasized
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that, although described as gradual, the failure took place within
a slip range of approximately 0,0005 in. (Fig. B.57).

The average deformation (Fig. B.57) was approximately
0,00015 in. per 1000 1b of pull-out force. This amount had to be
subtracted from the measured ''slip' in order to obtain the actual siip
between strand and concrete. Instead of using an average correction,
however, each individual test was corrected by an amcunt that was
indicated by the slope of the initial part of the individual]y measured
force=-'"slip'’ relationship, plotted to a linear scale. A typical example,
showing the ﬁeasured and the corrected bond force=slip relationships of
test series SBP 24-1, is presented in Fig. B.58.

A few pull-out tests were conducted with a bonded length larger
than one in. According to the above, the shear deformations are pro-
portional to the shear stresses which, in this case, are equal to the
bond stresses. For this reason, the measured ''slip'' in tests with
bonded lengths larger than one. in., were corrected in proportion to the

unit bond force.



TABLE B.1 PROPERTIES OF TEST SPECIMENS CONTAINING STRAND

Concrete Properties Steel
Test Number Mix Compressive Splitting Slump Water/Cement Strand Bonded Applied Age Remarks
Series of Tests Strength Strength Ratia Diameter Length Lateral at
Pressure Testing
(psi) (psi) (in.) (in.) (in.) (psi)  (days)
. SA09-1 12 A 5590 390 1.5 0.65 /4 0.5,1,1.5,2 0 9
SA09-2 12 A 5380 420 2.3 0.65 3/8 0.5,1,1.5,2 0 9
SA08-3 12 A 5560 390 1.5 0.65 7/16 0.5,1,1.5,2 0 8
SA09 -4 12 A 5350 Lho 1.5 T 0.65 172 0.5,1,1.5,2 0 9
SA08-5 9 A 4900 410 1.5 0.65 7/16 1 0 8
SA09-6 5 A Lkgso 430 1.5 0.65 7/16 1 0 9
SA09-7 4 A 5640 410 1.5 0.65 7/16 1 0 9
SA23-~8 12 A 5930 480 2.5 0.65 V/4,3/8,7/16,1/2 1 0 23
SA08-9 4 12 A 5210 L20 2.2 0.65 1/4,3/8,7/16,1/2 1 0 8
SA08-10 12 A 5890 490 1.5 0.65 1/4,3/8,7/16,1/2 1 0 8
SA08-11 12 A 5430 Lso 1.7 0.65 1/4,3/8,7/16,1/2 1 0 8
SA08-12 6 A 5480 350 1.5 0.65 7/16 1 0 8
SA08-13 3 A 5640 420 1.5 0.65 7/16 1 0 8 dry cured
3 5240 k6o 7/16 ] 0 8 moist cured
SAOB-1L kA 9850 M0t 2.2 065 716 ) __ 0 8
SA09-15 15 A 5370 305 1.5 0.65 7/16% 1 0 9
SA09~16 15 A 5150 410 1.5 0.65 7/16% 1 0 9
SA08-~17 9 A 5350 340 1.5 0.65 7/16% 1 0 8
SA09-18 14 A 5280 280 1.5 0.65 7/16% 1,3,8,15,20 0 9
SA10-19 8 A 5230 L15 1.5 0.65 7/16%* 1,3,8 0 10

% 7/16-in. Strand (Coil II)

8e



TABLE B.2

PROPERTIES OF TEST SPECIMENS CONTAINING STRAND

Concrete Properties Steel
Test Number Mix Compressive Splitting Slump Water/Cement Nominal Bonded  Applied Age Remarks
Series of Strength Strength Ratio Strand Length  Lateral at
Tests Diameters Pressure Testing
(psi) (psi) (in.) (in.) (in.) (psi) (days)
SBO9-1 12 B 7450 Lho r.5 0.40 1/4,3/8,7/16,1/2 1 0 g
$B09-2 12 B 7390 450 1.5 0.40 1/4,3/8,7/16,1/2 1 0 9
SB08-3 12 B 7560 480 1.7 0.40 1/4,3/8,7/16,1/2 1 0 8
SB18-4 3 B 8600 490 1.7 0.40 7/16 1 0 18 ‘dry cured
3 8600 —— 7/16 1 0 18 moist cured
SC09-1 12 C 2580 180 1.5 1.05 1/4,3/8,7/16,1/2 1 0 9 R
(Yo
5C09-2 12 o 2340 210 1.5 1.05 1/k,3/8,7/16,1/2 1 0 9
5C08-3 12 C 2270 260 1.5 1.05 1/74,3/8,7/16,1/2 1 0 8
SC08-4 12 o 2470 260 1.0 1.05 1/4,3/8,7/16,1/2 1 0 8
SD09-1 i D 5320 410 0.2 0.65 7/16 1 0 9
SD09-2 i D 6180 410 0.5 0.65 7/16 1 0 9
SE09-1 L E Lh60o 390 7.7 0.65 7/16 1 0 9
SE09-2 L E 5470 Loo 6.5 0.65 7/16 1 0 9
SF09-1 12 F 3400 300 0.5 0.90 1/4,3/8,7/16,1/2 1 0 9
SALI2-1 16 A 6000 Lo 1.8 0.65 T/16 1 0 12 Sustained-
7140 Uty 1 0 129 Load tarts=
SAL11-2 10 A 6507 430 1.0 0.65 7/16% 1 0 11
7000 460 45
SBL12-1 11 B 8700 450 3.0 0.40 7/16% 1 0 12
8800 460 LL6

* 7/16-in. Strand (Coil II)



Test
Series

Number
of
Tests

TABLE B.3 PROPERTIES 0F TEST SPEC%MENS SUBJECTED TO LATERAL PRESSURE

Concrete 'Properties

Steel

Mix

Compressive
Strength

{psi)

Splitting
Strength

(psi)

STump

fin.)

Viater/Cement
Ratio

Strand or
Vire

Bonded
Length

fin.)

Applied

Lataral

Pressurs
psi)

Age

at
Testing
fdays)

SAP15-1
SAP22-2

SAP23-3

—_——wWww W NN -

6600
6450
5340

500
460

470

1.5

0.65
0.65

0.65

7/16~in. Strand
7/16-in. Strand

7/16-in. Strand

0
1150
0
2150
0
1000
2000
2400
2500

15
22

23

SBP24-1

_—a =

8670

430

0.40

7/16-in. Strand

0
1000
1500
2000
2500

24

WAP15-1

——— O

6300

460

Viire
d = 0.147 in.

0
1000
1150
2150

WAP17-2

5900

470

0.65

Viire
d = 0.147 in.

0
1000
2000

WBP66 -1

w oA W oW

o

8220

530

2.5

0.40

Viire
d = 0.147 in.

0
1000
2000

66




TABLE B.4 PROPERTIES OF TEST SPECIMENS CONTAINING STEEL OTHER THAN STRAND

Concrete Properties

1S

Test Number  Mix Compressive Splitting Slump Water/Cement | Steel - Bonded  Applied Age Remarks
Series of Strength Strength Ratio Length Lateral at
Tests Pressure Testing
(psi) (psi) (in.) (in.) (psi) (days)
WAO08-1 12 A 5040 Loo 1.7 0.65 ) Center Wire of 1 0 8
WB08-1 12 B 8310 Loo 1.5 0.ho 1/4,378,7/16,1/2-in. 1 0 8
WC08-1 12 C 2180 230 1.5 0.65 Strand 1 0 8
WB18-2 3 B 8600 490 1.7 0.40 Center Wire of : 1 0 18 dry cured
7/16~in. Strand
3 8600 480 1 0 18 moist cured
QB09-1 17 B 7320 535 3.0 0.40 Square Bars, 1 0 9
‘ a =5/16 in.
UAQ9 -1 5 A 5520 370 1.7 0.65 Nontwisted 1 0 9
3-Wire and

7-Wire Strand

BB09-1 10 B 7400 - 1.5 0.40 Bolts, d = 3/8 in. i 0 9
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FIG. B.1 CHARACTERISTIC BOND-SLIP RELATIONSHIPS FOR 7/16=in, STRAND AND
PLAIN WIRE WITH SLIP VALUES PLOTTED TO LINEAR AND LOGARITHMIC
SCALES
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FIG. B.2 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 1/4-in. STRAND FOR VARIOUS
BONDED LENGTHS, SERIES: SA09-I1



Unit Bond Force, Ib /in.

254

2000
I I 1 | ! |
Bonded Length: O.5 in.

Bonded Length: 1O in.

1000 +— ‘_7/ —
’-;'—._— e — -

Bonded Length: 1.5 in.

1000

0
Bonded Length: 2.0 in.
1000+— —
A‘
L L L
03001 0.00l 00I 0.l
Siip, in.

UNIT BOND FORCE-SLIP RELATIONSHIPS OF 3/8-in. STRAND FOR
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FIG. B.4 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16=in. STRAND FOR
VARIOUS BONDED LENGTHS, SERIES: SAQ8-3
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FIG. 3.5 UNIT BOND FORCE=SLIP RELATIONSHIPS OF 1/2-in. STRAND FOR
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FIG. B.6 UNIT ROND FORCE=SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR
DIFFERENT TEST SETUPS, SERIES: SA08-5
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FIG. B.7 UNIT BOND FORCE=SLIP RELATIONSHIPS OF 7/16-in. STRAND,
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FIG. B.9 UNIT BOND FORCE=-SLIP RELATIONSHIPS FOR VARIOQUS STRAND SIZES,
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" FIG. B,13 UNIT BOND FORCE=SLIP RELATIONSHIPS OF 7/16=-in. STRAND
FOR DIFFERENT CURING CONDITIONS, SERIES: SA08-13



Unit Bond Force, Ib/in.
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Unit Bond Force, Ib/in.
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FIG. B.15 UNIT BOND FORCE=-SLIP RELATIONSHIPS OF 7/16=in,
STRAND FOR DIFFERENT CONCRETE DEPTHS UNDER THE
STRAND, SERIES:

SAQ09=«15
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FIG. B.16 UNIT BOND FORCE=-SLIP RELATIONSHIPS OF 7/16=in, STRAND FOR DIFFERENT
CONCRETE DEPTHS UNDER THE STRAND, SERIES: SA09-16



Unit Bond Force, Ib/in.
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FIG. B.17 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in.
STRAND FOR DIFFERENT TEST SETUPS, SERIES: SA08-17
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FIG. B.20 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR
A BONDED LENGTH OF 8 in., SERIES: SA09-18



270

14000 . ; ‘ } [ [

120001— —

10000

8000

6000

Bond Force, Ib

Aﬁock-End Slip

4000

2000

[ ! AL,, L

0.000! 0.00!1 0.0l 0.1

Slip, in.
FIG. B.21 BOND FORCE-SLIP RELATIONSHIPS OF 7/16=in, STRAND FOR A BONDED
LENGTH OF 15 in., SERIES: SA09-18
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FIG. B.25 BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND FOR
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FIG. B.29 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in. STRAND
FOR DIFFERENT CURING CONDITIONS, SERIES: SBI18-4



I/4-in. Strand
S J—
1000 4— e
- E— —_
o}
3/8-in. Strand
1000 — ]
J% ]
=
~
o o
e 7/16-in. Strand
o
o - -
[V
ae!
c ,
c?) 1006 }— —
= e
j o=
S — - _
0
1/2~in. Strand
1000 p— ]
M ]
L1 [ L
0.8001 0.00I 00! 0.l
Slip, in.

FIG. B.30 UNIT BOND FQRCE-SLIP RELATIONSHIPS FOR VARIQUS STRAND
SIZES, SERIES: SCO09=1



2000
| [ 1 ] I |
1/4-in, Strand

1000 — —

3/8-in. Strand

|000hfj;l'”w;_;w.,wﬁ,,_v — ._m,===:::;;::::: o

7/16-in. Strand

1000 — —

Unit Bond Force, Ib /in.

)
{/2-in. Strand
- _
1000f— / —
ya——
— i N, e
L [ ||
08001 0.001 001 X

Slip, in..
FIG. B.31 UNIT BOND FORCE=SLIP RELATIONSHIPS FOR VARIOUS STRAND
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Unit Bond Force, Ib /in.

FIG. B.33 UNIT BOND FORCE-SLIP RELATIONSHIPS FOR YARIOUS STRAND
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FIG. B.38 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16-in, STRAND
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FIG. B.39 UNIT BOND FORCE-SLIP RELATIONSHIPS OF 7/16=in.
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Unit Bond Force, Ib /in.
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APPENDIX C: CONTACT STRESS BETWEEN STEEL AND CONCRETE.

C.1 Introductory Remarks

The following two sections contain a discussion of the contact
" stresses acting normal to the surface of a reinforcing bar embedded

in concrete. The stresses considered are caused (a) by lateral

pressure applied externally to the concrete specimen, and (b) by
shrinkage of the concrete. The calculations are based on the assump-

tion that concrete is a homogeneous linearly elastic material.

C.2 Contact Stress Caused by Externally App]ied Pressure

If a cylinder of homogeheous elastic material is subjected to
- a uniform lateral pressure, the radial and tangential stresses on
every element wifhin the cylinder are of the same mégnitude as the
externally applied pressure, If the cylinder contains é core with a
material of different stiffness characteristics, the radial and tan-
gentiél stresses vary across the cross section. Therefore, the normal
stresses acting on a steel baf embedded in a concrete cylinder that

is subjecfed to an external lateral pressure differ in magnitude from
the stresses acting on the surface of the concrete cylinder.

The cross section of the pull-out specimens subjected to lateral
pressure was square (4 by 4 in.) with the strand or plain wire embedded
in the center of the cross section. The calculation of the contact
pressure between the steel and the concrete is based on the assumption
that both concrete and steel are homogeneous linearly elastic materials,
By considering the cross section of the concrete prism to be a circular

area with a diameter of four in. instead of a square area, the problem
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may be reduced to that of a thick-walled hoilbw cylinder suEmitted
to uniform pressure on the inner and outer surface. The pressure
on the outer surface is equal to the externally applied pressure.
The pressure on the inner face is generated when the deformation of
the concrete cylinder directed inward is restrained by the steel
which forms the core of the cylinder.

The general solution for the stresses in a thick-walled

~cylinder is given by Timoshenko (1951)

A :
O'r = '—2— + 2C (C.])
r
A : '
O't = = —2'- + 2C (C.Z)
r
2,2
’ ' ab (IDO = r'l)
with A = 5 5 : (C.3)
' : : b™ - a
j p. a2 -p b2
20 = — o (c.4)
, 2 2
b™ - a
where o = normal stress in the radial direction, o, = normal stress

in the circumferential direction, r = radial coordinate, a = radius
of steel core or inner radius of concrete cylinder, b = outer radius
of concrete cylinder, Py = external pressure, and p, = contact pressure

between steel and concrete.
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Under the influence of the inner pressure Pis the radius of

the steel core, a, shortens by

e, = L) - v) (C.5)

where ES = modulus of elasticity, and Ve = Poisson's ratio for steel,
Any radius of the concrete cylinder, which is subjected to an
externally applied uniform pressure Po and an internal pressure P.s

deforms by

(l+v YA
21y )r | : (c.6)

1 r

e, T
where EC = modulus of elasticity and Ve = Poisson's ratio for concrete.
By substituting the constants A and C, the inner radius, a, of the

concrete cylinder can be shown to shorten by

e, = Ec(b {} [ b™ (1 + v, )+ a (i-v 1 ~2b? p }

(c.7)
The displacements of the steel, e and the displacements of
the concrete, €y should match at their common boundary. Thus, the
unknown contact pressure, p.s s
2nb2p

. = (c.8)
Pi (bz-az)( -V ) +n b (1+\) ) + a (]-\) )]

or ' P, = kp_ (C.9)
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where n = modular ratio of steel and concrete, and k is a constant for
given geometric dimensions and elastic material properties according
to Eq. (C.8). The factor k depends on the modular ratio n. The
influence of n, however, is very small considering the possible

range of the modular ratio for steel and concrete (Fig. C.1).

Using Poisson's ratio of 0.3 for steel and a modular ratio
of n =8, the factor k for 7/16-in. strand varied from 1.67 to 1,54,
when Poisson's ratio of concrete was‘varied from 0.10 to 0.20, For the
center wire from 7/16-in. strand, k varied from 1.68 to 1.55,

The theoretical distribution of the radial and circumferential

stfess a1ong the diameter of a test specimen with center wire from
7/16=in, strand is shown in Fig. C.2. A similar distribution is
obtéined for specimens with strand.

The elastic solution derived above was based on the assumption
that every cross section of the specimen through the bonded length was
in a state of plane stress. The fact that the stress distribution along
the bondgd length was nonuniform because the bonded length was only one
in, while the external stress was applied to the concrete over a |
length of five in. was not taken into account. The stiffness of the
concrete specimen was large enoughtomake this effect neglfgibly small,
The small error in the analysis of substituting a cylindrical concrete
specimen for a prism was neglected in view of the uncertainties in the
parameters involved,

. The result from the elastic solution indicates that the
contact pressure between steel and concrete was 60 percent higher than

the stress applied externally to the concrete priém° It must be noted,
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however, that the applicability of an elastic solution to this case
demands some stringent conditions. The materials in contact must be
homogeneous and linearly elastic. The moduli of elasticity and
Poisson's ratios must be known. Furthermore, a perfect contact
between the steel and the concrete is required, It.is evident that
none of these conditions is fulfilled exactly. Therefore, some
consideration must be given to the effect of the contact conditions on
the actual magnitude of the contact pressure.

(1) The magnitude of the contact stress due to an externally
applied pressure is very sensitive to any relative displacement between
the steel and the concrete., According to Eq. C.7, a reduction in the

5

‘radius of the steel (center wire) by as little as 3.7x10°° in. would

cause the contact pressure between steel and concrete to disappear
despite an externally applied stress of 1000 psi. Only 1.5x10-5 in,
would be required to change the value of k (Eq. C.9) from 1.6 to 1.0,

- A relative displacement between steel and concrete of the
above order of magnitude is possible for several reasons., During the
pull-out tests, the steel contracts eléstically by an amount depending
—on the axial stress in the steel and Poisson?s ratio. This effect may
easily be taken into account by replacing Eq. C.5 with

-a(l-\)s)pi av_P

& = E T EA - (CT9)
S S S

where P = total pull-out force, and /-\S = cross sectional area of the
steel, The last term in the above expression was divided by two
because it was assumed that the steel stress decreases approximately

linearly from the attack end of the bonded length to the trail end.
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The new expression for k taking into account the elastic
contraction of the steel due to the axial tensile force was found to
be

P
2 2 2 _—
2nb Py - (b” - a )vs 2AS
2 2

k =
(b

- af) (1) w0 T (14 v )+ 2t (v )]
(c.11)

The variation of k with the pull-out force is shown in Fig. C.3
both for 7/l6§in. strand and plain wire, Accordingvto those relations
which were based on average values of n =8 and V. = 0.15, the value
of k varied in the tests, depending on the pull-out forces and applied
lateral stresses, from approximately 1.3 to 1.5.

A further reduction of k may be expected by the inelastic
deformation of the concrete immediately surrounding the steel,
Especially at higher external lateral pressures (3000 to 4000 psi),
the stress-strain re]ationship for the concrete near the steel is Tikely
to be far in the inelastic range. Any reduction in the stiffness of
the concfete, even if it.is limited to a thin layer around the steel,
feads to a decrease in contact pressure., Consider, for instance, a test
specimen which contains a layer of -concrete with reduced modulus of
elasticity around the steel with a thickness of roughly 0,1 in. (Fig. C.4).
Using the assumed moduli of elasticity and the theoretical expression for
k given in Fig., C.4, k was found to be 1,03 in comparison to k = 1,60
for a concrete of uniforﬁ stiffrness (E = LLxIO6 psi). The distribution

of the radial stress is indicated in the figure.
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The concrete around the strand may become inelastic even
at smaller external stresses than mentioned above because the contact
stresses may be increased through shrinkage by several hundred psi.

(2) The magnitude of the contact stress is very sensitive
to the quality of the material-to-material contact between steel and
concrete. Caused by bleeding and settlement of the fresh concrete, it
is possible, or even likely, that air pores get trapped between‘the
two materials. This reduces the area of true contact, increases
locally the stress in the concrete, and causes therefore the concrete
to become inelastic at relatively Tow extefna1 pressures. In a case
of extremely bad contact, it is conceivable, although unfikely,that
‘the value of k may drop below 1.0,

(3) 1In discussing the magnitude of k, the question, of course,
arises of measuring the contact pressure. Within current 1limits of
~minstrumentationsmthewexberjmentalmdetenmination~oﬁwkumdoeswnotwseemwtou
yield any advantages, even if very small pressure gages would be avail=
able. Any measuring device would lead to such disturbances locally
that the accuracy of the measurement would be questionable,

Summarizing the above discussion, it must be concluded that
thé contact stress is extremely sensitive to the smallest change in
the conditions of contact. All evidence points to the fact that the
‘factor of k = 1,6 calculated for the perfect elastic case is too high.,
The trend of all the factors influencing the contact between steel

nd

a concrete seems to indicate that the actual value for k is much
(=D B} A AT AN R P Ly ) -~ -\ P11 vl W [N A= Y Lol A L= 3 R A= A § A 1w g Huiwi

i

closer to 1,0 than to 1.6, It was therefore decided to use k = 1,0
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in the analysis of the test data. It should be kept in mind that, under
certain circumstances, k may be as high as 1.1 or 1.2. Because of
the uncertainties involved, however, it would be unreasonable to

differentiate for different cases,

C.3 Contact Stress Caused by Shrinkage of Concrete

" Since a safisfactory method of measuring the contact stresses
due to shrinkage between concrete and a reinforcing bar is not avail-
able, these stresses have to be estimated by a theoretical approach.

The calculation is based on the same assumptions as in the
previous section. The concrete specimen is considered as a thick-walled
cylinder submitted to uniform pressure on the inner surface., The inner
pressure is generated when the concrete tends to shrink but is restrained
by the steel forming the core of the cylinder.

Longitudinal shrinkage of the concrete specimen produces

stresses parallel to the steel bar because of the restraint that bond

poses to free shrinkage in that direction. If these longitudinal
stresses aré neglected, any element of the cross section may be
considered as being in a sfate of plane stress. The stresses in the
concrete cylinder which are set up when the concrete surrounding the
steel tends to shrink are determined by Eq. C.1 through C.4., The
external pressure, Py in that case is equal to zero.

According to Eq, C.6 the radial displacement, d], of the

inner radius of the concrete cylinder due to the restraining pressure Pi>
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which the steel bar exerts on the concrete, is

@ Py 2 A 2
d] = MI—;“ + \)C)b + (] - vc)a ] (C;]Z)

where the terms on the right side of the equation have the same
meaning as those of Eq. C.7.
Subjected to the shrinkage pressure P:> the radius of the

steel bar decreases by

d. = —— (1 =v) . (c.13)

" If the steel had been replaced by concrete, the radius of

the circular area taken by the steel would shrink by the amount

d3 = - a$ (C.th)

where S is the linear shrinkage strain of the concrete.
In order to satisfy compatiblity, the total deformation of

the concrete at radius a must equal the deformation of the steel, or
d, +d, =d (C.15)

Substituting into this expression Eq. C.12 through C.14, the shrinkage

pressure p, may be determined by

S(b2 - az)
Pi 51T 2 2 T 1 7 2 (c.16)
E;Lb (I+vc) + a (l—vC)J + E;(b - a )(]-vs)
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If dimensions of the test specimens with plain center wire
and realistic material properties (a = 0.073 in., b = 2,0 in.,

E. = 4x]06 psf, v, = 0.15, E_ =29 x 106 psi, v, = 0.3) are inserted
into Eq. C.16,a contact stress between the concrete and the wire of
approximately 300 psi is obtained for a shrinkage strain of le]O-S,

. Shrinkage strains of dry cured concrete measured over a
period ranging from the second to the eighth day after‘casting were
found to be in the order of ]5x]0-5 (Fig. 6.9). It may be assumed,
however, that a large amount of shrinkage has taken place during the
first two days when no measurements were taken., Therefore, it is not
absurd to aésume contact stresses between concrete and reinforcing
steel due to shrinkagebto be in the order of several hundred psi.

The method of calculating the shrinkage stresses may not be
very accurate for several reasons. 1In the calculation, it was assumed
that shrinkage was distfibuted uniformly over the entire cross section.,
This assumption is not realistic because of the nonuniform process of
drying of the concrete. Furthermore, even if the shrinkage strains,
needed to calculate the shrinkage stresses, can be determined accurately
.in the early stages of hardening of the concrete, it appears to be
difficult to relate realistic stiffness properties of the concrete
to the early shrinkage deformations,

Another very important consideration should be mentioned
here. Although the shrinkage stresses are relatively small compared
with the compressive strength of the concrete, they cause the concrete
to creep. Consequently, the shrinkage stresses are gradually reduced
with time, a phenomenon which poses another uncertainty in the theoretical

determination of the shrinkage stresses,
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APPENDIX D: COMPUTATION OF THE STRESS DISTRIBUTION
IN A SHEAR KEY

In Chapter 11, it was assumed that the initial bond strength
is determined by a shear failure of concrete keys which are interlocked
with a microscopically rough steel surface. 1In the following section,
a method of calculating the stress distributions in one of those
concfete‘keys subjected to bond forces is discussed for various
assumptions about the local transfer of stress from the steel to the
concrete,

A profile of the surface of a cold drawn wire as measured by
Rehm (1961) with a profile meter is shown in Fig. D.la. Numerous

“measurements made by Rehm indicated that the depth-to-width ratio
remained approximately constant for all indentations at approximately
1:10 to 1:15.

For the purpose of the calculations, it was assumed that the

steel surface was marred by a large number of rectangu
as shown in Fig. D.lc. Furthermore, it was assumed that the deformable
concrete key was attached to a rigid mass of concrete.,
When force is té be transmitted from the steel to the
.concrete,van individual concrete key may be subjected to forces as
indicated in Fig. D.2a. The bond forces are assumed to be transferred
from the steel to the concrete only through the top surface of the
shear key. The shear forces along the vertical face of the concrete
key are neglected.

The horizontal forces, PZ’ represent lateral contact pressures

caused either by shrinkage or externally applied forces,

319
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The uppermost part of the shear key has the tendeﬁcy to
deflect in the negative y-direction under the loading shown. Since
the steel prevents any deflection in this direction, the upper part
of the concfete key was fixed with respect to movement in the y=
direction over a distance where negative deflections would take place.
The resulting deflection of the shear key due to the loading shown in
Fig. D.2a is shown in Fig. D.2b.

Three loading cases were investigated (Fig. D.3): case I,
with a vertical force on the top surface of the shear key, and case II
and ITI which involved combinations of veréica] and horizontal forces,

For the calculation of the stresses and deflecfions of the
Ashear key, use was made of an existing computer program (Pecknold,
1969). Theksolution was based on finite element methods. Triangular,
two-dimensional elements were used as indicated in Fig. D.4, ’The con=

crete was assumed to be elastic and in a state of plane stress.

he normal and shear stresses for

=+

The calculation provided
each of the elements shown in Fig. D.4t, Deflections in the x- and
y~directions were obtained at each node.

Solutions were obtained for the following conditions:

(a) depth-to-width ratio of the shear key = 1/10

(b) modulus of elasticity of concrete = 4 x 106 psi
"(c) Poisson's ratio for concrete = 0, (Ca]culation§ using Poisson's
ratio of O.Z‘indicated that the effect of different ratios on the

stresses was very small),
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The loads acting on the shear key as indicated in Fig. D.3
were determined such that their relative values, P1 and PZ’ reflected
a regular pull-out test on plain wire without applied lateral pressure
(case 1), a pull-out test with a Tateral pressure of 1000 psi (case II),
and a pull-out test with a lateral pressure of 2000 psi (case III).
The test.results were taken from Fig. 8.3.

By assuming that the loads P] and P2 are transferred only
through the shear key and that the bonded area is pitted by a given
number of square indentations of the same size, it was possible to
assign relative values for P] and P2 to an individual shear key for
each loadiﬁg case.

Because of the many simplifying assumptions made, it was not
attempted to find actual forces and stresses but to determine relative
values. For this reason, the normal stresses and shear stresses
plotted for the fixed eage of a shear key for each loading case are
given without dimensions (Fig. D.5 through D.7).

The stress distributions indicate that high tensile stresses
in the y~direction exist near the top of the shear key in all three
- loading cases. This is the location where the ''shear failure' will
start. Having failed at the top, the failure will progress along the
presumably fixed edge of the shear key.

In Fig. D.8,tﬁe directions of the principal stresses in the
upper half of the shear key are shown for load case I. Figure D.9
presents lines of equal principal tension in the upper part of the

shear key for all three load cases., Again it is shown that very
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high tensile stresses are concentrated in the upper fixed corner of
the shear key. It should be noted, however, that a sharp corner
as assumed in Fig. D.lc does not exist (compare with Fig. D.1b).
Consequently, the stress concentrations will be less pronounced in
the actual case,

The relative magnitudes of the principal fension cdrresponding
to failure loads in actual pull-out tests indicate that the shear key
of load case I is subjected to smaller stresses than the load cases
II and III. Therefore, a comparatively higher failure load should
be expected in pull-out testé of case I. Because of the disturbance
of stresses inflicted by the sharp corner of the assumed shear key
“and the pQre]y elastic solution of the problem, no quantitative
conclusion can be drawn from that result,

The calculation demonstrated that the initial failure
conditions in bond tests with or without lateral pressure are alike
and can be explained by a material failure of the interlocking structure

between steel and concrete.,
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APPENDIX E: THEORETICAL DETERMINATION OF BOND=SLIP RELATIONSHIPS
FOR LONG EMBEDMENT LENGTHS

E.1 Determination of Bond-Slip Relationship for a Given Bonded Length

on the Basis of Results from One-in, Pull=0ut Tests

The objective of the calculation described in the following
section is the prediction, on the basis of results from one=in, pull=
out tests, of the bond-slip relationship of strand for any given bonded
length. Given are the unit bond force-siip relationship of strand which
is assumed to be characteristic for bond between strand and concrete,
the stress=strain curve of the strand, and.the trail-end slip for
which the bond-slip relationship is to be calculated.

The calculation which is to be carried out-with the aid of
a digital computer is a simple iteration procedure, It is based on
the relationship that the change of the slip is equal to the absolute

sum of the changes in deformation of the strand and the concrete, or

ds deS dec
== Ix T @ (E.1)

‘where s = slfp, e, = deformation of strand,‘eC = deformation of concrete,
and dx = differential length regarded.

Since the deformation of the concrete is small compared with
"the deformation of the steel, the last term of Eq. E.l was neglected.
Thus, the basic assumption of the calculation was reduced to the simple
relation that the change in slip is equal to the change in deformation

of the strand.
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The iteration is started at the trail end of the b@nded fength
where the slip and the steel stress (= zero) are known. The bonded
length is divided into a number of iteration intervals.

With the given unit bond force=slip relationship, the bond
force developed at the end of the first iteration interval can be
determined by assuming that the unit bond force corresponding to the
given trail-end slip remains constant along the iteration interval
considered, Using the known stress=-strain relationship of strand, the
deformation of the strand at the end of the first iteration length can
be calculated. Since it was assumed above that the change in deforma-
tion of the steel is equal to the change in siip, the slfp at the end
of the first iteration interval is determined by the sum of the trail=-
end sfip and the calculated deformation of the strand. Now a new unit
bond force corresponding to the calculated slip can be picked from the
given unit bond force-slip relation for the second iteration interval,
This procedure is continued until the sum of the iteration intervals
equals the bonded length for which the bond-slip relationship is to be
calculated,

The length of the iteration intervals may be chosen to suit
any ''accuracy'' of the solution desifed. For the relatively slowly
changing unit bond=slip reiationship of strand, an iteration length
of 0.5 in. was found to be sufficient.

The degree of agreement of the theoretical solution with the
actual test results depends merely on the accuracy with which the unit
bond force=-slip relationship of the one-in. pull-out tests represents

the actual bond-slip relation between strand and concrete.
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E.2 Calculation of the Anchorage Length of Strand in a Pretensioned

Prestressed Member

The objective of the calculation method described in the
following is to determine the anchorage length of strand in a preten-
sioned prestressed member for any given prestress on the basis of results
from one-in., pull-out tests. Given are the unit bond force~slip relation-
ship of strand which is assumed to be typical for bond between strand
and concrete, the stress-strain curve of the strand, and’the prestress
for which the anchorage length is to be calculated,

The calculation consists of a simple iteration procedure
based on the same assumptions as discussed in Section E.l. The iteration
'is started at the end of the anchorage‘length (in the interior of the
beam) where the conditions both for the steel stress and the slip are
known. At this point, the steel stress is equal to the effective
prestress while the re1étive slip between the strand and the concrete
is equal to zero.

Since the smallest slip measurable in the pull=out tests was
0.000%1 in., the shape of the bond-siip‘reiation for slips smaller than
this value is not known exactly., Consequently, it was assumed that
one in. from the end of the anchorage length towards the end of the
prestressed member (equal to the bonded length of the pull-out test)

-a slip of 0,0001 in. is developed after the release of the prestress-
ing force. The strand force at that point is equal to the effective
prestressing force minus the initial bond force as indicated by the

unit bond force=slip relationship at a slip of 0.0001 in.
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The rest bf the anchorage length is divided in equal intervals
the length of which depends on the accuracy of the solution desired,
Assuming that the bond stress corresponding to a slip of 0,000 in.,
of the measured unit bond force=slip relationship remains constant
over the first iteration interval, the strand force transferred to the
éoncrete‘by bond on this length can be determined. This force must be
subtracted from the prestressing force existing at the beginning of
the interval in order to obtain the prestressing force at th; end
of the first intérval. According to the assumptions made in Section
E.1, the slip at the end of the first interval is equal to the
deformation of the strand corresponding to the differential prestress=-
.ing force. Using this slip value, a new unit bond force may be picked
from the unit bond force-slip relationship to calculate the prestressing
force at the end of the second interval, The iterations are continued
until the prestressing force in the strand becomes zero. The anchorage
length is determined by the gum of the iteration intervals required
plus the initial length of one in.

The degree of agreement of the calculation with actual test
-results depends on the accuracy with which the unit bond force-slip
relationships of pull-out tests represent the typical bond-slip

relation between strand and concrete.,



APPENDIX F: DESCRIPTION AND DISCUSSION OF PRESTRESSED-BEAM TESTS

F.1 Introduction

The objective of the prestressed-beam tests described in this
section was to check experimentally the theoretical projection of results
from one=in. pull-out tests to practical problems involving bond be-
tween prestressing strand and concrete. In particular, thé end slip
and the anchorage length of 7/16-in. strand for two different depths
of concrete under the strand were to be investigated. |

Five pretensioned prestressed concrete beaﬁs reinforced with
two 7/16-in. strands were cast. The beams were 9 ft long and had a
cross section of 6 by 12 in. In three beams, the strand was placed
"2 in. from the bottom, in two Eeams 2 in. from the top. The concrete
strength of all beams was roughly 5600 psi.

The anchorage length was determined immediately after‘the
release of the prestreséing force by measuring the strain distribution
of the concrete at the level of the reinforcement. In two beams, the
end slip and the anchorage length were measured, in addition, at various
time intervals after release of the préstress: 1, 6, 15, and 35 days.

With each of the three beams with the reinforcement near the
bottom, a set of three pull-out specimens was cast and tested after the
prestress had been released., The theoretical determination of anchorage

-length and end slip was based on the results of those tests.

F.2 Materials
F.2.1 Concrete
The same type of cement and aggregates used for the pull-out

specimens was used for the beams (see Appendix A).
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The mix proportions of the concrete were identical to those of
mix A listed in Table A.1. |

The stump of the concrete, the age at the time of testing, the
apparent modulus of elasticity (determined from tests on three 6 by 12-in.
cylinders), and the strength characteristics are listed in Table F.l for
each individual beam.

The compressive strength of the concrete was determined from
tests on three 6 by 12-in. cylinders. . The splittinglstrength was
found from three 6 by 6-in. cylinders,
F.2.2 Steel

The reinforcing strand used in the beams consisted of seven-
‘wire (round wire) strand with a nominal diameter of 7/16 in. The
propekties of the strand such as cross sectional area, pitch, angle of
twist, and the apparent modulus of elasticity are listed in Table A.2,
The‘strand used in the beams was cut from coil II.

The surface of the strand was clean and free of corrosion,

F.3 Descriptioh»of Specimens

The éxterior dimensions of all five beams tested were identical,
" The length was 9.0 ft, the cross section was 6 by 12 in. (Fig., F.1).
The beams were reinforced with two 7/16ein. strands which were placed
2 in. from the bottom in three beams, and 10 in. from the bottom in
two beams. No stirrups were used. The average prestress in the strand
before release was 175 ksi., |

The beams were identified by a series of letters and numerals:

The first two letters, PB, stand for prestressed beam, the third letter
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(B or T) identifies the level of the reinforcement referring either to the
bottom or the top level. The numeral after the dash represents the numeri-

cal sequence of the beams.

F.4 Prestressing

The strands were prestressed between two concrete blocks
anchored to the test floor of the laboratory using a hydraulic jack

(Fige F.2). The two strands of each beam were stressed simultaneously.

Tl e 3 P,
I

he tension was contro

P U, A o e

ed by dynamometet aced undef the strand
grips at both ends of the prestressing bedf
The strands were stressed until the average load indicated
. by the four dynamometers was 20.5 kips per strand which corresponded to
a stress of 174 ksi., After tightening the nuts on the tie rods against
the bearing plate on which the hydraulic jack rested, the hydraulic
pressure was released. The load of each strand was adjusted by turning
the nuts such that the two dynamometers of each strand indicated an
average prestréss of 174 ksi.
Prestressing of the strands took place at least 36 hours

before césting in order to allow for initial losses of prestress due

" to relaxation of the steel and‘slip of the wedges in the strand grips.

F.5 Casting and Curing of Specimens

The forms were made of steel channels. A plastic sheet was
placed on the bottom of the forms and slightly oiled in order to reduce
friction between the beam and the form after the prestressing force was

released,
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The strands were cleaned with acetone immediately before

casting.

- m —-— — — ~Fach—beam -was-cast—from-one-batch-of-concrete+—A-set—of— — v o —

three or six 6 by 12-in. cylinders and three 6 by 6-in. cylinders was
cast with each beam. 1In addition, three one-in. pull-out specimens?
prepared in the same manner as described in Section AL, were cast
with those beams in which the strand was placed two-in. above the bottom.
The concrete was placed into the forms in one layer and
vibrated with an interior vibrator. |
The beams, the cylinders, and the pull-out specimens were
cured in the same manner. For the first two days, the specimens were
left in their forms and kept moist by covering them with wet burlap.
After two days, the forms, except the bottom form supporting the beams,
were struck., After keeping the specimens moist for another four days,
the specimens were uncévered and left exposed to the Taboratory environ-

ment until the time of testing (three days).

F.6 Transfer of Prestress

In all cases, the prestressing force was transferred to the

" beam on the ninth day.

The release of prestress was accomplished by loosening the nuts
on the tie rods thus transferring the prestressing force to the extended
hydraulic jack., Then, the valves of thehydraulic system were opened.
Using tHis procedure, it was possible to release the prestressing force
of both strands simultaneous]y‘into the beam within a few seconds.
However, the release was gentle enough to allow reliable slip measure-

ments betweenistrand and concrete at the end of the beam.
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F.7 Instrumentation and Measurements

Four aluminum center-hole dynamometers were used to determine
the prestressing force applied.

In order to measure the concrete defofmation, two lines of
small steel discs with conical holes in the center were glued to the
surface of the beam at the level of the reinforcement. The relative
displacement of those reference points was measured with a 10-in.
Whittemore mechanical strain gage. The spacing of the reference
points is indicated in Fig. F.3.

In addition, special brackets witﬁ reference points were
attached to the end of the beams in order to measure the average
gtraihs at sections closer than 10 in. to the end of the beam (Fig. F.3).
Since the bracket was unstrained, the strain gage readings indicated
only the deformation of the concrete within the gage interval. The
sensitivity with which the strains could be measured was + 0.01 percent.

A pair of 0.001-in., dial indicators was ciamped to each
strand at the ends of the beam in order to measure the end slip
between the strand and the concrete. The slip of the strand was
measured with respect to the end face of the concrete beam.

Stip- and strain measurements were taken immediately before
the release of the prestress (zero reading) and immediately afterwards.
These measurements corresponded to the instantaneous deformations of the
concrete., For the beams PBB=3 and PBT=2, additional measurements were

taken at the following ages after transfer: 1, 6, 15 and 35 days.
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For each beam, three 6 by 12-in. cylinders were tested after
the prestress had been transferred in order to determine the compressive
strength and the modulus of elasticity of the concrete. At the same
time, a set of three 6 by 6-in. cylinders was tested to obtain the
splitting strength., As modulus of elasticity of the concrete, the
secant modulus determined at 50 percent of the compressive strength
was chosen.,

In connection with those beams that were ;ast with the reinforce-~
ment located two in. above the bottom, three pull-out specimens were

tested in the same manner as described in Appendix A,

F.8 Discussion of Test Results

F.8.1 Evaluation of Test Data

The anchorage length in a pretensioned prestressed member is
defined as the length of strand necessary to transfer the entire effective
prestressing force of the pretensioned reinforcement to the concrete by
bond. The effeétive prestressing force immediately after release is
equal to the pfetensioning force minus the force lost by the inétan-
taneous deformation of the strand and the concrete,

The anchorage length can be determined approximately by
measuring the strain distribution of the concrete at the ltevel of the
reinforcement. According to the definition of the anchorage length, a
constant strain distribution must be obtained theoretically in the center
part of the beam between the two anchorage zones. fhé strain in the
anchorage zone decreases from the constant strain at the end of the
anchorage length to zero at the end of the beam., The anchofage Tength
is therefore determined by the distance between the end of the beam and

the cross section that develops the maximum concrete strain.,
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Because of a certain shear lTag between the location of the
actual stress transfer at the surface of the strand and the exterior
surface of the concrete, the anchorage length determined by the concrete
strain distribution may be slightly larger than the actual anchorage
length. However for small concrete covers, this error is negligibly
small,

In practice, it is difficult to determine exactly thé cross
section at which the full concrete strain is developed because of the
unavoidable scatter of the strain measurements and the slightly
asymptotical approach of the strain distribution to the constant
strain plateau.

In order to obtain comparable results from various tests, the
length of strand required to develop 90 percent of the full concrete
strain (which corresponds to 90 percent of the full prestressing force)
was determined and called L(90). This value could be measured with
greater reliability. According to calculations discussed in Section
13.3, the full anchorage length is obtained approximately by multiplying

L(90) by 1.12.

F.&.2 Effective Prestress

The prestress of the strand immediately before release of the
_prestressing force inté the concrefe was, on the aQerage, i67 ks i
(Table F.2). The difference in the individual prestress of the two
reinforcing strands was less than three percent in each beam.

The effective prestress between the two anchorage zones of

the beam immediately after release of the initial prestress was found
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to be, on the average, 159 ksi. The average effective prestress of

each beam, listed in Table F.2, was determined by subtracting from

the prestress measured before release the steel stress corresponding

to the average concrete strain measured in the center part of the beam.
The effective prestress decreases with time due to creep and

shrinkage of the concrete.

F.8.3 Concrete Strains

The measured strain distributions on both sides of each beam
are shown in Fig. F.4 through F.8. It was noted that in beams with
the reinforcement near the bottom, the strains measured dn both sides
~of the beam differed significantly. They varied by as much as 25
percent, The prestressing forces of the two reinfofcing strands,
however, immediately before release of the prestress varied by less
than 3 percent. An eccentricity of 0.1 in. of the resulfant force
would cause the stresses on the two faces of the beam to differ by
approximately 20 percent of the smaller stress. Therefore, the

variation in the measured strains does not appear unreasonable,

. F.8.4 Anchorage lLength

The lengths L(90) measured for both anchorage zones of each
strand are listed for every beém in Fig. F.4 through F.8 and in Table
F.2. The values varied from 18 to 28 in. for the beams with the strand
located 2 in. above the bottom. The average was 22 in. According to |
the calculation described in Section 13.3, the ful] anchorage length
(112 percent of L(90)) may be expected to be on the average 25 in. This
value corresponds to a length of approximately 57 time; the nominal

strand diameter.
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For the two beams with the strand 1o;ated near the top
surface, the measured values for L(90) varied from 26 to 30.5 in.

The average was roughly 28.5 in. This corresponds to a full anchorage
length of approximately 32 in. or a length of 73 times the strand
diameter.,

On the average, the anchorage length in beams with the
reinforcement placed 10 in. above the bottom was 28 percent larger than
that developed in beams with the strand placed 2 in. above the bottom.
This difference is consistent with data from pull=-out tests which were
performed, to study the influence of the settlement of concrete under
the strand (Chapter 7). The results of those pull-out tests indicated
that, on the average, the settlement of a 10-in. thick layer of concrete
under the strand reduces the bond strength, compared to that developed
by specimens with a 2-in. thick layer, by approximately 25 percent for
an average slip of 0,05 in. (Fig. 7.2). The end slip developed in the
beams was roughly 0,10 in.

It sﬁou]d be noted that the average anchorage length of all
beams measured at the release end was ﬁractica]]y identical to that
measured at the fixed end, The same result was true for the average

values of the end slip.

F.8.5 End Slip

The end slip of each strand measured immediately after release
of the prestressing force is listed in Table F.2., For beams with the
strand placed near the bottom, the end slip ranged from 0,051 to 0,076 in.,

with an average value of 0.068 in. For beams with the strand near the
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top surface, the end slip ranged from 0,088 to 0.109 in, wfth an average
value of 0,096 in. The larger slip of the strand placed near the top
of the beam is related to the reduced bond strength because of the

effect of settlement.

F.8.6 Effect of Time on Anchorage Length and End Slip

In two beams (PBB=3 and PBT-2), the end slip and the strain
distribution were measured at various time intervals after the release
of the prestress: immediately, and at 1, 6, 15 and 35 days. The
strain distributions are plotted separately for each side of the two
beams in Fig. F.9 and F.10,

The measured lengths L(90) indicated by arrows in Fig. F.9 and
F.10, are listed in Table F.3. It was observed that L(90) did not change
over the time of obszrvation. The small variations shown in Table F.3
are due to the scatter -of the test results. The end slip, measured
to an accuracy of 0,001 in., did not change either with time for both
beams (Table F.3). |

‘1t should be nqted that the prestressing force did not stay
constant with time because of creep and shrinkage deformations of the
concrete, Figure F.11 presents the variation of the average concrete
strain with time in the center part of the two beams. Using these
strains, the average loss of prestress in the strand can be calculated,
The effective prestress of the two beams is plotfed as a function of
time in Fig. F.12. The graphs indicate that the prestressing force

decreased by approximately eight percent over a period of 35 days.



3l

F.8.7 Comparison of Test Data with Results from Other Investigations

Comparing test results related to bond which were obtained
in different laboratories is difficult because bond is sensitive to
various parameters that defy simple definition,vsuch as,

(1) surface roughness of the steel (see Section 12.4)

(2) irregularities in the shape of strand (see Section 12.4)

(3) curing conditions of the concrete (see Section 6.k4)

(4) shrinkage conditions of the concrete (see Section 6.3,

6.5)

The reference given in parentheses refers to the sections
in which the effect of the particular variable on bond is discussed,

The difference in the magnitude of the anchorage length ob-
served in literature may be a result of variations of test conditions
of the type mentioned above.

Table F.4 lists the average anchorage length for 7/16-in,
strand measured by other investigators or extrapolated from results
of tests with other strand sizes. The major conditions under which
the tests were performed are given,if reported, in the table.

The required interpolations or extrapolations were made with
the following assumptions:

(1) the length required to transfer a given percentage of
the prestressing force to the concrete is linearly proportional to the
amount of prestressing force transferred. |

(2) The anchorage length increases in linear proportion to

the effective prestress.
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(3) The anchorage length increases in linear préportion
to the strand diameter.

The first assumption is based on the results of the theoretical
(Fig. 13.5) and experimental (Fig. F.4 through F.8) determination of
the steel stress distribution within the anchorage zone or the recogni-
tion of the fact that the bond-slip response for strand is virtually flat,

The second assumption is confirmed fairly well for strand by
theoretical considerations based on results from pull-out tests (Fig.
13.7) as well as by test results (Kaar, 1963).

The third assumption is justifiéd by resﬁlts of pull-out
tests (Fig. 5.7) and beam tests (Kaar, 1963). Although the results
indicate that, for a given prestress, the anchorage length of small
strand sizes may be slightly shorter in proportion to the nominal
diameter than that for large strand sizes, the error is sma

The anchorage lengths measured and extrapolated for 7/16-in.
strand and an effective prestress of 175 ksi differ significantly,
The difference may be caused by the effect of various experimental
parameters as mentioned above. Concluding from the scatter in the
- test results of three Qstensib]y identical beams (Table F.2) and data
from many pull-out tests, a fair ahount of scatter between the anchorage
lengths measured in different laboratories must be exptcted. It was
not possible to assign statistical weights to the various values
because of lack of information on experimental details.

With a few exceptions, the anchorage length of 7/16-in.

strand manufactured in the U. S. is around 27 in. or 62 times the
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nominal strand diameter. This length would be requfred to dévelop the
effect ive prestress of 175 ksi immediately after transfer. According
to the Building Code Requirements for Reinforced Concrete (ACI 318-63),
(1963), this would be the maximum allowable prestress for strand with a
strength of 250 ksi. The Code requires that the effective prestress
immediately after transfer be less than 0.7 times the strength of the
strand or 175 ksi,

On the basis of data obtained in the course of this investi-
gation and tests made elsewhere, the influences of the major variables
appear to be as follows. |

(1) Concrete Strength: Conclusions about the effect of

éoncrete strength arenot consistent throughout the available body of
experimental data.

The pull-out tests on strand with diameters ranging from
1/4 in. to 1/2 in. reported here indicated that the bond strength of
strand increases at a rate of approximately ten percent per 1000 psi
of concrete strength.

Riisch and Rehm (1963) who conducted an extensive investigation
to study the anchorage length of 16 different, mostly deformed, pre-
stressing steels found fhat, in genefal, the anchorage length decreased
with increasing concrete strength. Their results for strand, however,
obtained from only three beam tests, each with a different concrete
strength, were not conclusive.

Ratz et al (1958) report a significant influence of the concrete

strength on the anchorage length of 0.19-in., strand (see Table F.k4).
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It must be mentioned, however, that in most of the tests oniy the end
stip of the strand was measured while the anchorage length was determined
analytically.

Janney (1954) found that concrete strength has a relatively
smail effect on the transfer liength of plain wire.

The most comprehensive study on the effect of concrete
strength on the transfer length of strand was carried out by Kaar ét
al (1963). It was found that the concrete sfrength.had practicaliy
no influence on the ‘anchorage length of strands with diameters up &o
1/2 in.

In view of the practical range of variation for concrete
‘ strength in prestressed concrete members, it appears that the effect
of concrete strength may be ignored in practical considerations with
the caution that a large accidental reduction in concrete strength may
increase the anchorage iength by appréximate]y ten percent per 1000
psi of concrete compressive strength.

(2) Manner of Release: The anchorage length of strand up

to 1/2-in. diameter may be as much as 20 percent larger at the end
-where the prestress is released suddenly than at the end where it is
transferred slowly (Kaar, 1963; Risch, 1963). The difference may be
even larger for 0.6-in. strand (Kaar, 1963).

(3) Surface Characteristics: Rusted strand and deformed

strand developed shorter anchorage lengths than clean strand (Preston,
1963; Hanson, 1969).

(4) Time-Dependent Effects: The anchorage length of strand

did not increase with time up to one year (Kaar, l963;_RUsch, 1963 ;
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Section F.8.6). However, it must be noted that the prestressing force
of the strand decreased considerably in all investigations because of

oncrete and relaxation of the steel.

F.9 Results from Pull-0ut Tests

The bond-slip relationships of three sets of pull-out tests
cast in connection with those beams in which fhe strand waé placed
two in. from the bottom are presented in Fig. F.13. Since the
concrete strength and the curing conditions were practically identical
for all three séts of test specimens, an average unit bond-slip relation=-
ship (Fig. F.14) was used as a basis for the analytical method; described
in Section 13.3, to determine the anchorage length and the end slip of

strand in the beams PBB=1 through PBB-3.

F.10 Conclusions

The following ﬁay be concluded from the results of five
prestressed-beam tests described in this section:

(1) The anchorage length of ciean seven-wire (round wire)
7/16=in. strand, prestressed to approximately 165 ksi and placed no
more than 2 in. above the bottom of the beams with respect to the
direction of casting, was found to be, on the average, 25 in. or equal
to 57 nominal strand diameters. This value was obtained by releasing
the prestress at a relatively slow rate., The concrete strength was
roughly 5600 psi. The age of tﬁe concrete at the time of transfer

was nine days.,
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(2) The anchorage length of the same strand and measured
under identical conditions was found to be, on the average, 32 in.

or equal to 73 strand diameters when placed 10 in. above the bottom

of the beam with respect to the direction of casting.
(3) The anchorage length and the end slip of the strand did
not increase with time during a period of 35 days. During the observa-

tion period the effective prestress decreased by approximately 8 percent.
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TABLE F.1

Beam Slump Age at Release Modulus of Compressive Splitting
of Prestress Elasticity Strength Strength
(in.) (days) (10° psi) (psi) (psi)
PBB-1 1.5 9 3.8 5290 L50
PBB-2 1.5 9 3.7 5510 360
PBB-3 1.0 9 3.8 5490 380
PBT-1 1.25 9 3.9 5970 390
PBT-2 1.5 9 3.7 5690 koo




TEST DATA FOR PRETENSIONED PRESTRESSED BEAMS

TABLE F.2

Beam

PBB~1 PBB~2 PBB-3 PBT-1 PBT-2
Prestress
before Release (ksi) 169.7 168.7 165.7 160.1 169.7
Effective Prestress ,
after Release (ksi) 161.4 160.8 157.5 154 .1 163.1
L(90) measured " South 22 20 23.5 30 27
at Release End (in.) North 21 20.5 20.5 30 27
L(90) measured -  South 24 19 24 30.5 26
at Fixed End (in.) North 22 18 28 27.5 29
Average L(90) (in.) 22.5 19.4 24,0 29.5 27.2
Approximate .
Anchorage Length (in.) 25.0 21.5 27.0 33.0 30.5
End S1ip measured South 0.068 0.051 0.076 0.094 0.100
at Release End (in.) North 0.064 0.067 - 0,064 0.090 0.109
End Slip measured  South 0.071 0.075 0.071 0.097 0.088
at Fixed End (in.) North 0.073 0.062 0.070 0.097 0.093
Average
End Slip (in.) 0,064 0.070 0.095 0.097

0.069

16¢



Time After

TEST DATA FOR THE BEAMS PBB-3 and PBT-2

TABLE F.3

Effective L(90) at L(90) at L (90) End Slip at End Slip at End
Beam Release Prestress Release End Fixed End ~ Average Release End Fixed End Average
(ksi) (in.) (in ) (in.) (in.) {in.) (in.)
23.5 24,0 0.076 0.071
! hr. 157.5 20.5 28.0 24,0 0.064 0.071 0.070
24,0 23.5 0.076 0.071
1 day 155.3 20.5 29.0 24,3 0.064 0.070 0.070
23.5 23.5 0.076 0.071
PBB-3 6 days 152.7 21.5 27.0 23.9 0.06Lk 0.069 0.070
23.5 23.5 0.076 0.071
15 days 149.2 21.5 27.0 23.9 0.064 0.069 0.070
24,0 23.0 0.076 0.070
35 days 145.2 21.0 26.5 23.6 0.063 0.072 0.070
27.0 26.0 0.100 0.088
1 hr. 163.1 27.0 29.0 27.2 0.109 0.093 0.097
28.0 27.5 0.100 0.088
1 day 160.6 28.5 29.0 28.3 0.109 0.093 0.097
27.0 25.0 0.099 0.088
PBT-2 6 days 157.5 29.0 28.5 27 .4 0.109 0.092 0.097
26.0 26.0 0.099 0.088
15 days 1540 28.0 28.0 27.0 0.109 0.092 0.097
24,5 27.0 0.099 0.092
35 days 150.7 28.0 27.5 26.8 0.109 0.090 0,097

z5¢



TABLE F.k4

COMPARISON OF TEST RESULTS FROM OTHER INVESTIGATIONS FOR 7/16-in. STRAND

£qt

Cross Depth of Concrete Age Effective Measured Transfer Length Anchoriage
Investigator Section Concrete Compressive at Prestress L(% of Stress Transferred) Length L(100)
b x d Below Strength Transfer at Transfer Extrapolated to Remarks
Center Line at Transfer . f_ = 175 ksi :
f Strand ‘ se
° Release _ Release
.. i Slow  Sudden Slow  Sudden
(in.) (in.) - (psi) (days) (ksi) (in.)  (in.) (in.)  (in.)
L(100)
Debly 6 x 12 2.5 4300 9 148 24 28.5
(1956) 1.75,3.25 L4670 14 167 32 33.5

‘Ratz, . - . L(100) extrapolated
Holmjanski 2400 170 43 Ll ' from
and Kolner 3600 170 27 27.5 7x1.6 mm-strand
(1958) 14800 170 18 © 185

6000 170 11.5 12
Dinsmore, L(100)

" Deutsch, and 4L x 10 2 6000 8,12 160 19 21 beam tests by
Montemayor (1958) Montemayor
Riisch and . ’ L(100) L(100) ) extrapolated
Rehm (1963) 1850 '8 127 34 - 38 47 .. 54 from .

5.5 x 5.5 1,45 2900 L 127 L4y .5 L4r.5 57 57 7%3 mm-strand
3900 3 128 31.5 31.5 | 43 L3
Kaar, LaFraugh . L(100) L{100) interpolated
2.6 1660 1 172 25.5 32 26 32.5 between 3/8-in.
and Mass (1963) 7.3 x5.3 1.75,3.50 3330 3 162 28 33.5 30.5 36 and
1.75,3.50 5000 22 153 24 29 27.5 33 . 1/2-in. strand
Preston . L(100) extrapolated
(1963) L5 x 3.5 1.75 L4120 2 o176 27 27 , from
4200 153 23.5 27 1/2-in. strand
Hanson and I-Beams L(85)
Hulsbos (1965) 9 x 18 1.5,3.25 5720 7 155 1 18.5
Over and . ‘ - L{100) interpolated
Au (1965) 3x3 1.5 4840 150 32.5 38 between 3/8-in,
and
1/2~in. strand
Hanson (1969) ' L(95) L(95)
10.5 x 7 3,45 6480 7 172 27 28.5 29 30.5
L(90)
This 6 x 12 2 5600 7 160 24 .5 27
Investigation 10 5600 7 159 32 35
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