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ABSTRACT

The effects of deformation pattern, bar size, concrete cover,
casting position, concrete slump, consolidation, transverse rein-
forcement, and concrete strength on the reduction in bond strength
between reinforcing bars and concrete caused by epoxy coating are
described. Tests include beam-end specimens containing No. 5, No.
6, No. 8, and No. 11 bars with average coating thicknesses ranging
frem 3 to 17 mils. Three deformation patterns are evaluated,
Specimens with covers of 1, 2, and 3 bar diameters are studied.
Concrete slumps range from 2 to 8 in.. Some of the specimens- cast
with 8 in. slump concrete are vibrated and some are not. Concrete
strengths range from 5,000 to 13,000 psi with most concrete at 6,000
psi. Full-scale beam splice specimens are tested to verify the
results of the beam-end tests. A preliminary investigation of the
behavior of epoxy-coated hooks is carried out.

Epoxy coatings are found to significantly reduce bond
strength, but the extent of the reduction is less than used to
establish the development length modification factors in the 1989
ACI Building Code and 1989 AASHTO Bridge Specifications,. In
general, the reduction in bond strength caused by epoxy coating
increases with bar size and changes with deformation pattern: bars
with a relatively large rib-bearing area are affected less by the
coating than bars with a smaller bearing area. The bond strength of
bofh uncoated and ceoated bars increases as concrete cover increases;

for the beam-end specimens tested in this study, the absolute



reduction in bond strength caused by an epoxy coating is nearly
independent of cover. The bottom to top-cast bar strength ratie,
B/T, increases for uncoated bars and decreases for coated bars as
slump increases. The ecoated bar to uncoated bar bond strength
ratio, C/U, is the same for bottom and top-cast bars in low slump
concrete; however, C/U for top-cast bars is greater than C/U for
bottom-cast bars in high slump concrete. Vibration bhas a positive
effect on uncoated and coated bar bond strengths and on C/U for both
bottom and top-cast bars. Confinement provided by transverse steel
has a positive effect on bond strength, and in the current tests,
coated confined bars had wvirtually the same bond strength as
uncoated unconfined bars.

To berter understand the effect of epoxy coating on bond
strength and the mnature of bond failure, an analytical study is
conducted on a statical and a finite element model. The statical
model consists of two rigid bodies (steel and concrete) in contact.
The finite element model represents one-half of a beam-end specimen.
The statical model analysis along with the test results indicates
that 0.35 and 0.10 can be adopted as representative coefficients of
friction for uncoated and coated bars, respectively. The finite
element analyses indicate that an increase in lateral force provided
by the concrete, and thus an increase in bond force, will occur with

an increase in cover, lead length, or bar size.
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CHAPTER 1: INTRODUCTION

1.1 General

Corrosion cof reinforcing steel is 2z major design consideration
in reinforced concrete structures because corresion can  cause
considerable damage, resulting in costly repairs. Corrosion is
most likely to oceur in structures- subjected to harsh environments
such as offshore =nd marine structures, concrete pavemsnts and
bridges, and cooling towers where the attack on steel is accelerated
because of the presence of excessive amounts of chloride ions found
in sez water, deicing chemicals, or chemicals for water treatment.
This process damages the structure in two ways. The chloride attack
and oxidation process may degrade the bond of the steel to the
concrete, and the corroding steel undergoes a volume expansion equal
to several times its originzl volume. This expansion creates
tensile stresses in the surrounding concrete which may result in
spalling which reduces the bond between the concrete and reinfercing
steel and allows access for oxygen and moisture.

Traditionally, the corrosion of reinforcing steel has been
controlled by minimizing the extent of cracking and the widths of
those cracks in concrete. This is achieved by using a low water-
cement ratio, dense concrete, Iincreased concrete cover, and by
sealing the concrete surface. These provisions, however, have mnot

always been successful and may not be practical or economical.



A major step toward inhibiting the corrosion of reinforcing

steel has been the introduction of epoxy coating to seal the bar

surface to eliminate chloride attack. Epoxy was first used as a
coating material to inhibit the corrosion of pipelines. Based on
experience with  pipelines, several coating  materials were

investigated in one of the earliest studies of coated reinforcing
steel {(Clifton, Mathey, and Anderson 1979), and fusion-bonded epoxy
coatings were found to be practical, economical and effective in
contrelling corrosion. Epoxy-coated reinforcing steel was.
introduced to the concrete industry in a Pennsylvania bridge deck in
1973 (ACI Technical Committees 222, 408, and 439, 1988). Ever
since, coated steel has found an increasingly wider application in a
variety of concrete structures. Currently, 3% of all reinforcing
bars being produced in the United States are epoxy coated,

The epoxy coating process used for reinforcing steel produces
a smoother surface than the original rough mill scale surface. The
geometry of the deformations on the bar also are changed from their
original well-defined somewhat sharp corners and edges to more
rounded corners and edges. These changes affect the bond between
the reinforcing steel and concrete. The ACI Building Code (1983)
contained no special design provisions for the use of epoxy-coated
bars until the 1989 Building Code was proposed {(ACI Committee 318,
1988, 1989).

All of the studies performed to date show that epoxy-coated

bars develop less bond strength than uncoated bars. This



observation 1is important since the bond between concrete and
reinforeing steel is critical tﬁ safetry and integrity of reinforced
concrete structures.

Many factors may, in fact, affect the bond of deformed bars to
concrete. Since epoxy coatings change the surface properties of a
bar and alter the interaction between reinforcing steel and
concrete, properties of the bar such as deformation pattern, rib
spacing, angle, height, and areaz may become more important in coated
bar perfoermance than in a standard uncoated bar. A study at the
University of Xansas by Choi, Darwin, and MeCabe (1990) has shown
that. the type of deformation pattern and the bar size affect the
amouﬁt of reduction in bond strength caused by epoxy coating.

The KU study has been the most extensive study of the bond
strength of epoxy-coated bars, considering deformation pattern, bar
size, concrete cover, coating thickness, and bar peosition. The
research program described herein complements the prior KU work by
investigating the effects of parameters such as, con;reta strength,
concrete slump, and stirrup confinement. In addition, the behavior
of coated bars in full size beam splice tests as well as the
behavior of a limited number of epoxy-coated hooks embedded in beam-
end specimens are investigated. The information from this research,
combined with that from the current study at the University of
Kansas, as well as that from previous studies by other resgearchers,
will be used to obtain a better understanding of the bond behavior

of epoxy-coated bars. This improved understanding will be reflected



in improved design provisions for the ACI Building Code that will
address the behavior of epoxy-coated bars more accurately than the
1989 design rules (ACI Committee, 1588, 1989). The outcome will be

a building code that permits safe, accurate, and econcmical design.

1.2 Background

Bond is the critical property that jolns steel to concrete,
thus ensuring strazin compatibilicty. If bond is lost, a bar will
move Trelative to the concrete causing a loss of integrity. The
force in the bar is transmitted to the concrete by three mechanisms
{(Iutz et al. 1966, Lutz 1970) that include chemical adhesion,
friction, and mechanical interaction between the concrete and the
steel. Chemical adhesjion occurs because the cement paste in
concrete is closely attached to steel. Contact between the concrete
and the bar causes friction upon movement of the bar. The magnitude
of adhesion and friction depend on the roughness of the bar surface.
Mechanical interaction is mostly influenced by the geometric
properties of the deformations or ribs on the bar. As the bond
stress increases and the adhesion capacity is exceeded, the adhesion
component i1s lost. . After the 1loss of adhesion, friction and
mechanical interaction between the bar and the conerete act together
to resist the movement of the bar relative to the concrete,

Since the surface of a epoxy-coated bar is smooth and glessy,
the adhesion and friection between an epoxy-coated bar and concrete

are much lower than the ones obtained with an uncoated bar, and



mechanical interacﬁion is thought to be the only bond mechanism that
is effective,. |

Several studies have been preformed to investigate the effect
of epoxy coating on the bond strength between the concrete and
reinforcing steel. The studies performed to date in this area have
been done by Mathey and Clifton (1976) on 1% pullout specimens,
Johnston and Zia (1%82) on 6 slab and 40 beam-end specimens, Treece
and Jirsa (1%87, 198%) on 21 beam épecimens, Cleary and Ramirez
(1989) on 8 slab specimens, and Chei, Darwin, and McCabe (1950) on
394 beam-end specimens. These investigations come to somewhat
different conclusions about the effects of the epoxy coating,
concrlete strength, coating thickness, and bar size on bond strength,
Except for the study at the University of Kansas (Choi, Darwin, and
McCabe 1990), the total number of tests and the number of wvariables
in earlier studies have been low. Therefore, the generality of the
conclusions obtained in these studies is quite limited.

Since epoxy coating changes the surface properties of
reinforcing bars and mechanical interaction is thought to be the
only effective bond mechanism in epoxy-coated bars, the deformations
on the bars and their characteristics, such as pattern and height,
are parameters that should be considered in any study of the bond
strength of epoxy-coated reinforcing steel to concrete. Also, since
the concrete surrounding a bar tends to split due te mechanical

interaction, the effects of concrete properties, such as compressive



strength and slump, concrete cover, aﬁd confinement also should be
included in such a study.

Although epoxy-coated reinforcing bars have been used for over
fifreen years, only a limited amount of information has been
available on the bond strength of epoxy-coated bars (Mathey and
Clifton 1976, Johnston and Zia 1982, Treece and Jirsa 1987, 1989).
The results from this study, combined with the current study at the
University of Kansas, will provide more complete information on of
the behavior of epoxy-coated bars. This information will also
permit assessment of the new ACI Building Code provisions (ACI
Committee 318, 1988, 1989) concerning the development length of

epoxy-coated bars and will lead to suggested modifications.

1.3 Previous Work

1.3.1 Bond Strength

Before the introduction of deformed bars te concrete industry,
concrete structures were reinforced with hooked smooth bars. Hooks
are responsible for locking and developing the strength of smooth
bars in conerete so that the bars can resist the pullout force.
Deformations were introduced to alleviate the need for hooks. One
of the earliest studies on this subject was done by Abrams (1913) in
1913 on the bond strength of both smooth and deformed bars, The
test results showed higher bond stresses could be obtained with
deformed bars than with smooth bars. The test results also

indicated that the higher the bearing area of the deformations per



unit length of the bar (the area of a deformation projected on a
plane perpendicular te the bar axis divided by the deformation
spacing), the higher was the slip resistance of the bar.

In 1939, Menzel (1939) used pullout tests to investigate many
factors affecting bond strength. The factors studied included the
type of bar surface, embedment length, type and positions of the
deformations, position of the bar, and the thickness of the concrete
cover, The test results indicated the superilority of transverse
deformations over  longitudinal  ribs, since the  transverse
deformations provide some bearing area for mechanical interaction in
the direction of the pullout force.

-Clark {1946, 1949) carried out beam and pullout tests on 17
different types of deformed bars. The wariables included bar
position, bar size, bonded length of the bar, and concrete strength.
It was concluded that bottom-cast bars develop more bond strength
than top-cast bars. The highest bond strengths were obtained by the
bars that provided ratios of shearing area (area of the bar-concrete
interface between deformations) to bearing area (measured as the
projected area of the ribs) of the deformations of less than 10.

Studies by Lutz, Gergely, and Winter (1966), and Lutz (1870)
on the bond strength of reinforcing steel to concrete indicate that
chemical adhesion, friction, and mechanical interaction contribute
to the bond between the bar and concrete. In these studies, bond
forces, and the assocciated slip and cracking were examined for bars

with various surface and deformation properties.



According to Lutz et al. (1%66), slip of a deformed bar can
cccur in two ways: 1) the deformations or ribs, can push the
concrete away from the bar by a wedging _action, and 2) the
deformations can crush the concrete in front of them. Lutz also
observed that the movement of the bar, the slip, is about the same
with all ribs with face angles greater than about 40°. This means
that for rib face angles greater than about 40° te 45° (Fig. 1.1},
the friction between the rib face and concrete is sufficient to
prevent relative movement at the rib interface, In this case, slip
occurs only once the concrete in front of the ribs is crushed by the
high bearing pressure exXerted by the ribs. For bars with face
angles less than about 30°, slip is primarily due te the relative
movement between the concrete and bar zlong the face of the rib.

A study done by Skorobogatov and Edwards (197%) on bars with
face angles of 48.5° and 57.8° supports the earlier work (Lutz et al
1966). Skorobogatov and Edwards concluded that the rib face angle
does not affect the maximum bond strength since the large rib face
angle is flattened by a crushed concrete wedge in front of the ribs
which effectively reduces the rib face angle to a smaller wvalue
(Fig. 1.1).

Tepfers (1979) suggested that the concrete around a bar acts
2s a thick ring with mechanical interaction of bond action acting as
an internal pressure. The behavior of the ring at the point of
failure may be perfectly elastic, perfectly plastic, or partly

cracked elastic, depending on the thickness of the concrete cover.,



He concluded that the partly cracked elastic analysis gives cracking
loads on the safe side of the experimental results. Tepfers
compared the predicted results from the partly cracked elastic
analysis to the experimental results of lap splices In 193 beams,
and the values agreed for lap splices and concrete covers normally
used in pracvice (Tepfers 1982).

Donahey and Darwin (1985) and Brettmann, Darwin, and Donahey
(1986) investigated the effects of concrete properties and construc-
tion procedures on bond strength. Concrete slump, consolidation
practice, bar pesition, and concrete cover were the factors
considered in these studies, They observed that for concrete with
the =same compressive strength, bond strength decreases with
increased concrete slump. They also observed that high density
internal vibration improves the bond strength compared to low
density internal wvibratcion. Superplasticizer was used to obtain
high siump concrete with temperatures ranging form 53° to 84°. They
(Brettmann et al. 1986) observed that the use of superplasticizer to
increase the slump has relatively 1little effect on the bond
strength, if the concrete is vibrated and the concrete temperature
is high (about 84°). However, 1f the concrete is not vibrated or if
the concrete temperature is low (about 53°), the addition of a
superplasticizer to increase the slump will decrease the bond
strength.

Pinc, Watkins, and Jirsa (1877) investigated the influence of

lead embedment, the straight segment of the bar before the bend of
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the hoﬁk, on the strength of hooked bar anchorages in beam-column
joints. They test‘-ed sixteen specimens with different lead embedment
lengths. Two different bar sizes, No. 9 and No. 1l, of grade EQ
steel were used, Concrete strengths ranged from 3600 te 5400 psi.
Both 90° and 180° hooks were tested. They concluded that the major
fzctors affecting anchorage capacity are the length of embedment and
the degree of lateral confinement of the joint. Most of the slip in
hooks occurs in the straight lead embedment and the curved portion
of the hooked bar, with wvery 1little slip occurring at the tail
extensions of the hooks. In general, longer lead embedment lengths
result in higher stresses at failure. They feund little difference

in the strength of 90° and 180° hooks with the failure of the hooks

being governed primarily by a loss of cover rather than by pullout.

1.3.2 Design Relationships

Experimental results from studies on bond strength have been
used to derive relationships for use in determining bond capacity.
For instance, the ultimate bond stress in the 1963 ACI Building Code
(1963) was based on studies done by Ferguson and Thompson at the
University of Texas (1962) and Mathey and Watstein at the National
Bureau of Standards (1961). From these studies, the ultimate
average bond force per unit length of the bar (in pounds per inch)

was expressed as

u - 35@ (1.1)
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in which f": is the compressive strength of the concrete in psi.
Another design relationship was developed by Jimenez, White
and Gergely (1978) wusing regression -analysis applied to 314
development and splice tests from different studies (Chamberlin
1956, 1958; Chin et &l. 1955; Ferguson and Breen 1965; Ferguson and
Krishnaswamy 1971; Mathey and Watstein 1961; Tephers 1973). They
suggested that the axial stress in the bar (in ksi) at which the

bond failure occurs is

c/ET A

L ¢ A,
£ = d (278 a +0451) " 0.573 55 £y, (1.2)

in which fs is the stress in the steel bar In ksi; ¢ is the lesser
concrete top or side cover; db is the bar diameter; L is the bonded
length; b is the beam width; s is the spacing of the transverse
reinforcement, all in in.; Av is the area of transverse reinforce-
ment in inz; and fyt is the yield stress of transverse reinforcement
in ksi,

Orangun, Jirsa, and Breen (1977) used nonlinear regression
analysis on about 500 test results to arrive at an empirical
equation for calculating the strength of splices of deformed bars.
From the analysis, the following equation was obtained as the best

fit line through the data points.

41 53d. A__f
£ =2 (122 4 223, db SIS /ET [1.3(a)]

db s SOOSdb
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Orangun, Jirsa, and Breen (1977) recommended Eq. 1.3(b) as the
design equation.
41 3. SOdb A f

£ o= —2 (1.2 + 2 4 EL_YC, /ET [1.3(b)]

s db db ls * SGDsdb

in which lS is the splice length, in in.; Atr is the area of the

transverse reinforcement in in2; fyt is the vyield strength of
transverse reinforcement in psi; and s 1s the spacing of the
transverse reinfercement in in.

Zsutty (1985) developed an empirical equation for predicting

the strength of lapped splices with or without transverse

reinforcement, The resulting equation is
1/2 1/2

) (%= + 21) (1.4)

db

1
£ - 560{fé)1/3(af
in which fs is the bar stress of tension lapped splice in psi and r

is the transverse steel ratic (area of transverse steel divided by

the product of the spacing of transverse steel and the beam width).

1.3.3 Epoxy-Coated Reinforcement

Mathey et al. (1947, 1973, 1975, 1983) were the first to
investigate the bond of epoxy-coated bars to concrete in a study at
the HNational Bureau of Standards (NBS). The study included 5

unceated, 23 epoxy-coated and 6 polyvinyl chloride coated bars. No.
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6 bars with twe deformation patterns, diamond and barrel (similar to
Bethleham pattern), :were used. They wused pullout specimens
consisting of Neo. & bars with a 12 inch bonded length embedded at
the middle of a 10x10x12 inch concrete prism. Concrete strength was
in the range of 5730 to 6620 psi.

Mathey and Clifton concluded that the polyvinyl chloride
coated bars and epoxy-coated bars with thick coatings (about 23
mils) had unsatisfactory bend strength, but that the bars with epoxy
coatings between 1 and 11 mils performed satisfactorily. While bond
failure occurred for the bars with the polyvinyl chloride coatings
and in the single epoxy-coated bar having a ceating thickness of 25
mils; all of the uncoated bars and the ccated bars with an epoxy
thickness between 1 and 11 mils vyielded during the tests. The
average bond strength of the 19 pullout specimens with bars having
an epoxy coating between 1 and 11 mils was just 6% less than that
fer specimens with uncoated bars. This zresult indicated a
relatively small loss of bond.

The &applicability of these test results to the bond of
reinforcing steel in an actual structure is limited because the
pullout specimans 'employed in the tests place the concrete in
compression while the bar is in tension. vThis provides additiomal
confinement for the concrete, making it effectively stronger and
thus increasing the bond. In actual structures, if the reinforce-
ment is in tension, the concrete around it is also in tension. The

test results are further undermined by the fact that the bars
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yvielded in all of the specimens exhibiting adequate bond. Yielding
of bars in bond tests is not desirable since the cross section of
the bar changes upon yielding.

To obtain a more realistic measure and a better understanding
of the effect of epoxy cocating on bond strength than was obtained by
the NBS study, Johnston and Zia (1982), at Nerth Carolina State
University (NCSU), investigated the bond of epoxy-coated bars by
testing 6 slab specimens and 40 beam-end specimens with No. & and
Ne. 11 bars. The ad\iantage that modified cantilever beam-end
specimens have over pullout specimens is that in beam-end specimens,
both the steel bar and the concrete surrounding it are simul-
taneoﬁsly placed in tension. The slab specimens were used to
evaluate the effect of epoxy coating on crack width and crack
spacing. The beam-end specimens were used to compare the slip and
bond strength of coated and uncoated bars. The beam-end tests
consisted of 26 static loaded specimens (12 uncoated, 12 epoxy-
coated, and 2 blast-cleaned bars), and 14 fatigue specimens (6
uncoated, 6 epoxy-coated, and 2 blast-cleaned bars). One
deformation pattern {diamond) was used and the concrete strength
ranged from 5720 to 7040 psi. The coating thickness of epoxy-coated
bars varled between 6.7 and 11.1 mils, with the majority c;f the test
bhars having a coating thickness between 8 and 9 mils. All of the
specimens were confined using No. 3 bar stirrups with spacings of 6
and 3 ipches for No. 6 and 11 bars, respectively, to satisfy the

minimum requirements of ACI 318 (1983). Three different bonded
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lengths were used for No. 6 (8, 13, and 18 inches) and No. 11 (16,
24, and 30 inches) bars. The bonded length of éha bars started 10
inches away from the loaded end of the specimen to avoid local
failure of the concrete at the loaded end of the specimen (a conieal
shape piece of concrete is pulled out by the bar). The concrete
cover was approximately 3.0 db for the No. 6 bars and 1.5 db for the
No. 11 bars.

Johnston and Zia observed that the slab specimens with epoxy-
coated bars had siightly higher deflection and wider cracks and
exhibited about 4% less strength than those with uncoated bars.
However, the beam-end specimens with epoxy-coated bars developed
abouf B5%Z of the bond strength of specimens with unceated bars.
Some of the tests were terminated after yielding of the bars and
some were continued past the vield point until the bar was pulled
out by splitting of the concrete. The high bond strengths which
resulited in yielding of most of the specimens may have been caused
by confinement provided by the stirrups, by embedding the bar so far
from the loaded end, and by the long bonded length of the bars.
Based on the few tests which resulted in bond failure (% specimens,
out of which only two failed prior te yielding), Johnston and Zia
recommended that development length should be increased by 15
percent for epoxy-coated bars. This recommendation iz alsc suscept
because of the low number of specimens that failed without yielding

the reinforcement,
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Kobayashi and Takewaka (1984) studied the bond of epoxy-ccated
bars to concrete as a part of their experimental studies on epoxy-
coated reinforcing steel for corrosion protection., They used two
types of specimens. One type of specimens consisted of a
reinforcing bar centrally located in a 15 cm concrete cube that was
reinforced by spirals. The bonded length of the bars was 10 cm
starting 3 cm from the loaded end of the specimen. The second type
of specimen.was a simply supported beam specimen, 15x20x180 cm, with
an effective span of 160 cm. The beams had continucus bars as
reinforcement and were loaded with two concentrated loads, 25 cm on
either side of the midspan. Two types of epoxy coating with two
diffefent thicknesses, 100 and 200 um (approximately 4 and 8 mils),
were used on 10 and 16 mm nominzl diameter bars, with perpendicular-
lug (bamboo) deformations. They concluded that the bond strength
tends to decrease as the coating thickness increases, and it is
about 80% of the wvalue obtained with uncoated bars. However, they
surmized that the influence of epoxy coating on bond strength would
decrease with increasing bar size. They stated that since the rib
height is increased as the diameter of the bar becomes larger, the
effect of epoxy coating on bond strength may be expected to become
smaller. Beams with epoxy-coated bars showed about 10% more
deflection and about 10% more crack widths than beams with uncoated
bars. They alsao concluded that a minimum of about 200 pm (8 mils)

of epoxy-coating thickness 1Is necessary for "complete" corresion

protection of steel.
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Treece and Jirsa (1987, 1989), at the University of Texas at
Austin, investigated the bond strength of epoxy-coated bars by
testing splices in beams. Twenty-one specimens were tested using
No. 6 and Ne. 11 bars with a diamond-shaped defeormation pattern.
All of the beams were simply supported with concentrated loads at
the third points of the span and had three splices at midspan. The
tests consisted of 10 specimens with No. & bars (4 with uncoated and
6 with coated bars) and 11 specimens with No. 11 bars (5 with
uncoated and 6 with coated bars). Four of the specimens had bottom-
cast bars and seventeen had top-cast bars. Concrete strengths
ranged from 3860 to 12600 psi, and epoxXy-coating thicknesses ranged
from 4.5 te 14 mils. The conerete cover was less than 1.5 db for 16
specimens and greater than 2.5 db for 3 specimens. It is important
to note that four out of the ten No. é bar specimens had covers less
than or equal to the mazimum size of the aggregate, which can be
expected to reduce bond strength (Donahey and Darwin 1985). HNomne of
the test specimens were replicated.

From the test results, Treece and Jirsa concluded that epoxy-
coating significantly reduces the bond strength of reinforcing bars
in tension. They concluded that this reduction in the splice
strength is independent of bar size, concrete strength, and coating
thickness for coatings between 5 and 14 mils. However, the trend of
the data provided in their report seems to indicate that coating
thickness has a direct effect on No. 6 bars (thicker coating results

in lower strength), but not om No. 11 bars. The test results also
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show that in terms of strength, there is a size factor, that is, No.
6 bars appear to be affected less than No. 11 bars by epoxy coating.
The specimens with coated bars shqwed a significant increase in
crack width and crack spacing in comparison to specimens with
uncoated bars; No. 6 epoxy-coated bar specimens showed an average
crack width of twice the crack widrth in unccated bar specimens.
However, both tvpes of specimens had about the same stiffness.

The main conclusion of the study by Treece and Jirsa was that
the amount of bond strength reduction due to epoxy coating depends
on the mode of failure, pullout or splitting. In thelr analysis,
Treece and Jirsa assumed that the tests done by Mathey and Clifton
(NBS? and Johnston and Zia (NCSU) failed in a pullout mode because
the steel was cenfined by large concrete cover and transverse steel,
preventing a splitting failure {In fact, all of the NBS and NC5U
specimens failed in & sgplitting mode]. Treece and Jirse concluded
that if a2 pullout failure occurs, the bond strength of epoxy-coated
bars is about 85% of the bond strength of uncoated bars, but if a
splitting failure occurs, as did in their tests, the bond strength
of epoxy-coated bars is about 65% of the bond strength of coated
bars. Based on these conclusions, Treece and Jirsa recommended that
the basic developﬁent length cf the uncoated bars be multiplied by a
factor of 1.5 for epoxy-coated bars with a cover of less than 3 db
or a clear spacing between bars of less than 6 db' For all other
cases, this factor should be 1.15, The 1.15 factor corresponds to

the recommendations by Johnston and Zia. Cover and bar spacing are
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important in these recommendations since the larger the cover and
the spacing of the bars, the thicker is the concrete cylinder around
a bar and presumably the more force it takes to split that concrete
cylinder and fajil the bars in bond. The tests by Johnston and Zia,
however, was accompanied by a longitudinal crack above the test bar
through the concrete cover, which indicates a splitting failure, as
~verified by Zia (1989). 1In the NCSU tests, although the cover for
No. 6 bars was greater than 3.0 db and the bars were confined by
stirrups, all specimens failed in the splitting mode. Thus, the
conclusion that bars with 3.0 db or greater cover or with transverse
reinforcement f£ail in the pullout mode is not based on observations,
The ?elatively greater strength of the coated bars tested by
Johnston and Zia may have been due to the effect of the confining
reinforcement which is mnot included in the Treece-Jirsa recommenda-
tions.

Cleary and Ramirez (1989) tested 8 siab specimens (4 with
uncoated and &4 with epoxy-coated bars}. Each specimen was
constructed with three No. 6 bars spiiced at midspan. All of the
bars had a spiral type deformation pattern and a mean coating
thickness of 9.0 mils. The concrete strength ranged from 3990 to
8200 psi. Cleary and Ramirez stated that two sets of the specimens
(2 coated and 2 uncoated bars) were valid since they failed in bond
rather than by wyielding. Based on their tests and the tests by
Johnston and Zia (1982) and Treece and Jirsa (1987, 1989), Cleary

and Ramirez concluded that there was no loss of stiffness due to use
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of epoxy-coated bars and there was mno significant difference in
deflection.between gpecimens with coated and uncoated bars. This’
contradicts the observations by Johnston and Zia ;bat the specimens
with epoxy-coated bars showed 6% to 20% more deflection than those
with uncoated bars (6% at a load of 45 kips and 20% at a2 load of 54
kips on the slabs). They also concluded that specimens with epoxy-
coated bars had fewer but wider cracks. One major conclusion made
in this study was that the amount of the reduction in the bond
strength caused by epoxy <coating iIincreases with increasing
compressive strength of the concrete and increasing splice length.
However, the wvalidity of this conclusion is in guestion because of
two feasons. First, the data cited from the NCSU study in this
report represents the splitting load rather than the ultimate load
of the specimens. The coated to uncoated bond strength ratios of
the NCSU specimens are 0.78, 0.64, and 0.63 for splitting loads and
0.85, 0.95, and 1.0 for ultimate loads for specimens with No. 11
bars and bonded lengths of 16, 24, and 30 inches, respectively. As
it can be seen, not only is there a considerable difference in the
bond ratios of splitting and ultimate loads, but also the ultimate
bond ratie increases as the bonded length of the bar increases,
Second, the report by the University of Texas shows mno relation
between the concrete strength and the bond ratic and thus
contradicts the conclusion by Cleary and Ramirez that the amount of
reduction in the bond strength of coated bars is dependent on

concrete strength, Cleary and Ramirez, however, state that Treece
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and Jirsa used the Orangun, Jirsa and Breen proposed expression (Eq.
1.3} (Orangun et al. 1977) to normalize their results and that is
why Treece and Jirsa did not n?Fice any effect of concrete strength
on bond reduction of epoxy-coated bars, They state that the
proposed equation was derived based on tests on uncoated bars and
ean not be applied to epoxy-coated bars. Thus, it can be seen that
there has been some misunderstanding of the results of the NCSU and
the Ualvresity of Texas studies.

Based primarily on recommendations by Treece and Jirsa, design
provisions for the use of epoxy-coated steel were Included in the
proposed Building Code Requirements for Reinforced Concrete (ACI 318-
89) iACl Committee 318, 1988, 1989). These new provisions require
that the basic development length of uncoated bars be multiplied by
1.5 for bottom cast epoxy-coated bars with cover of less than 3 db
or clear spacing between the bars of less than 6 db and by 1.2 for
all other conditions. These factors should be multiplied by 1.3 for
top cast epoxy-coated bars but the product should not exceed 1.7.

It is clear that, in spite of the available research, there is

only a limited amount of information available on the bond of epoxy-

coated bars. Factors such as concrete cover, bar size, concrete
strength and coating thickness, have been only partially
investigated using a small number of specimens, Moreover, the

majority of the early tests used only the diamond deformation

pattern.
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Due to ever increasing use of epoxy-coated bars in a variety
of concrete structures, there is a ciear need to develop a better
understanding of the behavior and bond strength of epoxy-coated
bars, Information is needed on the effects of paremeters such as
deformation pattern, bar position, concrete cover, concrete slump,
concrete strength, confinement, and enough specimens should be
tested to minimize the effects of scatter in the data. Some of
these parameters such as deformetion pattern, bar size, concrete
cover, coating thickness, and bar position have been investigated by
Choi, Darwin, and McCabe (1990) at the University of Kansas as the
first part of this study. Other parameters such as concrete
streﬁgth, confinement, and concrete slump, along with splices in
full scale beam specimens and epoxy-coated hooks will be

investigated in this part of the study.

1.4 Object and Scope

The object of this study is to extend the research by Choi,
Darwin, and McCabe (19%0). The goal is to obtain a better under-
standing of the effect of epoxy coating on the bond strength between
reinforeing steel and concrete and to develop recommendations for
changes in the development length provisions of the Building Code
Requirements for Reinforced Concrete {ACI 318-89) (ACI Committee
318, 1989).

The bond strength between reinforecing steel and concrete is

evaluated based on flexural bond strength; bond performance is
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evaluated based on slip, load, deflection and crack width, The key
parameters -in this study ineclude deformation pattern (three are
evaluated), bar size (Neo. 5, 6, 8, and 11), and concrete cover (1,
2, and 3 bar diameters). In addition, the effects of bar position,
confinement of the test bars with stirrups, concrete strength (6000
and 12000 psi), and concrete slump (3 and 9 inches) are investi-
gated. A preliminary evaluation of the behavior of epoxy-coated
hooks, using No, 5 and No. 8 hooks with 90° and 180° bends, is also
included.

The testing program uses two different test specimens. Bond
strength iIs measured using modified cantilever beam-end specimens
which. are similar to those used by Brettmann, Darwin, and Donahey
(1986}, Choi, Darwin, and McCabe (1990), and Johnston and Zia
(1982). Full scale beam splices, similar to those used by Treece
and Jirsa (1987, 1989) are also employed. Test measurements on the
modified cantilever beam specimens include load, loaded end slip,
and free end slip of the bar. Test measurements on beam splices
include load, deflection and transverse crack width. The beam-end
specimens are wused to investigate the ‘effects of bar position,
slump, conecrete strength, confinement of the bars with stirrups, and
concrete cover. These specimens are also used to investigate the
performance of epoxy-coated hooks. Full scale beam specimens are

used to investigate epoxy-coated splices and to complement the

results of Choi, Darwin, and McCabe. The results of the splice
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specimens are also compared to those obtained by Treece and Jirsa
(1987, 1989), :

To better understand the effect of epoxy coating on bond
strength, an analytical study is conducted to evaluate the effects
of the major wvariables on bond strength. The analytical study
consists of twe parts., The first part is a statical medel of two
rigid bodies in contact to simulate a reinforcing bar in contact
with concrete. This model 1is wused to study the values of
coefficient of friction between uncecated or coated bars and concrete
and the rib face angle of reinforcing bars. The second part is a
finite element study using a model developed by Choi, Darwin, and
McCaﬁe (1990). The finite element model is used to study the effect
of concrete cover, lead length, and bar size on the bond strength of
reinforcing steel to concrete. The results from the analytical
study are compared to the experimental results and the results from
the finite element study by Cheoil, Darwin, and McCabe (199C).

The test results of this study along with the results of the
analytical model and the results from previcus studies are used to
develop rational design recommendations for the use of both uncoated

and epoxy-coated reinforcing steel in practice.
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CHAPTER 2: EXPERIMENTAL PROGRAM

2.1 General

The study of effect of epoxy ceating on the bond strength
between reinforcing steel and concrete involved a wide range of
variables, including bar surface, deformation pattern, bar size,
concrete cover, casting position, cencrete sliump, consolidation,
confinement of reinforcing steel with stirrups, and concrete
strength. In addition, & preliminary investigation of the behavior
of epoxy-coated hooks was carried out.

" In this chapter, the variables of the test program and the
configurations of beam-end and beam splice specimens are described.
The material properties, specimen fabrication, test procedures, the
gppearance of specimens after failure, the mode of failure for each
type of specimen, and the specimen strengths are also presented in
this chapter.

Two types of test specimens were used to evaluate the effect
of epoxy coating on bond strength, 630 beam-end specimens and 15
beam-splice specimens were tested, 394 of the beam-end specimens
were tested by Choi et al. (1990). Beam-end specimens were used for
the majority of the tests because they provide a realistic model, as
will be discussed In Section 3.2, for measuring bond between rein-
forcing steel and concrete and are small enough to allow for the
economical replication of tests to minimize the scatter in the data.

Full scale beam-splice specimens also were used to verify the
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results from the beam-end specimens and to compare with the results
obtained by Treece and Jirsa (1987, 1989), the basis for the design

provisions for epoxy-coated bars in ACL 318-89,

2.2 Variables of Test Program

Specimens were cast in groups to study the effects of specific
variables. In each group two and, in most groups, three replica-
tions were cast for every variszble. Two groups of specimens, groups
22 and 30, provided six and four replications, respectively. The

variables are described in more detall asz follows:

Bar surface: The effect of the bar surface on bond perfor-
mance is the main wariable in this study. Two different bar
surfaces were considered: mill scale (unceoated) and fusion-bonded

epoxy-coated,

Deformation pattern: Reinforcing bars with three commercial
deformation patterns (5, C, and N pattern, described in Section 2.4)
were tested.

Bar size: Four bar sizes, No. 5, No. &, No. 8, and No. 11
were tested.

Conerete cover: One, two, and three bar diameter covers were
used in the beam-end specimens, while about 1.5 bar diameter cover
was used for the splices.

Casting position: Both top and bottom-cast bars were invest-

igated to ascertain the top-bar effect for coated bars,
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Concrete slump and consolidation: Low slump (3-4 in.) and
high slump (8 in.) concretes were investigated. For the high slump
concrete specimens, half of the specimens were vibrated and the
other half were placed without vibration to investigate the effect
of consolidation on bond strength.

Confinement: Uncoated and coated No. 3 C-pattern stirrups
were used for confining uncoated and coated test bars, respectively,
in three groups of beam-end specimens.

Concrete strength: One group of specimens was cast with
13,000 psi concrete for comparison te other groups which had 5000
and 6000 psi concrete,

-Hooks: Uncoated and coated C-pattern No. 5 and 8 hooks with
90° and 180° bends were investigated as a preliminary study on the

effects of epoxy coating on hooks.

2.3 Test Specimens

Standard beam-end specimen were used for 28 test groups while
deep beam-end specimens were used for 2 groups. Fig. 2.1(a) shows
the dimensions of both standard and deep beam-end specimens for No.
8 bars. The standard beam-end specimens were 9 in. wide, 24& in.
long and about 18 in. high. The amount of concrete above bottom-
cast bars and below top-cast bars was 15 in. for all the specimens,
The height of the specimens varied slightly to accommodate different
bar sizés and concrete cover. Thus, the height of the specimen was

15 in. plus the diameter of the bar and the amount of the cover.
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The width of the specimen was increased to 10 in. for No. 11 bars to
avoid splice failure between the test and auxiliary bars. Auxiliary
bars [Fig. 2.1{(b)] were provided to prevent the specimens £from
failing in flexure. Desp specimens had the same width and length as
standard specimens but were 39 in. high to provide 36 in. of
concrete below top cast bars or above bottom cast bars for No. 8
bars ([Fig. 2.1i(a)]. The specimen dimensions were based on a
previous study (Brettmann, Donahey, and Darwin, 1984, 1986).

Test bars extended 22 in. out from the face of the specimen.
Twe auxiliary bars, parallel to the test bar, were provided to pre-
vent the specimen from failing in flexure {[Fig. 2.1(b)]. The size
of tﬂe auxlliary bars varied depending on the test bar size and the
expected ultimate bond force. No. 4 auxiliary bars for No. 5 and
No. & test bars and No. 5 auxiliary bars for No. 8 test bars with
top and side covers of 17 and 14 din., respectively, were used. For
specimens with No. 8 confined bars and No. 11 bars, No. 6 asuxiliary
bars with-90° hooks at both ends were used to avoild bond failure of
the auxiliary bars. A single transverse bar was used to support the
test bar. Two lifting bars were provided at the mid height of the
specimen to help move the specimens, as shown in Fig. 2.1(a}.

Bonded lengths (length of test bars in contact with the
concrete) of 32, 4%, 8, and 9 in. were used for No. 5, 6, 8, and 11
bars, respectively. The bonded lengths of straight bars were
selected to ensure that the bars did not yield before bond failure

(Brettmamnm, Donahey, and Darwin, 1984, 1986).
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As showp in Fig. 2.1(b), polyvinyl chloride (PVC) pipes were
used as bond breakers to control the bonded length of the bar and to
avoid localized cone-type failure of the concrete at the loaded end
of the specimen. The length of the PVC pipes at the loaded-end of
the bar (lead lengths) were 2%, 23, 3%, and 1% in. for No. 5, 6, 8,
and 11 bars, respectively. The inside diameter of PVC pipe matched
the diameter of the bar. The PVC pipes were carefully sealed
against mortar seepage using silicone caulking between the PVC pipe
and the test bar. A steel pipe was extended to the end of the
specimen to allow access for measuring unloaded end slip through an
LVDT touching the end of the test bar. 3.0 and 43 in. PVC pipes
were —used at the loaded end only for Ne. 5 and Neo. 8 hooks,
regpectively., Unlocaded end slips were not measured for the hooks.
Forms were constructed using 3 in. B-B plyform and 2x4 studs. Test
bars were cleaned with acetone before placing concrete.

No. 3 stizrups, at 5% in. spacing starting 27 in. from the
loaded face of the specimen, were used to investigate the effect of
confinement on the bond of epoxy-coated bars to concrete.

The beam-splice specimens consisted of simply supported beams,
similar to those tested by Treece and Jirsa (1987, 1989) (Fig. 2.2).
Splice lengths ranged from 12 in. for No. 5 and No. 6 bars to 16 in.
for No. 8 bars and 24 in. for No. 11 bars., Two or three adjacent
splices were located within the constant moment region. Three
splices were used for No. 5 bars. An additional test beam with two

gplices of uncoated No. 5 bars was used to evaluate the usefulness
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of double splice specimens for later tests., The strength of the
double and triple splice specimens were nearly proportional to the
number 9f splices. Based on this limited evidence, double splice
beams were used for No. 6, No. 8, and No. 11 bars. A cover of 1 in.
was used for No. 5 and No. & bars, 1f in. for No. 8, and 2 in. for
¥o. 11 bars. The clear spacing between splices was equal to 4 in.,
and the side cover was equal te 2 in. for all beams, Additional
dimensions and information for beam-splice specimens are included in
Fig. 2.2. The spliced bars were all bottom-cast, in contrast to the
Treece/Jirsa specimens, which primarily used top-cast bars and thus

potentially introduced a top-bar effect into the tests.

2.4 Materials

Reinforcing Steel: ASTM A 615 (1987), Grade 60, No. 3, 5, 6,
8, and 11 bars were used. Bars with three deformation patterns,
designated 8, €, and N, were tested (Fig. 2.3)., Deformation pattern
5 consisted of ribs ©perpendicular to the axis of the bar,
Deformation pattern C consisted of diagonal ribs inclined at an
angle of 60° with respect to the axis of the bar. beformation
pattern N consisted of diagonal ribs inclined at an angle of 70°
with respect to the axis of the bar. C-pattern Wo. 3 bars were used
ag stirrups. Bars of each size and deformation pattern were from
the same heat of steel. Yield strengths and deformation properties
are shown in Table 2.1. The method of measuring the bearing area

and face angle of deformations is presented in Appendix A,
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Epoxy coating was commercially applied 3M Scotch Kote 213
powder in accordance with ASTM A 775 (1988) and ranged in thickmess
from 3 to 17 mils as measured “by a pull-off type thickness gauge
(Mikro-test III Thickness Gage). Readings were taken at 6 points
around the circumference of the bar between each set of deformations
within the bonded length. Average rTeadings within the bonded
lengths are reported. A wide range in coating thickness, outside of
the ASTM A 775 limits (5 to 12 mils), was used to help evaluate the
effects of coating thickness on bend strength.

Concrete: Non-air entrained concrete was supplied by a local
ready mix plant. Type I portland cement, 7 in. nominal maximum size
crusﬁed limestone and Kansas River sand, were used,. Water-cement
ratios from 0.55 to 0.25 were used to obtain concrete with nominal
strengths of 5,000, 6,000, and 13,000 psi. 5,000 and 6,000 psi
concrete were used for 29 groups of the specimens as ordinary
strength concrete. Master Builders Rheobuild 1000 superplasticizer
was used to obtain high slump concrete. Master Buiiders MBSF
powdered silica fume and superplasticizer along with a low w/c ratio
were used to obtain high strength concrete. Mixture proportions are
shown in Table 2.2. Concrete properties for individual specimen

groups are given in Table 2.3.

2.5 Placement Procedures

Concrete was placed in two 1lifts in the standard beam-end

specimens and beam-splice specimens, The first 1ift was placed in
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all specimens in a group before any specimen received a second 1lift.
Each lift in the beam-end specimens was vibrated at 6 evenly spaced
points. Each lift in the beam-splice specimens was vibrated on each
side of the beams at staggered one foot intervals. Concrete was
placed in three lifts for deep specimens.

Standard 6 x 12 in., test cylinders were cast in steel molds
and cured in the ssme manner as the test specimens. Concrete
cylinders in group 27 were cut in half due to honeycombing, caused
by low slump and high concrete temperature, and the strengths of the
6 in, cylinders were corrected to that of standard cylinders, ASTM
C3% (1986). Férms were stripped after the concrete had reached a

strength in excess of 3,000 psi.

2.6 Test Procedures

Beam-end specimens: Tests were made at mnominal concrete
strengths of 5,000, 6,000, and 13,000 psi. The beam-end specimens
were tested using an apparatus developed by Donahey and Darwin
{1983, 1985) and modified by Brettmann et al. (1384, 1986) [Fig.
2.1{e))]. Specimens from a group were tested within a 12 hour period
(except for groups 18-20, for which tests were completed over a 48
hour period) at ages ranging from 3 to 11 days. Specimens with
13,000 psi concrete were tested at 132 days. Specimens with No. 5
and No. 6 bars were loaded at approximately 3.0 kips per minute.
Specimens with No. 8 and No. 11 bars were tested at abouﬁ 6.0 kips

per minute (Brettmarnm et al. 1984, 1986, Choi et al. 1990).
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The specimen and the testing apparatus were tied down to the
structurai floor by two wide flange sections and four tie-down rods.
Load was applied to the test bar by two 60-ton hollow-core hydraulic
jacks, powered by an Amsler hydraulic testing machine through two 1-
in, diameter Jlcad rods instrumented as load cells using two
longitudinal and two transverse strain gages. As shown in Fig.
2.1(c), the hydraulic jacks exerted a pulling force on the yokes
while the test bar was loaded irn tension by the yokes through a grip
assembly. The tensile force on the bar was counteracted by a
compressive force that the frame of the testing assembly imposed on
the concrete specimen through a bearing pad. The center of this pad
was iocated 7 in. below the center of No. 5 and 6 test bars and 5
in. below the center of No. 8 and 11 test bars. Loaded-end slip was
measured using two spring-loaded LVDTs attached to an aluminum block
mounted on the test bar. Unloaded-end slip was measured using a
single spring-loaded LVDT mounted at the end of the steel conduit
[Fig. 2.1(bj1.

Beam-splices: Splice specimens were inverted and tested as
illustrated in Fig. 2.2(b). The beams were supported at two points
by a pin and roller support. Loads were applied by four hydraulic
jacks through four i% in. load roads instrumented as load cells,
The deflections at each end and middle of the beam were measured by
one LVDT at each location. Loads were applied at the ends of the
cantilever regions, resulting in a constant moment region between

the twe supports.
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Specimens were loaded monotonically. Crack locations and
widths wére recorded at 2 kip intervals during the progress of the
tests, at loads of $ and % of ultimate load. Crack measurements
ceased at a load of about % of the expected failure load to insure
that the balance of the test would not be interrupted so as to
provide a ceonsistent measure of member strength by minimizing creep.
Two specimens, C-pattern No. 6 coated and S-pattern No. 8 uncoated,
however, failed immediately after the crack measurements were
terminated. Splice tests lasted 20 te 25 minutes. The beams were
loaded so that the steel stress would increase by 400 psi per
second,

.Generalz The load rods and the LVDTs were connected to a
Hewlett-Packard data acquisition system to record the load and the

bar slip or beam deflection throughout the tests. Data was acquired

every second throughout the test,

2.7 Test Results

Beam-end specimens: The load, lcaded and unloaded end slips
were recorded throughout each test. The ultimate bond force, epoxy
coating thickness, concrete cover, and concrete strength for each
test, are listed in Table 2.4. The specimens in groups 1 through 19
were tested by Choi et al. (1990) during the first part of this
study.

Typical load versus unleaded end slip curves for different bar

sizes are presented in Figs. 2.4 through 2.7. The unloaded end slip
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is used since it depends on the bond over the entire bonded length
of the bar and generally is a smoother function of the load than the
loaded end slip. Loaded end slip is highly dependent wupon local
effects since the loaded end is closer to the loaded face of the
member than the unloaded end. Figs. 2.4 through 2.7 clearly show
the effects of epoxy coating on bond strength. At small loads,
loads corresponding to bar stresses of about 5 ksi for all the bar
sizes, the slope of the curves for all the bars is wvery clese.
However, as the load increases, the slope quickly drops for coated
bars. Overall, uncoated bars obtained a higher bond strength than
coated bars. At any given lecad, coated bars slip more than uncoated
bars; and in most cases, coated bars fail at greater wvalues of slip
than uncoated bars.

Beam-splices: The leoad and the deflections at the middle and
the ends of the beams were recorded throughout each test. The
ultimate moment, along with bar size, deformation pattern, splice
length, coating thickness, crack comparison, and C/U ratic for each
test, are listed in Table 2.5, The ultimate stress in the splices,
listed in Table 2.5, is calculated by allowable stress method using
the ultimate moment. Ultimate strength methed was used in
calculating the stress in the splices by Choi et al. (1990).

The total deflection at the mniddle of the beam is used to
compare the stiffness of the beams with cecated and uncoated bars,
The total deflection is the average of deflection at both ends plus

the deflection at the middle of the beam. The load-deflection
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curves for all of the beam-splice specimens are presented in Figs.
2.8 through 2.14. These fipures indice;te little difference in the
stiffness and the amount of deflection for members with coated and
uncoated bars. However, beams with coated bars consistently failed

at a lower load than beams with uncoated bars of the same bar size.

2.8 Specimen Behavior

Beam-end specimens: A splitting type bond failure was
observed in all tests. On the front surface of the beam-end
specimens, one crack ran up through the cover from the test bar to
the éop surface, The top surface crack continued paralliel to and
above the test bar, over the bonded section of the bar, and fanned
out over the rear PVC bond breaker, as shown in Fig. 2.15. On the
front surface, one or two cracks ran down below the test bar.
Although twe different crack patterns were observed, the concrete
around the bar always split into three parts: wedges on either side
of the bar, and the remaining specimen below the bar.

In the specimens with only one crack below the bar at the
front face of the specimen, the vertical crack ran down f£rom the
bottom of the test bar to the top of the bearing pad, where it
intersected a horizontal crack across the specimen’s loaded face.
This horizontal crack extended to the sides of the specimen where it
continued at an angle towards the top of the specimen up to the rear

PVC bond brezker.
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A similar cracking pattern was evident for specimens with two
cracks at the bottom of the test bar. The two cracks formed at the
loaded face of the specimen, approximately 120, from the vertical
crack at the top of the bar, as shown in Fig. 2.15.

In specimens Qith stirrups, there were small transverse cracks
above every stirrup perpendicular to the splitting crack, as shown
in Fig. 2.16. The transverse crack clesest to the loaded end was
the widest. These transverse cracks ran only as deep as the center
of the test bar.

All of the unconfined specimens failed in a brittle manner,
meaning that, they falled immediately after the formation of the
longitudinal splitting crack sbove the bar. However, the specimens
with the 80, hooks and most of the specimens with confining
stirrups, failed in a ductile manner. In these specimens, the top
crack appeared as a hairline crack at a load of about 90% of
ultimate and became a wide splitting crack at failure.

Beam-splices; At failure, beam-splice specimens exhibited
extensive longitudinal and transverse cracking in the region of the
splices, Fig. 2.17. Concrete above the splices was easily removed,
exposing a nearly horizontal crack running the full width of the
béam in the plane of the splices. The transverse cracks on the
tension face of the beam ran all the way to the compression zone.
Except for the beam with No. 5 epoxy-ccated bars [third bear in
group SP1 (Table 2.5)}, which failed gradually in a ductile manmer,

all the specimens failed suddenly.
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Crack widths were measured within a region spanning 12 in. on
either side of the splice, The comparison of the crack widths anﬁ
number of cracks in the beams were based on the cracks through the
concrete cover over the splice length in each beam. The number of
cracks and maximm crack widths are summarized in Table 2.5. For
three out of seven pairs of the beams, the widest crack in the beams
with coated reinforcement was about 2 mils wider than the widest
crack in the beams with uncoated bars. For two palrs, the maximum
crack widths were identical, and for two pairs the widest crack in
the beams with uncoated bars was about 2 mils wider than the widest
crack in the beams with coated bars. For four pairs, the beams with
the anoated bars had 2 more cracks than the beams with coated bars,
while in one case the two beams had an identical mumber of cracks
and in two cases the beams with tbe coated bars had 2 more cracks

than the beams with uncoated bars.

2.9 Appearance of Test Bars After Failure

In both types of specimens, the test bars were examined
following the tests by removing the concrete cover. Uncoated bars
showed evidence of good adhesion toc the concrete. Particles of
concrete were left on the shafts of the bars and on the sides of the
deformations. Wedges of compacted concrete powder were lodged in
front of the ribs, adhering to the ribs on the pull side only [Fig.
2.18(a)]. Coated bars showed virtually no adhesion to the concrete,

No concrete particles were left on the deformations or the shafts of
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the coated bars [Fig. 2.18(b)]. The concrete in contact with the
epbxy~coated bars had a smooth, glossy surface (Fig. 2.19), In a
few cases, there were signs of the epoxy coating being crushed
against the concrete, but, in general, the epoxy was undamaged.
These observations agree with the ones made by Johnston and Zia
(1982) and Treece and Jirsa (1987, 1989) in earlier tests of coated
bars.

High strength specimens provided an exception to these
observations. In these specimens, the epoxy on top of the
deformations was damaged throughout the bonded length of the test
bars, with the deformation closest to the unloaded end being damaged
the most. This may bave been caused by the high strength of the
coencrete since, unlike the bars in the low strength concrete
specimens, there we?e clear signs of &brasion on the top of the

deformations of uncozted bars.

Based on the ultimate loads and load-slip curves from the
tests, the effects of different test variables on the bond of epoxy-
coated will be discussed in the next chapter. For example, as seen
in Fig. 2.4, coated bars slip more than uncoated bars at any given
load, and, eventually, coated bars fail at greater slip wvalues and
lower loéds than uncoated bars. This greater slip indicates a
reduction in both the adhesion and friction components of the bond

mechanism for the epoxy-coated bars.
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CHAPTER 3: EVALUATION OF EXPERIMENTAL RESULTS

3.1 General

In this chapter, the results of the tests described in Chapter
2 are analyzed to determine the effects of the test variables on the
bond strength of epoxy-coated reinforecing bars to concrete. The
method of correcting the wvalues of bond strength obtained frdm the
test specimens to account for the variation in concrete cover and
coating thickness from nominal values and a discussion on the valid-
ity of beam-end specimens for bond tests are also presented. The
test results are compared to the bond strengths predicted by the ACT
Building Code (1989), and the Orangun, Jirsa, Breen (1877) equation,
and design recommendations are made.

In this part of the study, the results from 236 beam-end
specimens and 15 beam splice specimens are combined with the test
results of Chol, Darwin, and McCabe (1590). The effect of epoxy-
coating on bond strength is evaluated by calculating the ratio of
the bond strength of coated bars te the bond strength of uncoated
bars, C/U.

An analysis of test groups 2 through 22 for the effects of
deformation pattern, bar size, and coating thickness on the bond of
epoxy-coated bars tec concrete, along with some analysis of beam-
splices, was included in a report by Choi, Hadje-Ghaffari, Darwin,
and McCabe (1990),. Choi et al. observed that unlike No. 6 and

larger bars, No. 5 bars are sensitive to coating thickness. They
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also observed that epoxy coating reduces the bond strength of coated
bars but that the amount of this reduction depends on the type of
the deformation pattern and the reductien in bond strength caused by

epory coating increazses with bar size for No. 5 and larger bars.

3.2 Data Correction

To compare the results on a similar basis, the ultimate bond
strengths of individual specimens are corrected for wvariations in
actual concrete cover and coating thickness. The individual test
results are then normalized with respect to a nominal concrete
streﬁgth of 6,000 psi, using the assumption that, within the
concrete strength range used, bond strength is prepertional to the
square root of the compressive strength. Thus, corrected bond
strengths are multiplied by (6000/fé)1/2 to obtain the final
modified values. Both the original and the corrected values of bond
strengths are summarized in Table 2.4.

The bond strengths of individual specimens are corrected for
variations In actual concrete cover from nominal values of 1, 2, and
3 db. This correction is obtained by plotting the bond strength
versus the actual cover for all beam-end specimens with bars of one
size, In Fig. 3.1, the ultimate bond force of No. 8 bars is plotted
versus the conecrete cover. It is observed that the best fit lines
for different groups of specimens are nearly parallel for bars of
the same size, regardless of deformation pattern. or bar surface

condition.
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Using the technique of dummy variables (Draper and Smith
1981), parallel best fit lines are constructed based on the
assumption that changes in_concrete cover cause the same incremental
change in bond strength fer bars of the same size, regardless of
deformation pattern, test group, or bar surface condition. The
technique of dJdummy wvariables is applied only to those groups of
specimens in which at least two different covers were used. For No.
6 bars which were tested with only 2 db covers, the cover correction
slope is obtained by interpelating the correction slopes of No. 5
and No. 8 bars. A typical plet using dummy variables, in this case
for Ne. 11 bars, is shown in Fig. 3.2, where the ultimate bond force
of Nﬁ. 11 bars is plotted versus the cover.

The best fit slopes for the ultimate bond force wversus cover
are 3936, 5964, 13,614, and 7948 1b per inch of cover for standard
specimens with No. 5, No. 6, No. 8, and No. 1l bars, respectively.
Individual specimen strengths are corrected to covers of 1, 2, and 3
db by shifting the measured bond strength parallel to the best fit
lines, The impact of this correction is small, and an analysis
using No. 53 andéd No. 6 bar data that was uncorrected for cover
altered no conclusions obtained with the cover-corrected data (Choi,
Darwin,. and McCabe 1990). This 1is fortunate because a cover
correction is not possible for test groups 1 through 6 since the
actual cover for the specimens in these groups was not measured,

A similar correction should be made for wvariations in the

epoxy coating thickness (9 mils is taken as the standard). However,
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work by Choi, Darwin, and McCabe (1990) and Choi et al. (1990),
showed that of the bars tested, only Neo. 5 bars are sensitive to

coating thickness, while No. 6 and larger bars are not sensitive to

coating thickness.

The effect of coating thickness on bond strength is shown in
Figs. 3.3 - 3.5 for No. 3, No. 6, and No. 8 bars, respectively. In
these figures, ¢/U is plotted as a function of the epory-coating
thickness for each deformation pattern. The data presented in these
figures are from groups 2 - 6, 8 - 15, and 17 - 22. Each data point
represents the ratio of the bond strength of an individual epoxy-
coated bar to the average bond strength of unceoated bars with the
same'deformation pattern and bar size in the same group of speci-
mens. The data points are based on the specimens that had 2 db
nominal cover, since 2 db is the standard cover in ACI 318-89.
Using the technique of dummy wvariables (Draper and Smith 1981), the
best fit lines for each deformation pattern are obtained using the
assumption that there may be differences in the effect of the
coating due to deformation pattern, but that the effect of coating
thickness is the same for all deformation patterns. The best fit
lines in Figs. 3.4 and 3.5, for No. 6 and No. 8 bars, have very
slight negative slopes, which result in decreases in the C/U ratio
of only 0.002 and 0.012, respectively, as the coating thickness
increases from 5 to 12 mils. Thus, No. 6 and larger bars appear to
be largely insensitive to coating thickness, an chservation which

agrees with the observations made by Johnston and Zia (1982) and
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_Treece and Jirsa (1987, 1989). However, Fig. 3.3 shows that No. 5
baré are indeed sensitive to coating thickness, with C/U dropping by
0.09 as the coating thickness increases from 5 to %2 mils., This
cbservation does not conflict with the earlier studies (Johnston and
Zia 1982; Treece and Jirsa 1987, 1989) since those studies included
only No. 6 and larger bars, and it agrees with the observations made
by Kobayashi and Takewaka (1984) for 16 and 10 mm diameter bars,
which are wvery clese to No. 5 and No. 3 bars, respectively. The

~"goating correction slope" for No. 5 bars is 164 1b/mil of coating

thickness for standard specimens.

3.3 Specimen Evaluation

Due to the large number of wvariables in the overall study, it
wags considered desirable to use a single bonded length in the beam-
end specimens for each bar size. At the outset, however, it was not
clear what effect the specimen geometry and either the bonded length
{the contact length between the concrete and the steel) or the lead
length (the distance from the loaded face of the specimen to the
start of the bonded length) had on the reduction in bond strength
caused by the epoxy coating. To answer these questions, Choi, Dar-
win, and McCabe (1990) and Choi et al. (1990) conducted tests with
different bonded lengths and lead lengths (groups 7, 8, 11, 12, and
16). They established that the reduction in bond strength caused by

epoxy-coated bars is independent ¢f bonded length and lead length.



Some beam-splices were tested to verify the results of the
beam-end specimens with a Qore realistiec model and to compare the
results with the splice tests of Treece and Jirsa (1987, 1889),
which serve as the basis for the development length provisions for
epoxy-coated bars in ACI 318-89. ,’Splice tests may provide a more
realistic model of bond behavior in an actual structure and, there-
fore, it is important to compare the C/U ratio from the beam-end
specimens to the C/U ratio from the splice specimens. As will be
demonstrated later in this chapter, the results of beam splices
generally lie within the range of the results obtained from beam-end

specimens. It appears evident that the beam-end specimens are wvalid

specimens to study the bond behavior of coated bars.

3.4 Deformation Pattern and Bar Size

Figs. 3.3 - 3.5 provide convincing evidence that the effect of
epoxy coating varies considerably with deformation pattern. For the
three bar sizes illustrated, the S5 pattern is affected the most.
For example, based on the values of the best fit lines at 9 mils
coating thickness, the C/U ratios for §, C, and N-pattern bars are
0.83, 0.91, and 0.91 for No. 5, 0.81, 0.91, and 0.93 for No. 6, and
0.74, 0.90, and 0.84 for No. 8 bars, respectively. Also, it can be
observed that the smaller bars, on the average, are affected less
than the larger bars. For example, for a 9 mil coating, the C/U
ratios for No. 5, No. &6, and No. 8 S-pattern bars are 0.83, 0.81,

and 0.74, respectively. However, some smaller bars exhibit lower
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values of C/U than do larger bars of different deformation patterms.
For example, the C/U ratio %or S-pattern No. 5 bars, 0.83, is lower
than the C/U ratio for C-pattern No. 8 bars, 0.90 (Table 3.1).

Table 3.1 provides the normalized ultimate bond force and the
C/U ratios for the beam-end specimens for different bar sizes and
deformation patterns. Figs. 3.6 - 3.8 show the relative bond
strength, U/U and C/U, as a function of related rib area of the
bars, Rr’ bearing area ratio of the bars, Rb’ and bar size, respec-
tively. U/U and C/U are the ratios of the bond strength of uncoated
and coated bars, respectively, to that of uncoated bars. Related
rib area, Rr’ and bearing area ratio, Rb, are defined in Table 2.1.
Both'Rr and Rb are measures of the bearing area of the deformations
relative to the bar size.

Table 3.1 and Figs. 3.6 - 3.8 show that the C/U ratio changes
with-deformation pattern and bar size. The U/U and /U values pre-
sented in this table and these figures are obtained from groups 2 -
6, 8 - 15, and 17 - 22 for bottom-cast bars with 2 db cover. The
bond strengths for the No. 5 coated bars are normalized to 9 mils
coating thickness. Table 3.1 shows that the mean wvalues of C/U,
based on group, for the S, €, and N deformation patterns are,
respectively, 0.83, 0.91 and 0.91 for No. 5 bars; 0.81, ©¢.91 and
0.93 for No, 6 bars; 0.74, 0.90 and 0.84 for No. 8 bars; and 0.92,
0.83 and 0.74 for No. 11 bars. These results were also presented by

Choi et al. (1990).



It should be noted that the C/U ratios based on the results
from Individual groups do not give a falr compari%on of the
deformation patterns because these wvalues of C/U are evaluated
individually by deformation pattern. Thus, a coated bar may have a
low C/U based on uncoated bars of the same deformation pattern, but,
in fact, have a higher bond strength than another coated bar that
has a high wvalue of C/U because its uncoated bars have a low bond
strength. Thus, it 1s fairer to base the wvalues of C/U on the mean
strength of zall uncoated bars of the same size. Therefore, the
values of U in the denominator of "{/U all® and "U/U all" in Table
3.1 and Figs. 3.6 ~ 3.8 are based on the mean strengths of all
uncoéted bars of the same size for all deformation patterms; each
deformaticn pattern weighted egquaily. For a 9 mil coating and 2 db
cover, the mean values of C/U caleculated on this basis for the S, C,
and N patterns are 0.83, 0.93, and 0.87 for No. 5 bars; 0.80, 0.89,
and 0.97 for No. & bars; 0.73, 0.83, and 0.80 for No. 8 bars; and
0.90, 0.80, and 0.78 for No. 1l bars, respectively. The mean values
of U/U for the 8, C and N patterns are, respectively, 1.03, 1.02 and
0.95 for No. 5 bars; 0.99, 0.97 and 1.04 for No. 6 bars; 0.98, 0.96
and 1.06 for No. 8 bars: and 0;98, 0.97 and 1.05 for No. 11 bars.
It is werth noting that the range in the mean values of C/U signifi-
cantly exceeds the range in the mean values of U/U, except for No. 5
bars where the range of relative strengths is identical. The wider
spread in the bond strengths of coated bars emphasizes the strong

dependence of bond strength reduction on deformation pattern.
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The effect of epoxy coating on bond strength as a function of
bar size is illustrated in Fig. 3.8, which compares t'jhe relative
bond strengths of coated and uncoated bars, U/U and C/U, by defor-
mation pattern. As with Figs. 3.6 and 3.7, the relative strengths
are expressed in terms of the mean strength of 211 uncoated bars of
the same size. For the coated bars, the overall trend is a reduc-
tion in G/U with increasing bar size. TFor all bars of a given size,
the mean values of C/U are 0.88, 0.8%, 0.83, and 0.83 for No. 5, No.
6, No. 8, and No. 11 bars, respectively. Based on deformation pat-
tern, the lowest mean values of C/U for each bar size are 0.85, 0.80
and 0.73 for S-pattern No. 5, No. & and No. 8 bars, respectively,

and 0.78 for N-pattern No. 11 bars.

3.5 Concrete Slump, Degree of Consolidation, Concrete Cover, and Bar
Position

The effects of concrete slump, degree of consolidation (vibra-
tion) of plastic concrete, and bar position are shown in Fig. 3.9.
Fig. 3.9 provides a summary of normalized ultimate bond strengths
obtained from standard beam-end specimens with slumps below 6 in.
and for deep beam-end specimens with slumps both below and above 6
in. Results for both bottem and top-cast bars are shown. Some of
the specimens made with high slump concrete (obtained with a super-
plasticizer) were wvibrated and some were not vibrated. For the
tests illustrated, top-cast bars exhibit a lower bond strength than

the corresponding bottom-cast bars, and bars cast in high slump



49

concrete exhibit 2z reduced bond strength if the concrete is not
vibrated. The top-cast bars in high slump concrete, whether
vibrated or not, have a lower bond strength than the top-cast bars
in the lower slump concrete. The bond strength of bottom-cast bars

appears to be little affected by concrete slump.

3.5.1 Concrete Slump and Degree of Consolidation

The effects of slump and degree of consclidation were investi.
gated using deep beam-end specimens in groups 23 and 24. It is
important to note that the high slump concrete had about 14 percent
higher compressive strength than its base 16w slump concrete. For
the current discussion, the ultimate bond strength of the bars in
both low and high siump concrete is normalized te 6000 psi comncrete,
as described in Section 3.2.

The normalized ultimate bond strengths of uncoated and coated
bars are plotted versus the concrete slump in Figs. 3.10 and 3.11
for vibrated bottom and top-cast N-pattern No. 8 bars, respectively.
Fig. 3.12 shows the top-bar effect for HN-pattern No. 8 bars in deep
specimens for high and low slump concrete. In Fig. 3.12, the ratios
of the best fit lines for the bond strengths of bottomr and top-cast
bars in Figs. 3.10 and 3.11 are plotted versus concrete slump. The
normalized ultimate bond strengths, the C/U ratios, and the ratios
of bottom to top-cast bar strength for the groups containing speci-
mens with both top and bottom-cast bars (groups 9 - 11, 15, 17, 18,

23, and 24) are summarized in Table 3.2, As shown in Table 3.2,
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bottom-cast bars are, with one exception {(coated bars in group 23),
stronger in bond than top-cast bars in the same slump concrete,
regardless of the amount of siump.

In Table 3.3, the B/T and C/U ratios from Table 3.2 are aver-
aged based on bar size and concrete slump. No. 8 bars with 8§ in.
slump and No. 6 bars with 53 in. slump are considered to be the bars
cast in high slump concrete. The average B/T ratics for uncoated
and coated bars and the average C/U ratios for bottom and top-cast
bars and the average bottom-cast uncoated to top-cast coated (U/C)
ratios for all bar sizes and concrete slumps are statistically
analyzed, using hypothesis testing, to see if these ratios or the
diff;rence between these ratios Is statistically significant or mnot
significant [i.e., in case of No. 6 bars, does the average B/T ratio
for uncocated bars, 1,340, represent a significant difference in bond
strengths (due to the top-bar effect) or is the value of B/T due to
the scatter in the data, and is the difference between B/T ratios
for uncocated bars, 1.340, and coated bars, 1.114, significant (due
to coating effeect) or is it not significant (due to scatter in the
data)?]. The hypothesis testing procedure is presented in Appendix
B,

The results of hypothesis testing are also presented in Table
3.3. The hypothesis testing indicates that, with at least a 97.5
percent level of confidence, the differences obtained in the bond
tests, as represented by B/T and C/U, are significant (not due to

scatter) with the exception of the B/T ratio of No. 8 coated bars in
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vibrated & in. slump concrete, 1.051, and the C/U ratios of No. 6
top-cast bars,.0.998, and No. 8 top-cast bars in vibrated 8 in.
slump concrete, 0.938.

Table 3.3 shows that for low slump concrete, B/T is virtually
the same for uncoated and c¢ocated bars for both standard and desep
specimens. The average B/T for No. 5 and No., 8 bars in low slump
concrete is 1.13 and 1.14 for uncoated and coated bars, respec-
tively. Also for low slump concrete, C/U is wvirtually the same, at
©.89, for bottom and top-cast bars In both standard and deep
specimens. For high slump concrete, however, B/T is significantly
different for uncoated and coated bars. The average B/T for No. 6
and ﬁo. 8 bars in high slump concrete is 1.28 for uncoated bars
compared to 1.08 for coated bars. It is interesting to note that,
as slump increases, B/T for coated bars decreases from 1.14 te 1.08
while B/T for uncoated bars increases from 1.13 te 1.28. Also, for
high slump concrete, C/U is significantly different for bottom and
top-cast bars. The average C/U for bars in high slump concrete is
0.82 for bottom-casgt bars, but 0.97 for top-cast bars. It is also
important to note that C/U decreases, from 0.89% to 0.82, for bottom-
cast bars but increases, from 0.89 to 0.97, for top-cast bars as
slump increases.

In general, the top-bar effect is expected to increase as
slump increases due to increased settlement and bleeding. Table 3.3
and Fig. 3.12 bear out this expectation for uncoated bars. The

coated bars, however, exhibit a reduced top-bar effect as slump
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increases. This reduction in the top-bar effect can be attributed
to the fact that the effect of epoxy coating and the effect of
weakened concrete at the interface caused by bleeding and settlement
have similar effects on the bond strength of coated bars. As seen
in Table 3.2, for No. 8 bars in group 24, uncoated bottom-cast bars
show a small increase in bond strength with an increase in slump,
unlike uncozted top-cast bars and coated bottom and top-cast bars
which show a decrease in bond strength with an inerease in slump.
Coated bottom-cast bars show the greatest decrease in bond strength,
14 percent, with increasing slump, which also explains the trend
observed in Fig. 3.12. Brettman, Darwin, and Donahey (1986)
obsefved a decrease in the bond strength of both bottom and top-cast
bars with increasing slump. The number of the bars tested im high
slump concrete in the current study, however, is very iimited,

The observation that the bars Iin low slump concrete =are
stronger in bond than the bars in high slump concrete is based on
the results from beam end-specimens whose bond forces for both low
and high slump concrete are normalized to a concrete strength of
6,000 psi. It is worthwhile to look at bond strengths that are not
normalized with respect to concrete strength. Table 3.4 summarizes
the bond forces of bottom and top-cast bars in both low and high
slump concrete in group 24 without normalizing the bond forces to
the same concrete strength, As seen in Table 3.4, the adverse
effect of high slump on bond strength is somewhat compensated by the

higher strength of the superplasticized concrete (5880 psi) in
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comparison to its low slump base comncrete (5150 psi). With the
exception of the coated bottom-cast bars, where the bond strength of
the bars in high slump vibrated concrete is about 7 percent less
than the bond strength in low slump concrete, bars cast in high
slump wvibrated concrete have a higher bond strength than bars cast
in low slump concrete due to the higher strength of the high siump
concrete, For example, the ultimate bond forees for uncoated bottom-
cast bars are 39297 and 43417 lbs. and for uncoated top-cast bars
are 34646 and 3565358 Ibs. for the bars in 2-1/2 and 8 in. slump
vibrated concrete, respectively. These observations agree with the
observations made by Brettmann, et al, (1986). As pointed out by
Brett;man et al. (198&), however, the extra bond strength obtained
here is not available in practice, because the compressive strength
of the high slump concrete would be adjusted down to that required
in the field.

Vibration has a positive effect on bond strength, regardless
of casting position for both coated and uncoated bars, as seen in
Tables 3.2 and 3.4 and Fig. 3.9 for specimens in group 24, For
example, the normalized ultimate bond force wvalues (Table 3.2) for
unceated bottom-cast bars are 43,848 and 42,656 1bs. and for

uncoated top-cast bars are 36,008 and 35,080 1lbs. for vibrated and

unvibrated specimens, respectively. The differences are even
greater for coated bars. The relative strengths agree with the
observations made by Brettmann, Darwin and Donahey (1986). For

concrete with an 8 in. slump, a lack of vibration causes a reduction
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as high as 15 percent (coated top-cast bars) (Table 3.2). . As seen
in Table 3.2, the ratic of bottom-cast bar sfrength to top-cast bar
strength, B/T, remains at 1.22 for uncoated bars but rises from 1.05
to 1.12 for coated bars when the concrete is not wvibrated. Also,
C/U drops frem 0.81 to 0.77 for bottom-cast bars and from 0.94 to
0.84 for top-cast bars when the concrete is not vibrated. Thus,
vibration improves C/U for both bottom and top-cast bars, and, as
for the vibrated high slump concrete, C/U for bars in non-vibrated
high slump concrete is higher for the top-cast bars, 0.84, than for

bottom-cast bars, 0.77.

3.5.2 Concrete Cover and Bar Position

a) Concrete Cover: Cover affects the confinement arcund
bars. Its effect on the normalized ultimate bond forces for No. 35,
No. 8, and No. 11 bars In groups 1 - 2, 8, 13, and 18 - 20 is shown
in Figs. 3.13, 3.14, and 3.15, respectively. These figures show
that, regardless of bar position, bar size, or deformation patternm,
there 1g a nearly linear relationship between bond force and con-
crete cover. This means that as the cover Increases, the ultimate
bond force increases. The best fit lines for coated and uncoated
bars are nearly parallel, but the absolute magnitude of the increase
in bond strength with cover is slightly greater for uncoated bars
than for coated bars.

The nearly parallel best fit lines for ceated and uncoated

bars in Figs. 3.13 - 3.15 result in higher wvalues of C/U for bars
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with greater covers. This is also shown in Table 3.5 for C/U ratios
based both on the best fit lines for specimens in groups 1, &, 6, 8,
11-13, 17-20, 23, and 24 (groups with specimens with more than one
cover) and on the average of bond strengths for z group of speci-
mens., For example, for bottom-cast N-pattern No. 8 bars, the C/U
ratio {based on the best Ffit lines) increases from 0.85 to 0.91 as
the concrete cover increases from 1 to 3 db. For top-cast N-pattern
No. 8 bars, ¢/U ratio increases from 0.83 to 0.91.

Table 3.6 summarizes the U/C ratios (inverse of C/U ratios in
Table 3.5) for bottom-cast bars with different covers in beam-end
specimens as a function of bar size along with the ACI modification
factars for epoxy-coazted bars (1.5 for bars with a cover less than 3
db or spacing between the bars less than 6 db and 1.2 for bars with
a cover of at least 3 db or spacing between the bars of at least &
db). Table 3.6 shows that the largest U/C wvalue for bars with a
cover of 3 db oxr greater, 1.22 for No. 11 bars, is in agreement with
the ACI modification factor of 1.20 for bars with 3 db or more
cover. For No. 8 and smaller bars, however, this comparisen
indicates that the factor could be safely dropped to 1.10. Also,
based on the largest U/C value for bars with cover of less than 3
db’ 1.38 for No., 11 N-pattern bars with 2 db cover in group 201
(Table 3.6), the ACI modification factor of 1.5 could be reduced to
1.35 or 1.40 for No. 11 bars and even further, down to 1,20, for No.
8 and smalier bars. The current tests provide no direct information

on factors for Neo. 14 and No. 18 bars.
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As will be discuésed'shortly, no modification factor may be
necessary for bars with covers of 3 db or more because the design
codes (AASHTO 1989, ACI 1989) do not take inte acecount the higher
bond strength of uncoated bars with a cover greater than 2 db' The
argument could be made that, since uncoated bars with 2 d.b cover
represent the standard, coated bars with equal bond strength because
of added cover should not reguire a greater development length, even
if the bond is weaker than uncoated bars with the same added cover.

In Figs. 3.16 - 3.18, the bond forces represented by the best
fit lines in Figs. 3.13 - 3.15 are normalized with respect to the
values at 2 db cover and plotted versus conerete cover in bar dia-
metefs. As shown in these figures, the bond strength of coated bars
is slightly more sensitive to concrete cover than 1s the bond
strength of uncoated bars, regardless of bar size, deformation
pattern, or the casting position. For example, in Fig. 3.16, the
bond force <{(normalized to the bond force at 2 db cover) for N-
pattern No. 5 bars changes from 0.74 to 1.26 for uncoated bars, but
from 0.73 to 1.27 for ccated bars, as the cover increases from 1 to
3 db. Similar trends are observed for Ne. 8 and Ne., 11 bars.

The Orangun, Jirsa, aﬁd Breen (1977) best fit eguation [Eq.
1.3(a)] is used in conjunction with the results shown in Figs. 3.13 -

3.15 to investipate the possibility of increasing the cover, rather
than development length, to account for the reduced bond strength of
coated barsn The goal is to calculate an additional cover, AC, for

coated bars that will allow coated bars to be developed in the same



57

 length as uncoated bars when the bars are just yielding (fs - fy).
Eg. 1.3(a), without including the factor of transverse steel, can be

written in terms of pullout force as: )

Pullout force = POF = Abfs = [3_ 23 ﬁEs c+ 1.22 ﬂﬂs db

+ 212 Ab}J%Z (3.1)

If Egq. 3.1 is generalized by substituting KlU’ KZU’ KSU’ and CU for

the factors 3.23, 1.22, 212, and C, respectively, for uncoated bars,

and if it is assumed that there is a similar set of factors, cht

ch, K3G’ and CC for coated bars, Eg. 3.1 can be rewritten as

POF_ conted = Ky g Cy + Koy ™o & + Kgy A 1/E] (3.2)
POF area = (Bog #lg Cp + Ky mé 4 + Ky AbEJEZ (3.3

Using fé = 6000 psi, and values of 5.875, 11.75, and 10.5 in. (lead
length plus bonded length in test specimens) for Bs in No. 5, No. 8,
and No. 11 bars, respectively, Egs. 3.2 and 3.3 can be set equal to
the equations of the best fit lines for uncoated and coated bottom-
cast bars of No. 5, No. 8, and No. 11 bars in Figs, 3.13 - 3.15.
These equations are:

for No. 5 bars:

POFuncoate& = (5545 CU + 6515)+/6000



POFcoated = (5441 CU + 5763)/6000

for No. B bars:

Funcoated = (13692 CU + 17239376000 (3.4)

OFcoated = (13540 CU + 12618)/6000

and for No. 11 bars:

F = (8331 C_. + 22014)/6000
uncoated U

POF = (6949 C_, + 15662)/6000

coated T

The coefficients of CU and CC in Egs. 3.2 and 3.3, KIU and

ch, respectively, are simply the slopes of the lines in Egs. 3.4.
The wvalues of KZU’ KSU’ KZC’ and KBC’ however, camnot be solved for

directly. The terms containing K, and K3 in Egs. 3.2 and 3.3 are
the intercepts of the lines in Figs. 3.13 - 3.15. Thus, to simplify

the solution of Egs. 3.2 and 3.3 to obtain the K2 and K3 values, two

approaches are taken. The first approach is to set K K,.= 1.22

20 ~ “2¢

3y and KBC’ Then by setting

= (POF)coated and CC - CU + AC and solving for AC:

{the wvalue in Eg. 3.1) and solve for K

{PoF)

uncoated

Ay
e Ky - Kygd - (Kyp - Ky) G
AC = = (3.5)

KlC

in which £_ = [(Abfy//EZ) - Ry A, 1/(7(1.22 4 + K ,C)], the value

of Es for which (PoF) = 60,000 psi, and fé = 6000

uncoated A'bfy’ fy

psi.
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The second approach is to set KSU - K3C = 212 (the wvalue in

Eq. 3.1) and solve for KZU and KZC' This gives:

(Ko - K, 0) - (K - K.) C
o - b %oy LS it 3.6)
1c

KlU' 107 K2U’ KZC' 3 KBC’ and AC wvalues for CU values

of 1, 2, and 3 db for No, 5, No. 8, and No. 1l bars are presented in

The X X
Table 3.7 for beth approaches.
As seen in Table 3.7, the AC walues from the first approach
are, with the exception of No. 8 bars with 3 db cover, less than the
AC values from the second approach. Since a cover of 2 db is the
standard in ACI 318-89 (1989), the largest AC wvalues (second
approach) at 2 db cover will be used for gach bar size. Therefore,
assuming that Eg. 1.3(z) {(Orangun, Jirsa, and Breen) is applicable
for the test results of this study, the AC values for 2 db cover in
Table 3.7 suggest that, instead of increasing the development length
of coated bars, increasing the cover of ccated Ne. 5, Ne. 8, and No.
11 bars by 0.2, 0.4, and 1.5 in., respectively, will compensate for
the reduction in bond strength of those bars caused by coating.
For example, from the best fit lines for N-pattern No. 1l bars shown
in Fig. 3.15, the uncoated bars with 2.82 in. (2.0 db) cover provide
an ultimate bond force of 45,508 1lbs., while the coated bars with
.32 in. (2.0 db + 1.5 in.) cover provide an ultimate bond force of

45,680 1bs. A coated bar with 4.32 in. cover has a slightly greater

bond strength than an uncoated bar with 2.82 in. cover., Thus, an
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increase in concrete cover appears to be a viable alternative to
modifying the development length of coated bars, A particularly
clear compariscn is made in Table 3.5 using the term C'/U, the ratio
of the bond strength of coated bars to the bond strength of uncoated
bars with 1 db less cover. With the exception of C'/U based on
average test values for No. 11 ¥®-pattern cocated bars with 2 db
cover, the C’/U ratios in Table 3.5 are greater than 1.0, meaning
that, in all other cases, the development length of coated bars need
not be increased if an additional bar diameter of cover is provided,
This is true in all cases for coated bars with 3 db cover, since in
every case, these bars exhibited greater bond strength than the
uncoéted bars with 2 db cover,

The comparisons can be used to develop design provisions teo
take advantage of the extra bond strength obtained with added cover.
The walues of AC calculated above translate into 0.32, 0.4, and 1.07
db for No. 5, No. 8, and No. 11 bars, respectively. For the sake of
simplicity, it seems prudent to recommend a cover increase of 0.5 db
for coated No. 8 bars and smaller and 1.0 db for Ne. 9, No. 10, and
No. 11 bars te compensate for the reduction in bond strength caused
by the epoxy coating. In any case, the experimental data shows
specifically that no increase in development length is needed for
coated bars with 3 db cover. The Dbeneficial effect of covers
greater than 2 db is not considered for unceoated bars in the ACI 318-
89. The beneficial effect of increased spacing, however, is

considered for both uncoated and coated bars in ACI 318-89. The
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current observations about the effects of increased cover suggest
éﬁat for bars with cover less than 3 db or clear spacing between
bars less than § db’ the factor for epoxy-coated bé?s can be lowered
to 1.35 (recommended value of the current study, Section 3,1l1) and
for all other conditions, the factor for epoxy-coated bars can be
lowered to 1.0 as lomg as ACI 318 Section 12.2.3.4 (0.8 factor for
bars with clear spacing greater than 5 db) is not applied to coated
bars. The later sexclusion is necessary since the 0.8 factor for
added spacing is already accounted for by the 1.0 epoxy factor. An
alternative would be to retain the current 0.8 factor for wide
spacing and the 1.2 factor for epoxy-coated bars with at least 3 db
cover and 6 db clear spacing (0.8 x 1.2 = 0.96). Tests on Ne. 14
and No. 18 bars are needed to extend the recommendations to the
iarger size bars.

b) Bar Position: The effect of bar position on bond strength
is shown in Fig. 3.9 for No. 5, No. 6 and No. 8 bars in standard and
deep specimens and for high and low slump concrete., As Fig. 3.9
shows, bottom-cast bars have a higher bond strength than top-cast
bars, regardless of bar size, bar surface condition, or concrete
slump,

Table 3.3 shows that, for low slump concrete, the average B/T
ratio is wvirtually the same for uncoated and coated bars (1.132
versus 1.137) and the C/U ratio is virtually the same for bottom and

top-cast bars (0.893 wersus 0.889). For high slump concrete,

however, the average value of B/T 1is significantly greater for
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uncoated bars, at 1.28, than for coated bars, at 1.08. Also,_for
high slump concreée, the average value of C/U is significantly lower
for bottom-cast bars, at 0:82, than for top-cast bars, at 0.97.

Table 3.3 and Fig. 3.12 show that the values of B/T ar;
similar for uncoated and coated bars for slumps between 2 and 4 in.
For inecreasing slump, however, B/T increases for unccated bars, as
expgcted, but decreases for coated bars. As shown in Table 3f3, the
highest average wvalue of B/T for uncoated bars, 1.28, ocecurs for
bars cast in high slump concrete, while the highest average value of
B/T for coated bars, 1l.14, occurs for bars cast in low slump con-
crete, These trends in the B/T ratic are important because the
value of top-bar modification factor, used in the ACI Building Code
(1989), 1.3, is based on a worst case assumption, i.e,, bars cast in
high slump concrete. The B/T ratio of 1.28 for uncoated bars agrees
well with ACI top-bar factor of 1.30. Since coated bars do not
appear to be affected as greatly as unceated bars at higher slumps,
it can be argued that a top-bar factor below 1.3, such as 1.15,
should be used for epoxy-coated bars. A value of 1.15 compares
favorably with the defacto top-bar factor for epoxy-coated bars in
ACI 318-8%, 1.13, which is obtained by dividing the upper limit on
the combined effects of bar position and epoxy coating, 1.7, by the
epoxy bar factor, 1.5.

The values of U/C ratio of uncoated bottom-cast bar strength
to coated top-cast bar strength, in Tables 3.2 and 3.3 show the

combined effects of coating and bar position on the bond strength of
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“"top coated bars". Average U/C ratios of 1.29, 1.32 and 1.45 (Table
3.3) for low slump, high slump:vibrated, and high slump non-vibrated
concrete, respectively, demonstrate that the effects of coating and
bar position on the bond strength are not additive and that the ACI
upper limit on the combined factors, 1.70, can be dropped to 1.50
for top coated Dbars. The 1.50 factor agrees closely with 1.55,
which is the product of 1.35, the higher of two recommended epoxy
factors (Section 3.11), and 1.15, the top-bar factor for coated batrs
developed in this section,

Overall, it appears that either a top-bar factor of 1.15 for
coated barsg, applied to the development length of bottom-cast coated
bars; or an upper limit of 1.50 on the combined factors, applied to
the development length of bottom-cast uncoated bars, will provide
satisfactory development lengths.

¢) Concrete Cover and Bar Position: The combined effects of
concrete cover and bar position (top and bettom-cast bars) is illus-
trated in Fig. 3.14, where the normalized ultimate bond forces for S
and N-pattern No. 8 bars with covers of 1, 2, and 3 db are plétted
versus the concraste cover. As this figure shows, the bottom-cast
bars exhibit a higher bond strength than the corresponding top-cast
bars. The Commissie Voor Uitvoering Van Research Ingesteld door de
Betonrereniging in the Netherlands, CUR, (1963) and Ferguson and
Thompson (19653) cobserved a reduction in B/T with increased cover.
Similar observations are made iIn this study, but not to the same

degree as in the two earlier studies. Table 3.8 presents the B/T
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" ratios for both uncoated and coated N-pattern No. & bars in group
18. The bars had covers of 1, 2, and 3 db' B/T érops from 1.15 to
1.14 for uncoated bars and from 1.24 to 1.18 for coated bars, based
on the average of individual tests, as cover increases from 1 db to
3 db‘

Fig. 3.14 shows that, for N-pattern No, B bars, at a concrete
cover of about 2 db' the normalized bond strength of the uncoated
top-cast bars and coated bottom-cast bars are approximately the
same. For 1 db cover, the uncoated top-cast bars are sbout 4 per-
cent stronger than the coated bottom-cast bars; for 3 db cover, the
unceoated top-cast bars are about 4 percent weaker than the coated
bottoﬁ—cast bars. This would suggest that, based on the current ACI
top-bar factor of 1.3, the increase in the development length of
epoxy-coated bottom bars need not be more than about 35 percent
(from the product of 1.3, the current top-bar factor, and 1.04, the
strength ratio of unceated top-cast bars with 1 db cover to coated
bottom-cast bars with 1 db cover = 1,30 x 1.04 = 1.35). Fig. 3.14,
of course, only presents the data for a single bar size. A 35 per-
cent increase in development length of coated bars, however, matches
the recommended maximum epoxy factor of this study of 35 percent

{(Section 3.11).

3.6 Confinement With Transverse Reinforcement

A limited number of specimens, in groups 27, 28, and 30, con-

tained transverse reinforcement in the form of No. 3 C-pattern stir-
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© rups spaced at 5.5 in.- Uncoated and coated No. 3 stirrups were used
for confining uncoated and coated bars, respectively. The no;mal-
ized ultimate bond forces obtained from these confined specimens are
compared to those of unconfined specimens in Table 3.9. The compar-
ison shows that cenfined bars have higher bond strengths than uncon-
fined bars, regardless of bar size, deformation pattern, or surface
properties. This can be seen in Table 3.9 where the CU/UU (confined
uncoated to unconfined uncoated bars) and CC/UC (confined coated to
unconfined coated bars) values are ail greater than 1.0, Based on
average bond forces for uncoated and coated bars in each group, the
C/U ratios for confined bars (CC/CU) range from 0.81, for S-pattern
No. 8 bars, to 0.98, for S-pattern No. 1l bars. The average value
of C/U for all of the confined bars, 0.88, is similar and slightly
higher than the average obtained for all unconfined bars, 0.85
(Table 3.1). The average ratios of bond strengths of confined
coated bars to unconfined uncoated bars, CC/UU, [UU = the current
standard for development length design (ACI 318-89)] are 0.9%4, 0.92,
and 1.14 for No. 5, No. 8, and No. 1l bars, respectively. The aver-
age CC/UU for all bar sizes, 0.999, is high, primarily due to high
value of CC/UU for S-pattern No. 11 bars, 1.21. Based on the lowest
average value of CC/UU for all bar sizes, 0.92 for No. 8 bars, using
a development length modification factor of 1.10 appears to be ap-
propriate for confined coated bars if the added bond strength due to
confinement is not accounted for otherwise. The observations omn the

combined effects of confinement and coating are summarized in Fig.
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3.19, where the average normalized bond forces of unconfined and
confined barsg are presented graphically. It can be seen from Fig.
3.19 that, when considering all of the bar sizes and deformation
patterns tested, coated confined bars have virtually the same bond
strength as the uncoated uncoenfined bars.

The average wvalues of C/U for unconfined bars (Table 3.1) and
for cenfined bars (Table 3.9) are 0.88 and 0.87 for No. 5 bars, 0.82
and 0.85 for No. 8 Bars, and 0.83 and 0,93 for No., 11 bars,
respectively. Thus, for beam-end specimens, C/U for confined bars
increases with bar size, unlike C/U for wunconfined bars which
decreases with bar size. Also, based on the avérage values for
individual bar sizes, CC/UC and CU/UU increase with bar size. In
the current study, it appears that transverse reinforcement enhances
the bond strength of coated bars more than it dees the bond strength
of uncoated bars. The degree of enhancement appears te increase
with bar size, which helps to compensate for the greater reduction
obtained for unconfined coated hars as bar size increases. This
observation can be seen graphically in Fig. 3.20, where the percent
increase in bond force of confined bars relative to unconfined bars
is compared to bar diameter for both ccated and uncoated bars. The
trend observed in Fig. 3.20 may be related to deformation height,
which increases with bar diameter. Deformation height is important
in specimens with confined bars since the specimen can sustain
significant additional load after cracks appear, in contrast to

specimens with unconfined bars that fail just as the splitting crack
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© appears. When a specimen cracks, the stirrups limit crack width.
As a result, for bars with higher deformations, bond failure occurs
at a wider crack width and a higher load than it does for a bar with
small deformations.

Fig. 3.21 compares the bond strength ratios for coated
Aconfined bars te unceated unconfined bars (CG/UU) wversus Ktr for No.

5, No. 8, and No. 11 bars. Ktr’ which is part of Eg. 1,3, is

K - atE vt (3.7)
tr T 500 S 4 :

in which Atr = 0.11 in2 is the area of one leg of the stirrup (since
only one leg of the stirrups cross the crack); fyt = 68,900 psi is
the yield strength of the stirrups; 8§ = 5.5 in. is the spacing of
the stirrups; and db is the diameter of the confined test bar. The
values of Ktr for the current study are listed in Table 3.9.
Orangun, Jirsa, and Breen (1977) observed that for the values of Ktr
greater than 3.0, the additional transverse reinforcement 1is not
particularly effective. As Fig. 3.21 indicates, the average CG/UU
values for No, 5 and No. 8 bars are about the same, at 0.92, while
the average CC/UU wvalue for No. 11 bars are at 1.14, As a general
trend, however, CC/UU ratio increases with bar size, not Ktr’ mainly

because of the effect of higher deformations on larger ‘bars,. as

discussed earlier.
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© 3.7 Concrete Strength

A limited number of tests, group 29, were carried out to
evaluate Ehe effect of concrete strength on the reduction in bond
strength caused by epoxy coating. Bond strengths are compared for 5-
pattern No. 6 bars using beam-end specimens prepared with 13,000 psi
and 6,000 psi concrete. Table 3.10 summarizes the wultimate
nofmalized and non-normalized bond forces of uncoated and coated No.
6 bars cast in 6,060 and 13,000 psi concrete. Fig. 3.22 compares
the non-normalized ultimate bond forces to concrete strength.

Table 3.10 and Fig. 3.22 show that, in this limited
comparison, as the concrete strength increases, the bond strength
increases for top-cast bars and remains almost unchanged for bottom-
cast bars. As concrete strength increases from 6,000 to 13,000 psi,
bond strength increases 21 percent and 14 percent for top-cast
uncoated and coated bars, respectively. However, the bond strength
of bottom-cast bars remains virtually unchanged (decreases 1 percent
for uncoated bars and increases 2 percent for coated bars). If the
bond strengths are noermalized (Section 3.2} to §£,000 psi, the
projected bond strengths of bars cast in 13,000 psi concrete are
lower by 51 and 44 percent for botrom-cast uncoated and coated bars
and lower by 24 and 31 percent for top-cast uncoated and coated bars
in comparisen to bars cast in 6,000 psi concrete., The increase in
bond strength due to the increase in concrete strength is clearly
not proportional to JEZ; there 1s only a maximum of a 21 percent

increase in bond strength, in case of uncoated top-cast bars, for a
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120 percent increase in concrete strength, which should have

provided a 48 percent increase in bond strength based on Jfé. This

behavior may be due to the following factors:

1

2)

3)

Bond failure of a reinforcing bar results from the frac-
ture of concrete around that bar. Therefore, the fracture
energy of concrete, mnot the tensile or compressive
strength of the concrete, 1s the governing facter in a
splitting bond failure. Gettu, Bazant and Karr (19%0)
found that, fer an increase in compressive strength of 160
percent, the fracture energy increases by only 12 percent,
A smaller gradation of 3/4 in. coarse aggregate was used
in 13,000 psi concrete than in 6,000 psi concrete. In
addition, there were 184 lbs less coarse aggregate and 250
lbs more cement in every cubiec yard of concrete in the
13,000 psi concrete, This reduces aggregate interlock
across the splitting crack, further reducing the fracture
energy in the high strength concrete.

According to Gettu et. al (19%0), more microcracks occur
in normal strength concrete than in high strength con-
crete. Microcracks help reduce the stress concentration
at the tip of major cracks. Also, there is a weak inter-
face between the paste and aggregate in normal strength
concrete, which results in tortuous crack paths following
the aggregate boundaries, Iinstead of rupturing the aggre-

gates as occurs in high strength concrete., Such charac-
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teristics increase the brittleness of concrete as concrete
strength increases.

4) The 6,000 psi concrete specimens were cured for 3 days and

air dried for about 4 days prier to testing. The 13,000
psi concrete specimens were cured for 77 days and air
dried for 355 days. The extra air drying for the high
strength concrete may have caused more drying shrinkage
cracks than were obtained in the 6,000 psi specimens.

As seen in Table 3.10, the high-strength specimens have C/U
values of 0.84 and 0.94 for bettom and top-cast specimens, respec-
tively, compared to 0.82 and 1.00 for corresponding lower strength
specimens. These differences in C/U are not considered to be
significant.

Since only 12 specimens were tested with 13,000 psi concrete,
these results are mnot conclusive, and more research is clearly

needed on the bond strength of reinforeing steel to high strength

concrete,

3.8 Hooks

A preliminary evaluation of epoxy-coated hooks is made based

on tests of 26 C-pattern No. 5 and Ne. 8 hooks with 180° and 90°

bends. These hooks were tested in beam-end specimens in gzroups 23
and 26. In each group, three uncoated, three coated, and three
"repaired" coated hooks were tested. All the c¢oated hooks had

coating damage due to the fabrication of the hooks, Liquid epoxy
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© was used to repair the coating. Table 3.11 summarizes the normal-
:ized ultimate bond forces and /U ratios for the hooks and corre-
sponding values for straight bars (0° bend from groups 2, 5, 6, 10,
and 21). The repaired epoxy-coated hooks were expected to be weaker
than unrepaired hooks, since the liquid epoxy does not stick to
steel bar as well as the powdered epexy (the wvisual examination of
the hooks after testing showed that all the repaired patches were
pealed off the bar). The test results, however, show that there is
no significant differsnce between the bond strengths of unrepaired
and repaired coated hooks (Table 3.11).

The values of C/U for the hooks are 0.94 and 0.95 for No. 5
and ﬁo. 8 bars, respectively, compared to 0.9] and 0.90 for corre-
sponding straight bars (Table 3.1). The iIncrease in C/U obtained by
hooks may be explained by the fact that there are two parts te the
failure mechanism of hooks: 1) meovement of the bar relative to the
concrete and 2) mechanical interlock between the hook and the con-
crete due to the geometry of hook. Epoxy coating appears to affect
the first mechanism much more than the second mechanism. Therefore
hooks should have a higher C/U ratio than straight bars, since only
the first mechanism exists for straight bars.

For bars with 90° hocks, movement of the straight portion of
the bars was accompanied by crushing of the concrete on the inside
of the bend. For bars with 180° hooks, movement of both straight
and bent portions of the bars was observed. These observations

agree with those made by Minor and Jirsa (1975). Minor and Jirsa
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(1975) also observed that, for a given bond stress, bars with a 180°
hook slip mcre:than bars with a 90" hook.

In the current study, the 90° hooks were stronger than 180°
hooks., For example, as seen in Table 3.11, the values of bond force
for 90° and 180° No. 5 hooks, respectively, are 20278 1bs. and 17165
lbs. for uncoated bars and 18505 lbs. and 17994 1bs. for coated
bars. This may be due to the fact that 90° hooks provide better
anchorage and exhibit a different fallure mode in the beam-end
specimens than do the 180° hooks. A splitting type bond failure,
similay to the straight bar specimens, was cobserved in all the hook
specimens. Specimens with 90° hooks failed in a ductile manner; the
hook-was not completely pulled out of the specimen. In comparison,
specimens with 180° hooks failed in a brittle manner, and in some
specimens, the hook was pulled clear out of the specimen,

Since only a limited number of hooks were tested, these
observations are not conclusive. More research is needed to
investigate the effects of additional parameters, such as bar size,
coating thickness, defermation pattern, and confining reinforcement,

on epoxy-coated hooks.

3.9 Splices

Splice test specimens are larger and more costly than beam-end
specimens. Therefore, it is desirable to run fewer splice tests
than beam-end tests in a study, The question arises: Why run

splice tests at all? The reasons are two-fold. Splice tests may
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provide a more realistic model of what happens in an actual struc-
ture, and the development-iength provisions for epoxy-coated bars in
ACT 318-89 are based on the splice tests run by Treece and Jirsa
(1987, 1989%9). With this in mind, it is iImportant to know 1} if beam-
end specimens give the same results as splice specimens, and 2) if
the test 7results in the current study, both beam-end and splice
tests, match the earlier splice tests (Treese and Jirsa 1987, 1989).

Before these questions are answered, the variability that is
inherent in bond tests should be considered. Bond tests exhibit a
great deal of scatter, as shown in Figs. 3.3 - 3.5. However, the
scatter shown in these figures is only cne-half of the picture,
sincé the values of C/U are based on mean bond strengths of uncoated
bars.

Imagine if the bond strength of each coated bar is divided by
the bond strength of each uncoated bar in the same test group.
Clearly, the scatter in C/U will increase. The extent of the scat-
ter is illustrated in Fig. 3.23 (Choi, Hadje-Ghaffari, Darwin, and
MeCabe 1990), where these individual values of C/U are compared ag a
function of the bearing-area ratio, Rb- Since the splice tests in
this study, as well as those performed by Treece and Jirsa (1987,
1989), were executed with individual coated and uncoated bar speci-
mens, i.e., no replications, the expected scatter in C/U for splices
should be like that shown for the beam-end specimens in Fig. 3.23.

i The C/U wvalues for the splice tests in this study and those

from Treece and Jirsa (1987, 1989) also appear in Fig. 3.23. As
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illustrated, the splice tests generally lie within the scatter band
obtained from the beam-end tests, )

For the current study, some splice results are on the high
side of the scatter band (S-pattern No., 6, 0.94, S-pattern No. 8,
0.90, and N-pattern No. 8, 0.86) and some are on the low side (N-
pattern No. 5, 0.75, C-pattern No. 6, 0.76, and S-pattern No. 11,
0.72). Overall, the key aspects of bond strength reduction caused
by epoxy-coating appear to be the same for both beam-end and splice
specimens.

Table 2.5 summarizes the strengths obtained £or the splice
specimens in terms of bending moment and bar stress. Bar stress is
calcﬁlated. by allowable stress method using the ultimate moment.
Splice specimens with epoxy-coated bars were uniformly weaker than
specimens with uncocated bars, with the relative strengths ranging
between 0.9%4 (S-pattern No, 6 bars) and 0.72 (S-pattern Neo, 11
bars). The mean wvalue of C/U for the current splice tests, 0.82
(Table 2.5) is slightly lower than the mean for all beam-end tests,
0.85 (Table 3.1). However, the mean wvalue of C/U from Treece and
Jirsa (1987, 1989), (.66 if weighted by test group or 0.69 if
weighted by individual specimen, is considerably below the mean for
the beam-end tests. The lower relative strength of the splices
compared to the beam-end specimens in this study can be traced to
the fact that most of the splices had a cover that was less than the
2 db used for the beam-end specimens. As discussed in section

3.5.2, the C/U ratio increases as cover increases, Also, a lower
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- strength is statistically expected for unconfined multiple splice

specimens than for single splice or single bar specimens,

3.10 Comparison of Experimental Results to the Predicted Values by ACI
(1989) and Orangun, Jirsa, Breen (1977)

Results of the beam-end splice tests from this study and the
study by Chol, Darwin, and McCabe (1990) are compared to the bond
strengths predicted by the Orangun, Jirsa, and Breen (1977) equa-
tion, Eq. 1-3(aj, and the ACI Building Code (198%). TFor this com-
parison, the epoxy-bar development length mocdification factors are
not used.

The Orangun et al. equation, Eq. 1.3(a), represents a best fit
of bond stress data for uncoated bars of different sizes.

The expression for the basic development in ACI 318-89, Ed in

inches, is given by

0.04 & £
ed*mm——-i (3.8)
JET

[}
c

in which Ab is the area of an individual bar in square in., fy is

the wvield strength of the bar in psi, and fé is the compressive
strength of c¢oncrete in psi, Substituting the bar stress, fs’ for
f.., and the bonded length or bonded length plus lead length in beam-

end specimens and the splice length in splice specimens, 25, for Ed’
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and solving for Ab fS provides an expression for the predicted bar

stress at fallure.

A Ff o= —EE (3.9)

For the beam-end specimens, the predicted wvalues are calcu-
lated once using the bonded length (BL) of the bar and once using
bonded length plus the lead length (BL + LL) for 25 in Eqs, 1.3(a)
and 3.8,

Table 3.12 compares the normalized bond strength of beam-end
specimens to the values predicted by the two equations for each bar
size and deformation pattern. Tables 3.13 and 3.14 present similar
comparisons for confined beam-end and splice specimens, respec-
tively. The following factors are used, where applicable, in calcu-
lating the bond force by the provisions of ACI 318-89: 0.8 (Section
12.2.3.4 for bars with edge cover of more than 2.5 db), 2.0 (Section
12.2.3.2 for bars with a cover of db or lesg), 1.3 (Section 12.2.4.1
for top-cast bars), and 1.4 [Section 12.2.3.3 for bars with a cover
between 1 db and 2 db {splices}]. The Orangun, Jirsa, and Breen
equation includes no provision for top reinforcement. In Tables
3.12 and 3.13, the bond strengths of the tests are normalized to a
concrete strength of 6,000 psi and a coating thickness (for No. 5
bars only) of 9 mils and are corrected to the appropriate nominal

cover {using the procedures outlined in section 3.2). No correction
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is made based on concrete strength or coating thickness for the
splice tests in Table 3.14.

Comparison -- Test/prediction ratios are presented in Tables
3.12 - 3.14 based on bar size, deformation pattern, casting position
(bottom and top-cast), and bar surface condition {uncoated and
coated). Average bond strengths are used for comparison in each
category. Average test/prediction ratios and coefficients of vari-
ation (COV) for the ratios are obtained for each bar size and defor-
mation pattern based on casting position and bar surface condition.
The comparison presented below are based primarily on the bonded
length plus lead length, since the concrete in the lead length
regioﬁ participates in the bond strength of the bars. Overall, the
test/prediction ratios obtained from the Orangun et al. equation are
more consistent, closer to 1.0, and exhibit signifi-cantly less
scatter, as demonstrated by lowér ceefficients of wvariation than do
the test/prediction ratios obtazined from the ACI provisions.

Comparisons in Table 3.12 show that, for bottom-cast bars, the
Orangun et al. equation is conservative for No. 5, No. 6, and No. 8
bars and unconservative for No. 11 bars, with respective test/pre-
dietion ratios of 1.15, 1.12, 1.24, and 0.81. The ACI provisions
are conservative in all cases, and significantly more comservative
than the Orangun et al. equation for No. 8 and No. 11 bars. For the
No. 5, No. 6, No. 8, and No. 11 bars the respective ACI test/predic-

tion ratios are 1.09, 1.10, 1.64, and 1.87.
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For coated bottom-cast bars, the Orangun et al. eguation pro-
duces test/prediction ratios close to 1.0, except for No. 11 bars
where the ratio is only 0.66. For uncoated top-cast and coated top-
cast bars, the Orangun et al. eqguation produces test/prediction
ratios that are, on the average, slightly unconservative, ranging
from a high of 1.11 for uncoated top-cast No. 8 bars to a low of
0.80 for coated top-cast No. & bars. The average is 0.97 for all
uncoated top-cast bars and 0.90 for all coated top-cast bars. The
unconservative nature of these comparisons is, of course, due to the
lack of consideration of bar position or surface condition. The ACI
provisions provide a conservative representation for coated bottom-
cast bars, and uncoated and coated top-cast bars. The only excep-
tions are coated bottom-cast No. 5 and No. 6 bars, where the test/
prediction raties are 0.96 and 0.97, respectively.

The comparisons in Table 3.13 for the beam-end specimens with
transverse reinforcement produce generally less conservative compar-
isons than obtained for the beam-end specimens without transverse
reinforcement. For comparisoms using the bonded length plus lead
length, as done with Table 3.12, the Orangun et al. equation pro-
duces unconservative prediction in all cases. When the comparisons
are based on bonded length only, the Orangun et al. equation gives a
considerably better match with the data. it is, however, still
uncenservative for the cemparison for No. 11 bars. In contrast, the
ACI provisions, using bonded length plus lead length, provide a

conservative prediction iIn all cases except for coated No. 5 bars,
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where the test/prediction ratioc is 0.91. The level of conservative-
ness inereases as the bar size increases, reflecting the greater
effectiveness of the transverse reinforcement with an increase in
bar size, as observed in Section 3.6.

As with the comparisons for the beam-end specimens, the com-
parisons for the splice specimens presented in Tablg 3.14 show that
the Orangun et al. equation provides, in general, more accurate and
less conservative predictions for splice strength than do the ACI
provisions. The Orangun equation becomes progressively less conser-
vative as the bar size increages, while the opposite is true for the
ACI provisions. For all splice specimens with uncoated bars, the
mean test/prediction ratio and COV for the Orangun et al. equation
are 1.03 and 0.15, respectively. The respective values for the ACI
provisions are 1.77 and 0.26. For specimens with cecated bars, the
test/prediction ratio for the Orangun et al. equation drops to 0.82
with a COV of 0.15, while the mean test/prediction ratic for the ACIL
provisions is 1.50 with a COV of 0.24. Once again, these compari-

sens are made without the use of an epoxy bar development length

modification factor.

3.11 Design Recommendations

The current study points the way to a number of modifications
in the provisions for epoxy-coated bars in the ACI Building Cede
(1989) and the AASHTO Bridge Specifications (1989). Those provi-

sions consist of a 1.5 development length modification factor for
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epoxy-coated bars with less than 3 bar diameters of cover or a clear
spacing between bars less than 6 bar diameters, a 1.2 (ACI) or 1.15
(AASHTO) modification factor for epoxy-coated bars with a 3 bar
diameter cover or more and a clear spacing between bars of 6 bar
diameters or more, and an upper limit of 1.7 on the product of the
epoxy-coating factor and the top-bar factor.

As Table 3.1 shows, the lowest average value of C/U obtained
for any size or deformation pattern of uncenfined bottom-cast bars
with 2 db cover in the current study is ©.73, for S-pattern No. B
bars. This translates into a modificatien factoer of 1.37. No. 3,
No. 6, and Neo. 11 bars were affected even less, with modification
factors of 1.18, 1.25, and 1.28, respectively, based on the deforma-
tion pattern with the lowest wvalue of C/U. These modification fac-
tors represent bars with covers of 2, not 3, bar diameters. Also,
as discussed in section 3.10, by comparing the bond strength wvalues
of the tests to those of ACI (Tables 3.12 - 3.14), ACI overestimates
the required development length of epoxy-coated bars in virtually
all cases, even without including the current ACI factor for epoxy
coating. Thus, it appeézs that development length modification
factors can safely be reduced to 1.25 for No. 6 bars and smaller and
1.35 for No. 7 bars and larger (care should be taken in selecting
values for No. 3, No. 4, No. 14, and No. 18 bars, since no tests
have been performed on these bar sizes). A modification factor of
1.25 for No. 5 bars is more than adequate, based on a 9 mil coating,

but will help to take into account the lower bond strengths obtained



81

by small bars with thicker coatings. Recent work by Cleary and
Ramirez (1989) provides additional evidence }suggesting that the
current design provisions for epoxy-coated bars (1987, 1989) are
overconservative. Before finalizing these numbers, it would be
prudent to evaluate at least a portion of the patterns that have not
vet been tested,

The test results also suggest that develepment length modifi-
cation factors can be reduced further by 1) altering deformation
patterns to Iimprove the bond strength of epoxy-coated bars or 2)
standardizing on "strong" deformation patterns on an industry wide
basis. The deformation pattern tested by Treece and Jirsa (1987,
1689), which produced lower values of C/U than obtained in this
study, 1is mno longer wused for epoxy-coated bars because of
difficulties in coating.

The insensitivity to cocating thickness for bars larger than
Ne. 5 indicates that coatings thicker than 12 mils could be used on
larger bars to improve corrosion protection. This improved protec-
tion could be obtained with little reduction in bond strength beyond
that currently observed, Additional study is necessary, however,
before new limits on coating thickness can be established.

The relative insensitivity of cecated bars to the top-bar ef-
fect with slump increase, strongly suggests that either a lower top-
bar factor or a limit below 1.7 be applied for top-cast epoxy-coated
bars. As seen in Table 3.3 and as discussed in sectiom 3.5.2(b), it

is reasonable to use a top-bar facter of 1.3 for uncoated bars.
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However, the top-bar factor can be reduced to 1.15 or the product of
top-bar and epoxy factors can be limited to 1.50 for epoxy-coated
bars.

The beneficial effect of confinement of bars by transverse
reinforcement should be considered when using epoxy-coated bars. As
Table 3.9 shows, the lowest C/U ratio obtained for any size or de-
formation pattern, 0.81 for S-pattern No. 8 bars, translates into a
modification factor of 1.24. Also the lowest ratio of average bond
strengths of coated confined te uncoated unconfined bars obtained
for any size or deformation pattern bar, 0.86 for S-pattern No. 5
bars, translates into a modification factor of 1.17. Thus, it ap-
pears that, based on the current limiced data, a development length
modification factor of 1.25 would be aﬁpropriate for confined coated
bars when used in place of confined unceoated bars while a factor of
1.20 would bhe appropriate for confined coated bars when used in
place of uncenfined uncoated bars.

The beneficial effect of increased cover on C/U can be
translated into the use of increased cover rather than increased
development length to account for the reduced bend strength caused
by epoxy coating. The results of this study indicate that an
increased concrete cover of 0.5 db for No. 8 and smaller coated bars
and 1.0 db for No. 9 and larger coated bars may be an alternate to
applying development length modification factors for epoxy-coated
bars. More simply, since bars with 2 db cover vrepresent the

standard for design (ACI 318-89), any bar with 3 db or greater cover
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and 6 db or greater clear spacing should have an epoxy modification
factor of 1.0. If this provision is applied, the current 0.8
modification factor for bars with a 5 db clear spacing (ACI 318-89

Section 12.2.3.4) should not be applied to epoxy-coated bars.
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CHAPTER 4: ANALYTICAL STUDY OF BOND

4.1 Imtroduction

In this chapter, the effects of the Interfacial properties of
reinforcing steel and specimen geometry on the bond strength of both
coated and uncoated bars are studied analytically using a simple
statical model of two rigid bodies in contact and a finite element
model incorperating a nonlinear fracture mechanics approach to
represent cracking.

Beam-end specimens were used for the major part of the
experimental study. These specimens f£fail with the major crack
running through the concrete aleng the length of the test bar. The
crack is caused by the wedging action of the bar as it slips. The
studies explore the effects of concrete cover, lead length, face
angle of the deformations, and the coefficient of friction between
conerete and reinforcing steel on bond strength.

The statical medel, Fig. 4.1, consists of two rigid bodies in
contact along an inclined plane. One rigid body represents the
concrete and the qther rigid body represents the reinforcing steel.
The angle of the plane represents the face angle of the bar
deformations. The rigid bodies are constrained so that relative
motion can occur only parallel to the interface, The confining
force provided by the concrete and the force in the steel are shown

in the figure.
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The finite element model (Fig. 4.2) is based on the model
developed by Chbi, Darwin, and McCabe (1590) to represent a beam-end
specimen. This model represents a beam-end specimen using three
substructures. These consist of an exterior concrete substructure
[Fig. 4.2(a)], a refined interior concrete substructure [Fig.
4.,2(b)], and a reinforcing bar substructure [Fig. 4.2(c)]. Special
two-node monlinear reod link elements (Fig. 4.3) are used along with
the first substructure to represent fracture of the concrete (the
splitting ecrack), and to attach the substructure to the plane of
symmetry. The crack is modeled using a nonlinear fracture mechanics
scheme, Hillerborg's fictitious crack model (Hillerborg et al.
1976}. The second substructure is asscociated with the third sub-
structure through special three-node nonlinear interface link ele-
ments (Flg. 4.4) to simulate slippage of the bar-concrete interface.

Choi, Darwin, and McCabe (1850) carry out the modeling in two
stages. The first stage represents cracking of the concrete along
the crack surface, while the second stage represents the slippage of
the bar. In the first stage, using the substructuring technique,
the exterior concrete substructure [Fig. 4.2{(a)] is attached to the
crack plane by the two-node link elements. At this stage, the model
is loaded by imposing displacements, perpendicular to crack surface,
only at the nodes where the reinforcing bar substructure is located.
This generates a lateral load-lateral displacement curve for the
model., The load-displacement curve is then used to define a nonlin-

ear spring for use in the second stage to represent the confinement
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' provided by the concrete. This reduces the balance of the analysis
to a two-dimension problem, greatly simplifying the solution.

In the second stage, the interior concrete model and the rein-
forcing steel model are conmected to each other through the three-
node interface link elements. The nodes on the straight edge of the
interior concrete model, top edge of Fig. ai2(b), are constrained to
have the same lateral displacement and are attached to a single
gpring whose properties are determined in the first stage. In this
stage, bar slip is represented by applying displacement to the rein-
foreing bar substructure. Fig. 4.5 illustrates the overall finite
element medel.

Using the cracking load from the f£irst stage, Choi, Darwin,
and McCabe (1990) compare the bond force obtained from the second
stage of finite element analysis to that obtained from the statical
model at the same confining force, P (Fig. 4.1), and find, as ex-
pected, that the bond forces from the two approaches are identical.
Furthermore, the relative bond strength of coated and uncoated rein-
forcement, C/U, from both analyses depend only on coefficients of
friction and face angle of the deformation, not on the confining
force. Thus, in this study, the first stage of finite element anal-
ysis (cracking) is used to study the effects of specimen geometry,
while the statical model is used to study the interfacial material
properties.

No definitive experimental tests have been performed to evalu-

ate the actual interfacial properties of either coated or uncoated
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reinforcing steel. The statical model is used with the current
experimental study to develop representétive valueg for the coeffi-
cients of friction between concrete and uncoated and coated bars.
The effects of lead length and conerete cover on the bond force of
uncoated and coated bars are studied using the finite element model.
By comparison with the analytical results of Choi, Darwin, and
McCabe (1990), the effect of bar size on the fracture behavior of
beam-end specimens also is studied. Specific aspects of the stat-

ical model and the finite element model are discussed next.

4.2 Srtatical Model

The statical model consists of two rigid bodies in contact
(Fig. 4.1). The upper rigid body represents the concrete cover. It
is comstrained in the horizontal direction and has a vertical com-
pressive force, P, representing the confining force provided by the
concrete. The lower rigid body represents the reinforeing steel.
It is constrained in the vertical direction and has a horizontal
sliding force, H, representing the bond force between the bar and
the concrete, The angle of the interface, -y, represents the face
angle of the deformatioms on the bar.

The system is assumed to be in equilibrium. To maintain equi-
librium, the normal force, Aan, and the tangential force, Aas= A(C +
pcn), along the interface must each be in equilibrium with the sum
of the appropriate compenents of the external forces P and H. ¢_ is

n

the normal stress, g is the tangential stress, A is the contact
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area, g is the coefficient of friction, and C is the cohesion stress
between the two rigid bodies. The equiiibrium equations in the
normal and tangential directions are, respectively:

Ao = P cos y + H sin v (4.1)

A{(C + pan) = H cos v - P sin v (4.2)

Substituting Aan from Eq. 4.1 into Eq. 4.2 and solving for the slid-

ing force, H, gives:

(tan v + u} AC 4.3)

H="F {1 - g tan v + cos (1l - p tan )

The wvalue of C drops to zero once any relative movement occurs
between the two bodies. Since the slip of the bar cccurs at very
early stages of loading, as seen in Figs. 2.4 - 2.7, only the first
term on the right side of the Eg. 4.3 is of interest in terms of
strength. Choi, Darwin and McCabe (1990} also demonstrate that, for
expected values of C, cohesion plays only a minor role, even in load-
slip behavior. Therefore, the statical meodel will be studied using

a zero value for the cohesion stress, C.

4.3 Numerical Results of the Statical Model

Eq. 4.3 is used to study the effects of the face angle of the

deformations and the coefficient of frictiom on the relative bond
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© strengths of reinforcing bars.- Rehm (1961) and Lutz and Gergely
{1967), in tests of uncoated bars, observed that bars with rib face
angles, v, between 40° and 105° produce about the same movement of
the bar relative to the surrounding concrete because the concrete in
front of the ribs crushes, producing ribs with effective face angles
between 30° and 40°. They did not observe crushing for bars with ~v
lesg than 40°. As discussed in section 2.9, in the current study,
crushed concrete was rarely observed in front of the ribs of coated
bars but was observed in all cases with uncoated bars., Therefore,
for this analysis, in studying the coefficients of friction of
uncoated and coated bars, the face angle, v, is limited first to 40°
‘and ﬁhen to 30° for uncoated bars. ¥ is not limited for coated
bars.

Three different methods are used to describe the face angle of
the test bars. In all three methods, a "local" face angle is cal-
culated on both sides of the deformation based on the slope of the
face at twenty points around the circumference of the bar. For the
first and second methods, the slope is measured from the base to the
top of the face of the deformation. For the first method, the face
angles on both faces of the deformation at the twenty points around
the circumference are averaged te ohtain a single value. The second
method ;ses the maximum individual value from the measurements. The
third method is similar to the second method, but the slopes are
measured only from the base to the midheight of the deformations.

These methods are discussed in detail in Appendix A.
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Of the face angles obtained from the three methods, the larg-
est {(the third meéhod) is used in this analysigl since it can be
argued that it is the largest face angle that controls the slip of a
deformation, and in effect the slip of a bar, relative to concrete.
The face angles obtained using the three different methods for each
bar size are presented in Table 4.1. The bars in this study have
face angles ranging from 28° to 38°, from 40° to 57°, and from 43°
to 57° for the first, sgecond, and third methods, respectively (Table
4.1).

The bond force, H, for uncoated and coated bars is calculated
using Eq. 4.3 for different wvalues of face angle as a function of
the éoefficients of friction, For each combination of coefficients
of friction for the coated and uncoated bars, the ratio of H for
coated bars to H for uncoated baxs, C/U, is plotted versus the face
angle. Figs. 4.6 - 4.8 correspond to uncoated bar coefficients of
friction of 0.2, 0.3, and 0.4, respectively. in each figure, coated
bar coefficients of friction range from 0.0 to 0.20. The C/U ratios
obtained from the test specimens for different bar sizes and defor-
mation patterns ("C/U group" in Table 3.1) are also plotted. in
these figures, the maximum face angle around the circumference of
the bar at the mid-height of the deformations (method 3} is used to
represent the test results. The abrupt change in the shape of the
C/U wersus face angle curves at 7 = 40° 1s the result of the limita-

tion on ¥ {to 40°) for the uncoated bars. -
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In Fig. 4.6, the majority of the data points fall outside of
the C/U curves. Since the coefficient of friction for coated bars
cannot be less than zero, the coefficient of friection for uncoated
bars must be greater than 0.2. Comparison of the C/U curves with
the test data in Figs. 4.7 and 4.8 indicates that the coefficient of
friction of uncoated bars should be between 0.3 and 0.4, if the
assumption of an effective value for 7 of 40° for uncoated bars is
coxrrect.

Fig. 4.9 compares C/U with face angle for an uncoated bar
coefficient of friction of 0.35. The experimental C/U values are
clustered between curves representing coated bar coefficient of
fricfion of 0.0 and 0.20. Thus, 0.35 and 0.10 appear to be repre-
sentative values for the ccefficients of friction of uncoated and
coated bars, respectively. It should be noted that, in all cases
where <y is greater than 40°, the coefficient of friction for
uncoated bars represents the coefficient for a crushed concrete-
concrete interface.

It is worthwhile to iInvestigate C/U when the <« for uncoated
bars is not limited to 40°, Fig. 4.10 shows three C/U wversus face
angle curves where no limits are placed on v for uncoated bars. The
three curves represent ccefficients of friction foer coated bars of
0.0, 0.20, and 0.33. As Fig. 4.10 shows, all of the experimental
results lie between the curves for coated bar ceoefficients of friec-
tion of 0.20 and 0.33, suggesting that the coated bars have coeffi-

cients of friction nearly as high as the uncoated bars. This cannot
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" be true since test results (Fig. 2.18) indicate that the friction
between the coated bars and concrete 1s comsiderably less than that
between the uncoated bars and concrete. Comparison of Figs. 4.9 and
4.10 further strengthens the wvalidity of limiting v to a maximum of
40° for uncoated bars in the current investigation, as well as the
validity of the observations made by Rehm (1961) and Lutz and
Gergely (1967).

If v is limited to 30°, instead of 40°, for uncoated bars, a
similar analysis indicates that (.56 and 0.10 are representative
values for the coefficients of friction of uncocated and coated bars,
respectively. This is seen in Fig. 4.11 where the C/U curves ate
plotfed versus face angle for an uncoated bar coefficient of fric-
tion of 0.56. Fig. 4.12 compares the C/U versus face angle curves
for uncoated and coated bar coefficients of friction of 0.35 and
0.0, respectively, with 30° and.AO° serving as the limiting face
angle for the uncoated bars. Since the test results fall between
the two curves and the coated bar coefficient of friction cannot be
less than zero, (.35 appears to be a reasonable lower bound of the
uncoated bar coefficient of friction.

The maximum confining force provided by the concrete around a
bar, P in Eq. 4.3, is the same for both uncoated and coated bars.
Since the cohesion, C, drops to zero at early stages of loading, the
gliding force of the bar, H, can be determined based on the face
angle, v, and coefficient of friction, p. The values of H are HU

and HC for uncoated and coated bars, respectively. Since C/U is the
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ratio of HC to HU’ this suggests that G/U is independent of lead
length and cover. The test results of Choi, Darwin, and McCabe
(1990) indicate that C/U is insensitive to lead length, but the test
results discussed in Section 3.3.2 indicate some increase in C/U as
cover increases.

Choi, Darwin, and McCabe (1990} used v = 36.9° and values of
0.3 and 0.03 as the coefficients of friction for uncoated and coated
bars in Egq., 4.3, They obtained a value of C/U of 0.59, which is
lower than the lowest average experimental results for any bar size
or deformation pattern, 0.72 (S-pattern No. 8 bars). The analyses
illustrated in Figs. 4.6 - 4.12 and the face angle values in Table
4.1 suggest that both the assumed face angle and coefficients of
friction of uncoated and coated bars used in the earlier study are
not representative of the actual bars.

It is important to note that € and N-pattern bars in this
study have ribs that are inclined with respect te the longitudinal
axes of the bars. The statical analysis in this studf is based on
the assumption that ribs are perpendicular to the axes of the bar (8-

pattern). A three-dimensional staticsal model 1s required to study

the effect of the inclinatien of the ribs.

4.4 Finite Element Analysis

The specific aspects of the finite element model, including

the crack representations and concrete are discussed in the

following sections.
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4.4.1 Crack Representation

Following the tests, beam-end specimens consistently reveal a
splitting crack, with a dominant fracture surface or rumning crack.
Since the dominant crack splits the specimen vertically as the rein-
forcing steel wedges against the concrete, the fracture surfaces can
be characterized as being in an copening mode, with symmetrical dis-
placements perpendicular to the fracture surfaces {Barsom and Rolfe
1987). This basic beha%iar can be represented using a simple non-
linear fracture mechanics approach.

Hillerborg et al. (1976) propused the fictitious crack model
for predicting crack propagation in concrete. In concrete, it is
presumed that although the tensile strength of the material has been
attained, the concrete can still resist a tensile load since the
zone around the cracks can transfer tensile stress until the crack
propagates through that zone. This stress transfer capability is
represented using a stress-displacement relationship, such as illus-
trated in Fig. 4.13 (Petersson, 1980), in which the tensile-stress
carrying capability of the material decreases with increasing crack
width. Onece the crack width reaches z wvalue of LA all of the
energy that can be dissipated by the crack is accounted for, and the
tensile stress becomes zero. In Fig. 4.13, the area under the
stress-displacement curve represents the energy absorbed per unit
area of crack surface as the crack is fully opened. This fracture

energy, Gc, can be calculated as:
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0
Gc = j o dw g (4.4)

o

in which w is the crack width and ¢ is the tensile stress across the
crack. This expression for Gc has been shown to be accurate in
representing the overall fracture behavior of concrete, and its
applicability has been firmly established on a theoretical basis
{(Petersson 1981).

For the current study, the fictiticus crack model is used in
the finite element analysis to represent the splitting crack that
forms at the center line of the specimen. The ecrack 1s modeled
using special nonlinear link elements {Fig. 4.3) which are perpen-
dicular to the defined fracture surface. The link elements are two-
node rod elements; each node has only one degree of freedom, paral-
lel to the elements. The elements have a unit length and a total
area equal to the total ceontact area across the crack plane. Since
the specimen splits symmetrically, only one-half of the specimen
needs to be modeled; the tip of the crack is always at the gpecimen
center line,

Prior to attaining the tensile strength of the concrete, fé,
the link elements are intentionally modeled as being very stiff,
using a modulus of elasticity of 400,000 ksi. Upon reaching fé, the
elements are then forced to fellow a 1linear stress-displacement
relationship, as illustrated in Fig. 4.14, For this study, the

tensile strength of rod elements is 0.4 ksi and Gc’ the area under



96

the stress-displacement relationship in Fig. 4.14, is 0.57 1b/in.,
which correséond to concrete with compressive strength of 6 ksi
{Petersson 1981, Leibengood, Darwin and Dodds 1984). The corre-
gponding value of v, is 0.0029 in,

The stress-strain function for the link elements to represent
this nonlinear material behavior is illustrated in Fig. 4.15. Prior
te cracking, the material is assumed to be isotropic and linear
elastic. After cracking, when the stress in the link element is on
the descending branch of the stress-strain function, the secant
modulus is used as the stiffness of the material in the finite

element formulation.

4.4.2 Concrete Material Model

With the exception of the material at the crack plane, con-
crete is treated as a linear elastic material using 8-nede three-
dimensional isoparametric brick elements, with a modulus of elas-
ticity of 4000 ksi and a Poisson's ratic of 0.20. The three-dimen-
gional elements are used to construct the exterior concrete model
[Fig. 4.2¢a)}.

The lineatr 8-node brick elements, having no midside node, are
used to produce a linear shape function, which produces stresses
that are compatible with the stresses that are produced by the
linear shape function of the rod link elements at the crack surface

{(Herrmann 1978).
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4.4.3 Beam-end Specimen Model

The finite element model represents the concrete in a beam-end
specimen in contact with a single deformation of a 5/8 square in.
reinforcing bar. Due to symmetry, only one half of the specimen is
modeled. The plane of symmetry represents the splitting crack. The
notch in the model represents the position of the reinforcing bar.

The exterior concrete substructure represents the test spec-
imen. Three covers, 1, 2, and 3 bar diameters, and three lead
lengths, 1, 2, and 3 in., are evaluated. The specimen depth con-
sists of 5 in. of concrete below the bar, 5/8 in. for the bar dimen-
sion, and the concrete cover. The length of the block consists of 9
in. behind the deformation plus 0.40 in. for the deformation length
[equal to the spacing of the deformations on No. 5 bars (Table
2.1)], and the lead length. The model is 4.5 in. wide.

The finite element models are generated with the PATRAN-II
software system (1990). Nodal renumbering also is performed by
PATRAN-IT to minimize the band width, wusing the minimum wave front
criteria. The models are analyzed using the POLO-FINITE finite
element analysis software system (1991). The number of nodes and
elements for the cases described im the following section is

summarized in Table 4.2.

4.5 Solution Procedure

Loads are applied by imposing displacements, in the positive Y

direction, on the nodes where the bar deformation is located (hashed
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area in Fig. 4.16). Small increments of displacement (typically,
0.00005 in. for the first 5 steps, O..“OOOTLS for steps up to peak
load, and 0.00002 to pinpoint the peak load) are used to obtain a
stable solution with a minimum number of iterations. An increment-al
iterative Newton-Raphson procedure is used to obtain convergence.
Cracking is the only nonlinear process moedeled. Unbalanced forces
that result from cracking are reapplied in successive iterations
until convergence is obtained. The iterations continue until the
Fuclidezn norm of the residual nodal loads is less than 0.1 percent
of the corresponding norm of the total nodal loads. Convergence is
typically rapid, generally requiring only three iterations per leoad
step. To 1limit the computational effort, the initial material
properties of the elements are used to form the global stiffness
matrix for the initial load application. The global stiffness
matrix for the further load applications is updated for every

iteration until convergence of each load step.

4.6 Numerical Results of Finite Element Study

In this section, the results of the finite element analysis of
the beam-end specimens are presented and the effects of the key
parameters are evaluated. The results for models using different
covers and lead lengths are presented and discussed based on the
observed behavior of the test spscimens. The finite element results
in this study is compared to those of Chei, Darwin, and McCabe

(1990), the experimental results, and empirical equations.
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4.6.1 Splitting of Concrete

This section presents the results of finite element analysis
and the effects of_cover, lead length, and bar size are examined.

Fig. 4.17 shows the lareral force-lateral displacement curves
for the models with 2 in. lead length and 1, 2, and 3 bar diameter
covers, Fig. 4.18 shows the 1lateral force-lateral displacement
curves for the models with 2 bar diameter cover and 1, 2, and 3 in.
lead lengths. It can be geen in both of these figures that, as the
cover thickness or the lead length increase, the lateral force
required for splitting increases and the ascending and descending
branches of the load-displacement curves become steeper.

Crack propagation from the splitting of the concrete is sghown
in Fig. 4.16 for a model with a2 3 bar diameter cover and a 2 in.
lead length. In this figure, each contour line represents the load
and the displacement at which the enclosed link elements just reach
the descending branch of the stress-strain curve (Fig. 4.15). As
expected, the crack surface starts propagating adjacent to the load-
ed area (location of bar deformation) and spreads in all directions
away from the reinforecing bar. The crack surface rapidly reaches
the top and front of the specimen. At the peak load, the crack
surface has propagated through the lead length, cover, and depth of
the concrete block, while parts of the concrete below and at the
back of the loaded area remain elastic (Fig. 4.16). This cracking
pattern generally matches the pattern observed in the test specimens

(Section 2.8). Similar crack patterns are observed for the other
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configurations of the covers and lead lengths. The following sec-

tions describe the effect of concrete cover and lead length on the

splitting load.

4.6.2 Effect of Concrete Cover

The 1load-displacement curves in Fig. 4.17 show that as the
cover increases, the lateral force to split the concrete increases.
This is also shown In Fig. 4.19 where the wvalues of lateral force
are plotted versus the cover for the models with 2 in. lead length
and 1, 2, and 3 db covers for both this study and the study by Chei,
Darwin, and McCabe (1990). The maximum lateral forces for the 1, 2,
and 3 bar diameter cover models are 9,375, 10,130, and 11,081 1bs.,
respectively. Chei, Darwin, and McCabe (1990) observed that once
the peak lateral force, P, is obtained, Eq. 4.3 gives an accurate
value for the sliding or the bond force, H. Therefore, it is evi-
dent that as the cover increases, the bond force increases.

The increase in the bond or sliding force, H, with an increase
in cover agrees with the observations made on the test results,
Further comparison with the test resgults is presented in Section

4.6.5.

4.6.3 Effect of Lead Length
The load-displacement curves in Fig. 4.18 show that as the
lead length increases, the lateral force to split the concrete

increases. This is also shown in Fig. 4.20 where the values of
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lateral force are plotted versus the lead length for the models with
é db cover and 1, 2, and 3 in. lead lengths for both this study and
the study by Chol, Darwin, and MeCabe (1990). The maximum lateral
forces for models with th& 1, 2, and 3 in. lead iéngths are 8,883,
10,130, and 12,444 1bs,, respectively. It is evident that as the
lead length increases, the bond force increases,

The increase in the bond or sliding force, H, with an increase
in lead length, agrees with the test results of Choi, Darwin, and
McCabe (1990). Further comparisons with the test results are

presented in Section 4.6.5.

4.6.4 Comparison to the Results by Choi, Darwin, and McCabe {1990)

Chei, Darwin, and McCabe (1990) performed the finite element
analysis using a No. 8 bar as the bar model. The pezk load and the
corresponding displacement for all of the models with dJifferent
covers and lead lengths from this study and the study by Choi,
Darwin, and McCabe (1990) are presented in Table 4.3. Choi et al.
observed an increase in bond strength with an increase of cover and
lead length, which agrees with observations made in this study,
Fig. 4.19 shows the wvalues of the lateral force wversus cover for
both studies. This comparison seems to indicate that the bond
strength of No, 5 bars is less szensitive to cover than the bond
strength of No. 8 bars. This trend agrees with experimental results
as seen in Fig. 4.21. In Fig. 4.21, the ultimate bond strengths

(ultimate bond forces divided by the bonded length plus lead length
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in b§am-end specimens) are plotted versus cover for No. 5 and No. 8
uncoated bottom-cast bars and a best fit line is drawn for each bar
size. The lower sensitivity of the bond strength of No. 5 bars to
caver is-apparent from the flatter slope of the best fit line for
the No. 5 bars in comparison to the slope of the best fit line for
the No. 8 bars in Fig. 4.21. Fig. 4.20 shows the wvalues of the
lateral force versus the lead length for both studies. The two bar
sizes behave similarly as the lead length increases, and the two bar
sizes show similar sensitivity to lead length.

A major difference, however, other than bar size, exists be-
tween the models used in the two studies. The model used by Choi et
al. was constrained at the lower front edge against vertical dis-
placement. This allowed the model to rotate about the x and z axes
while the load was applied, and as a result, it allowed the model to
have a lower peak lcad than obtained in the current study. The
boundary condition used in this study, which simulates the con-
straints on the actual specimen more realistically, constrains the
botteom surface of the model (x-y place) against vertical displace-
ment and the center line of the bottom surface against horizontal
displacement in the x direction. Thus, the base of the model does
not rotate about any axis while the load is applied, resulting in a
higher peak load than obtained by Choi et al.

The effects of the boundary conditions and the loaded area are
shown in Fig. 4.22. 1In this figure, the lateral force-lateral dis-

placement curves for three finite element models are presented. All
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three models have a 2 in. cover and a 2 in. lead length. Case 1 is
the model used by Choi, Darwin,’énd McCabe (1990) {(loaded area simu-
lating a No. 8 bar with a single deformation) but with the new
boundary conditions. Case 2 is the same as Case 1 with the ex;ep-
tion that the loaded area simulates a No. 5 bar deformation. Case 3
is the model used by Choi, Darwin, and McCabe (1990). Comparing
cases 1 and 3 shows that, with the new boundary conditions, the
model is stiffer; and has a greater strength and corresponding
displacement than the model used by Choi, Darwin, and McCabe (1990).
Comparing cases 1 and 2 shows that the model with the larger loaded
area {model with No. 8 bar) is stiffer, and has a slightly greater
strength than the model with the smaller loaded area (model with No.
5 bar). The comparison of cazes 1 and 2 indicates that the absolute
value of cover is the prime controller of bond strength, not éover
as a multiple of bar diameter, It alsoc indicates that larger bars
should exhibit slightly higher bond forces than smaller bars for a

given develcpment length.

4.6.5 Comparison to the Test Results and Empirical Equations

In this section, the results obtained from the finite element
models are compared to test results for No. 5 N-pattern bars (groups
7 - 13 and 21) and the bond strengths predicted by Eq. 1.3 (Orangun,
Jirsa, and Breen 1977), Eq. 1.2 (Jimenez, White, and Gergely 1978),
and Eq. 1.4 (Zsutty 1985) in Figs. 4.23 and 4.24. 1In Fig. 4.23, the

results are normalized with respect to the respective cases with 2
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db cover. In Fig. 4.24, the resultg are normalized with respect to
the respective cases with a 1.0 in. lead length. For the predictive
equations, lead length is used in place of development length,

As seen iﬁ Fig. 4.23, the test ;esults, the finite element
results, and the predicted results from the Orangun, Jirsa, and
Breen (1977) equation and the Zsutty (1985) equation are in general
_agreement with each other and show a similar sensitivity to cover,
within the range of the covers used for the test specimens. The
finite element model exhibits less sensitivity to cover than do the
test results or the three predictive equations (Orangun et al.,
Jimenez et al., and Zsutty). The Jimenez, White, and Gergely (1978)
equation shows a much greater sensitivity to the cover than is
exhibited by the test results.

As shown in Fig. 4.24, the test results, the finite element
results, and the predicted results from the Orangun, Jirsa, and
Breen (1977) equation and the Zsutty (1985) equation are in general
agreement with each other and show a similar sensitivity to lead
length, within the range of the lead lengths tested, while the
Jimenez, White, and Gergely (1978) equation again shows a much

greater sensitivity to the lead length than actually exists.

4.7 Summary

The statical model analysis along with the test results
indicate that 0.35 and 0.10 can be adopted ag representative

coefficients of friction wvalues for uncoated and coated bars,
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respectively, when the face angle of uncoated bars is limited to an
effective value of 40°, The corresponding values are (.56 and 0.10,

when the face angle of uncoated bars is limited to an effective

value of 30°,

The f£finite element analyses indicate that an increase in
lateral force provided by the concrete, and thus an increase in bond
force, will occur with an increase in cover, lead length, or bar
size. These observations agree with experimental results. The
finite element results and the general predictions of the Orangun,
Jirsa, and Breen (1977) and Zsutty (1985) equations agree with test
results for N-pattern No. 3 bars when the results and predictions
are ﬁormalized with respect to values at 2 db cover and 1.0 in. lead

length.
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND

DESIGN RECOMMENDATIONS

5.1 Summary

The purpose of this study is to obtain a2 better understanding
of the effect of epoxy coating on the bond strength between rein-
forcing steel and ;oncrete. The study involved 630 beam-end speci-
mens and 15 beam-splice specimens.' 394 of the beam-end specimens
were tested by Chol et al. (1990). The key parameters in this study
are bar surface condition (coated and uncoated), deformation pat-
tern, bar size, concrete cover, casting position, concrete slump,
degree of consolidation, confinement of reinforcing steel with
transverse reinfeorcement, and concrete strength. In addition, a
preliminary investigation of the behavior of epoxy-coated hooks is
carried out.

To better wunderstand the effect of epoxy coating on bond
strength and the nature of bond failure, =analytical studies are
conducted using a statical model and a finite element model, The
statical model consists of two rigid bodies in contact while the
finite element model represents the concrete portion of a beam-end
specimen. The statical model is used to study the roles of coeffi-
cient of friction between coated or uncoated steel and concrete and
rib face angle of reinforcing bars on the reduction in bond strength
caused by epoxy coating. The finite element model 1s used to study

the effects of concrete cover and lead length on bond strength. The
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effect of bar size on bond strength is investigated by comparing the

finite element analysis results to those obtained by Choi, Darwin,

and McCabe (1990).

5.2 Observations and Conclusions

The following observations and conclusions are based on the

test results and analyses presented in this report.

5.2.1 Experimental Study

5.2.1.1 Beam-end Specimens

1.

Epoxy coating reduces the bond strength of reinforcing
bars to conerete. The extent of this reduction, however,
is less than that used te establish the development length
modification factors in the 1989 ACI Building Code and
1989 AASHTO Bridge Specifications.

Splitting failure was observed for all specimens.

The load-slip stiffness of coated bars is lower than that
of uncoated bars. Coated bars slip more than uncoated
bars at any load.

For coatings between 3 and 17 mils in thickness, the coat-
ing thickness does not affect the bond strength reduction
caused by epoxy coating for No. 6 and larger bars. Thick-
er coatings cause a greater reduction in bond strength

than thinner coatings for No. 5 bars.
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The reduction .in bond strength caused by epoxy coating
increases with bar size. The mean values of the relative
bond strength, C/U, are 0.88, 0.89, 0.82, and 0.83 for No.
5, No. 6, No. 8, and No. 1l bars, respectively.

The extent of the reduction in bond strength caused by
epoxy coatings depends on deformation pattern. The height
of the ribs and their spacing and inclinatiom can have a
profound effect on the performance of epoxy-coated bars.
Bars with a larger rib bearing area per unit length are
affected less by the epoxy coating than bars with a
smaller rib bearing area per unit length.

The bond strength of both coated and uncoated bars in-
creases as cover Increases, regardless of bar position,
bar size, or deformation pattern, For beam-end tests,
epoxy coating causes a nearly fixed drop in bond strength,
independent of cover or bar position. This results in an
increase in C/U as cover increases,

As the depth of concrete below a bar increases, the bond
strength decreases, regardless of bar size, deformation
pattern, or bar surface condition.

Bars cast in low slump concrete are strenger in bond than

‘bars cast in high slump concrete of the same compressive

strength.
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The bottom to top-cast bar strength ratio, B/T, increases
for uncoated bars and decreases for coate; bars as slump
increases.

In low slump concrete, B/T is the same for uncoated and
coated bars, and C/U is the same for bottom and top-cast
bars.

In high slump vibrated concrete, B/T for uncoated bars is
greater than B/T for coated bars, and C/U fo; top-cast
bars is greater than C/U for bottom-cast bars.

Vibration has a positive effect on bond strength for both
coated and uncoated, bottom and top-cast bars. Vibration
also has a positive effect on C/U for bottom and top-cast
bars.

Confinement of reinforcing bars with transverse steel has
a positive effect on bond strength for both coated and
unceated bars. C/U for confined bars, 0.88, is approxi-
mately the same as C/U for unconfined bars, 0.85.

The limited study of the effect of transverse steel indi-
cates that coated confined bars have virtually the same
bond strength as uncoated unconfined bars. The bond
strength of coated bars was enhanced more by confinement
than the bond strength of uncoated bars. The degree of
this enhancement inereased with bar size.

The limited study of the effect of concrete strength

showed little or no increase in bond strength as concrete
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strength increases from 6,000 to 13,000 psi. C/U does not
appear to change as concrete strength increases.
17. The average value of C/U for hooks in beam-end specimens,

0.95, was 5 percent higher than the average value of (/U
for straight bars, 0.90, with the same deformation pattern
and bar size.

5.2.1.2 Splice Specimens

1. The key aspects of bond strength reduction caused by epoxy
coating appear to be the same for both beam-end and splice
specimens.

_ 2. Splice specimens with epoxy-coated bars were uniformly
weaker than specimens with uncoated bars.

3. The mean value of C/U for the current splice tests, 0.82,
is slightly lower than the mean for all beam-end tests,
0.85. However, the mean value of C/U from Treece and
Jirsa (1987, 1989), 0.66 if weighted by test group or 0.69
if weighted by individual specimen, is considerably below

the mean for the beam-end tests.

5.2.2 Comparison of Experimental Results to the Predicted Values by ACI

(1989) and Orangun, Jirsa, Breen (1977)

1. The test/prediction wxatios obtained £from the Orangun,
Jirsa, and Breen equation are more consistent, closer to
1.0, and exhibit significantly less scatter than do the

test/prediction ratios obtained from the ACI provisions.
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2. For the beam-end ;pecimens, the Orangun, et al. egquation

overestimates the effect of transverse reinforcement on
the bond strength of uncoated and coated bars.

Overall, ACI 1is conservative In estimating the bond
strength of uncoated and coated bars, even without con-

sidering the development length medification factors in

ACI 318-89 for epoxy coating.

5.2.3 Analytical Study of Bond

5.2.3.1 Statical Model

1.

The statical meodel analysis, along with the test results,
indicates that 0.35 and 0.10 can be adopted as representa-
tive coefficients of friction for uncoated and coated
bars, respectively, when the maximum effective face angle
of uncoated bars i1s limited to a wvalue of 40°., The corre-
sponding values are 0.56 and 0.10, when the maximum effec-
tive face angle of uncoated bars is limited to a value of

30",

5.2.3.2 Finite Element Analysis

1.

2.

The finite element analyses indicate that an increase in
lateral force provided by the concrete, and thus an
inerease in bond force, will occur with an increase in
cover, lead length, or bar size.

The finite element results and the general predictions of

the Orangun, Jirsa, and Breen (1977} and Zsutty (1985)
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equations agree with test results for N-pattern No. 5 bars
when the results and predictions are normalized with

respect to values at 2 db cover and 1.0 in. lead length.

5.3 Design Recommendations

The current study points the way to a number of mo¢ifications
in the provisions for epoxy-coated bars in the ACI Building Code
(1989) and the AASHTC Bridge Specificarions (1989). Those
provisions comsist of a 1.5 development length modification factor
for epoxy-coated bars with less than 3 bar diameters of cover or a
clear spacing between bars less than 6 bar diameters, a 1.2 (ACI) or
1.15 (AASHTQ) modification factor for epoxy-coated bars with a 3 bar
dizmeter cover or more and a clear spacing between bars of 6 bar
diameters or more, and an upper limit of 1.7 on the product of the
epoxy-coating factor and the top-bar factor,

As discussed in section 3.10, ACI 318-89 overestimates the
required development length of epoxy-coated bars in virtually all
cases, even without Including the current ALI factor for epoxy
coating. The results obtained in this study indicate that the
current development length modification factor of 1.50 can realis-
tically be reduced to 1.25 for No. 6 bars and smaller and 1.35 for
No. 7 bars and larger. Care should be taken in selecting values for
No. 3, HNo. &4, No. 14, and No. 18 bars, since no tests have been

performed on these bar sizes. Before finalizing these numbers, it
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would be prudent to evaluate at least a portion of the patterns that
have not yet been tested.

The test results also suggest that development length modifi.-
cation factors can be reduced further by 1) altering deformation
patterns to improve the bond strength of epoxy-coated bars or 2)
standardizing on “strcng"' deformation patterns on an Iindustry wide
basis., The deformation pattern tested by Treece and Jirsa (1987,
1589), which produced lower wvalues of C/U than obtained in this
study, 1s no longer used for epoxy-coated bars because of d4diffi-
culties In coating.

The insensitivity to coating thickness for bars larger than
No. 3 indicates that cecatings thicker than 12 mils could be used on
larger bars to improve corrosion protection. This improved protec-
tion could be obtained with little reduction in bond strength beyond
that currently observed. Additional study is necessary, however,
before new limits on ceating thickness can be establiished,

The relative insensitivity of coated bars to the top-bar
effect with slump increase, strongly suggests that either a lower
top-bar factor or a limit below 1.7 be applied for top-cast epoxy-
coated bars. The results of this study indicate that it is reason-
able to use a top-bar factor of 1.3 for uncoated bars. However, the
top-bar factor can be reduced to 1.15 and/or the product of top-bar
and epexy factors can be limited to 1.50 for epoxy-coated bars.

The beneficial effect of confinement of bars by transverse

reinforcement should be considered when using epoxy-coated bars,
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The results of this study indictate that based on the current
limited data, a development length modification factor of 1.25 would
be appropriate for confined coated bars when used in place of
confined uncoated bars while a factor of 1.20 would be appropriate
for con-fined coated bars when used in place of unconfined uncoated
bars.

The beneficial effect of increased cover on C/U can be trans-
lated into the use of increased cover rather than increased develop-
ment length to account for the reduced bond strength caused by epoxy
coating. The results of this study indicate that, since barg with 2
db cover represent the standard for design (ACI 318-89), any bar
with 3 db or greater cover and 6 db or greater clear spacing can
have an epoxy modification factor of 1.0 in place of current 1.20
factor. TIf this provision is applied; the current 0.8 modification
factor for bars with a 5 db clear spacing (ACI 318-89, Section

12.2.3.4) should not be applied to epoxy-coated bars.

5.4 Recommendations for Future Study

Research on the effect of epoxy coating on the bond strength
of reinforcing steel is continuing at the University of Kansas.
This report complements the initial study by Choi, Darwin, and
McCabe (1990). The following is & partial list of questions related
to the bond of epoxy-coated reinforcement needed to be studied in

subsequent research efforts,
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What deformation pattern has the best bond performance
when bars are epoxy coated?

What are the limits of coating thickness to improve
corrosion protection with acceptable reductions in bond
strength?

How effective is transverse reinforcement for improving
the development of epoxy-coated splices? (A study of the
effect of the transverse reinforcement on the bond perfor-
mance of splices by Hester, Salamizavaregh, Darwin, and
McCabe (1991) will help answer this question).

More information iz needed about the bond performance of
epoxy-coated bars in high strength concrete.

More information is needed about the bond performance of
epoxy-coated hooks.

Is there an effective way to increase friction and
cohesion for epoxy-coated bars?

What is the bond performance of repaired epoxy-ceated
bars?

Actual development length of coated bars should be deter-
mined by testing different embedment lengths for all bar
sizes and deformation patterns.

What are the actual values for cohesion and coefficient of
friection of coated and uncoated bars?

How would a finite element model containing a circular

deformed bar, with multiple lugs and different deformation
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configurations, predict the bond performance of both

coated and uncoated bars?
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Table 2.1 : Average Test Bar Data

Bar  Def. Yield Def. Def. Def, Def. Def. Bearing Related Bearing
size patt. stre. height spac gap angle face area rib area
angle per area + ratio 3§

inch =

{ksi) {in.} (in.) {in.) {deg.}) {dag.} {in.} {in.-1}
3 o 68.9 0.018 0.249 0.1186 &0 45 0,058 0.049 ¢.527
s 70.5 0.032 0.423 0.159 g0 47 g.112 0.057 0.361
c 72.3 ¢.040 0.423 ¢.140 60 45 0.146 0.074 0.471
g N 88.4 0.042 0.379 {.158 70 51 0.169 G.086 ¢.545
6 5 63.8 0.040 0.502 0.154 S0 45 ¢.142 0.0860 0.320
[ 70.9 0.047 0.4867 0.122 80 57 C.185 G.079 0.420
6 - N 64.2 0.051 0.462 0.181 70 4% 3.197 0.084 0.448
s £7.¢ 0.083 0.674 4.176 g0 50 0.202 064 0.258
o el 0.062 0.656 0.195 &0 58 241 077 0.305
N £3.8 0.087 0.602 0.160 70 L 0.250 0.080 0.316
i1 s 64.6 ¢.076 0.9458 0.217 90 55 ¢.31% ¢.071 0.2¢2
11 o4 63 C.074 0.840 0.1%6 60 45 106 0.069 186
11 N £4.3 0.077 0.914 0.18% 70 43 289 0,065 185

* bearing area of the deformations devided by the spacing of the deformarioens.
Bearing area based on c¢losely spaced measurements of ribs.

+ The ratic of the bearing area of the deformations Lo the shearing area between
the deformations (bearing area devided by the nominal perimeter of the bar)

§ 'he ratlic of the hearing area of the deformations to the area of the bar
{bearing area devided by the nominal area of the bar)

** Yield strength is greater than 70.0 ksi.
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Table 2.2 : Concrete Mixture Proportions {Cubic Yard Batch Weights)

Group Nceminal W/C ratic Cement Water Aggregate
Scrength Pine+ Coarse*
{(psi} {ib) (1b} {1b) {1b}
1 5000 0.55 509 280 1537 15875
2 6000 0.41 756 3190 1245 1875
3-7 6000 0.45 622 289 1437 1575
8-17,21,22 6000 0.45 733 330 1213 1575
27,28
S5P2-5P4
18-20,23*~, 3060 0.55 &00 330 1324 1575
24++,25,26,
30,SP1
298 12000 0.25 g3gx*= 234 1524 1391+ww

e i

EE R

ot

Kansas River Sand - Lawrence Sand Co., Lawrence, KS, bulk specific
gravity = 2.62, absorption = 0.5%, fineness modulus = 3.0.

Crushed limestone - Hamm's Quarry, Perry, KS, bulk specific gravity =
2.52, absorption = 3.5%, maximum size s 3/4 in., unit weigth = 97.2
1b/cubkic ft.

5500 cc 'Rhecbuild 1000° superplasticizer by Master Builders was added
13000 cc *Rhecbuild 1000* was added

19000 cc *Rheobuild 1000* was added

85 pounds of the total 935 pounds of cement weight is powder silica fume
by master Bullders. Bulk specific gravity = 2.20

Crushed limestene -~ Hamm's Quarry, perry, K$ -- Bulk specific gravicy =
2.64, Absorption = 2.5%, maximum size = 1/2 inch, Unit welght=97.2 1h/£L3



Table 2.3 : Concrete Properties

Group Slump Concrate Age at Average Compressive
Temperature Tesakt Strength
{in.} (F) {dayas} (psl}
B3~ E A B 2 e R R e e
1 1 57 3 -4 4060 - 4910
2 2 /2 60 3 5700
3 1 1/4 65 5 6090
4 1 1/4 13 4 6130
5 1172 60 4 5920
6 1172 70 5 5878
7 1 58 3 6000
8 3 a0 4 K800
9 4 89 6 5650
10 4 172 85 ¥ 5390
11 3 1/4 a9 1 5870
12 3 1/4 92 7 5940
13 3 1/4 53 g 5840
14 4 88 7 5800
15 4 1/4 74 8 6000
18 3 1/2 72 4 6240
17 5 3/4 78 g 5850
18 4 1/4 57 3 4796
4 5010
5 5436
19 334 68 4 5070
5 5270
20 2 3/4 89 9 5290
10 5260

*, + refer to last page of table

82T



Table 2.3 (cont.) : Conecrete Properties

Group Slump Conerece Age at Average Compressive
Temparature Test Strength
{in.) {F) {days) (psl)
21 4 92 5 5990
22 4 1/2 64 K 6300
23 2-1/4 15 3 5izo
2-1/4 15 4 5580
8 16 3 5680
8 76 4 5790
24 2-1/2 70 5 4980
2-1/2 70 3 5240
8 71 5 E680
8 71 3 £980
25 2-1/2 B4 4 5030
26 2-1/2 71 5 4940
27+ 1 93 8 6710
28 4 89 7 5810
14 5960
29 8-1/2 70 132 12320
g 5~1/2 66 11 5110
spl 4 3/4 70 11 5360
sp2 2 3/4 78 6010
5p3 5 1/2 74 5980
5p4 3 1/2 87 5850

¥ 5p = Splice groups
+ Standard cylinders were cut in half due to honeycombing at the top half of the cylinders and
the strengths were corrected to that of the standard cylinders in accordance to ASTM C 19,

6eT
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Table 2.4 : Beam-~end specimen results
Group Specimen Average Cover Concrete  Ultimate Modified Lead
No. ilabel coating bl strength bond bond ++ lengzth
e chickness . force force

{mils) {in.} {psi) {1bs) (1lbs) (ix.}

1 8T5-E 5~ 8.0 4.9 1.000 4480 2309¢ 26721 3.75
h% 8T5-E 9~ 8.0 B.& 1.000 4820 21910 24445 3.75
3 8Ts~-%l2- 8 13.8 1.000 4820 23640 26375 3.75
1 8Ts~-8 0~ 8.0 0.0 1.600 4420 24180 28172 3.75
i gTS5-M 0- 8 0.0 1.000 4410 27090 31598 3.73
b3 8Ts-¥ 5~ 8.0 4.1 2.000 4750 33580 37853 1.758
. gT5-E 9- 8.0 7.9 2.000 4720 13350 3761 3.73
1 8TS-212- 8.0 12.5 2.000 4710 36000 40631 3.73
b grs-s 0~ 8.0 G.o 2.000 4770 29060 43740 3.73
1 8BTS~ 0- 8.0 0.0 2.0Q00 47840 3810 43033 3.72
1 8TS-E 5- 8.0 3.8 3,000 4110 43730 52836 3.75
1 8TS~-E 9- 8.0 7.7 3.000 4080 40000 48507 3.7%
1 BTs-212~ 8.0 11.0 3.000 4080 41450 50389 3.75
1 8Ts~-8 0- B.C 0.0 3.000 4910 53420 59052 3.75
il grs-M 0~ 8.0 2.0 3.000 4910 52170 57670 3.7%
2 BRC-E12~ 8 1.0 1.000 57400 24840 25485 3.75
2 8BC-E %- 8.0 9.1 1.000 5700 25860 26326 3.735
2 gBC-E 5~ 8.0 5.4 1.000 5700 25000 25649 3.75
2 BBC-B 0~ 8.0 0.0 1.000 5700 33020 33877 3.75
2 8ac-¥ 0- 8.0 0.0 1.600 5760 310490 31846 3.7%8
2 8BC-212- 8.0 13.3 2.000 8700 38300 39294 3.75
2 88C-E 9~ 8.0 10.0 2.600 5700 36760 37714 3.75
2 8BC-E 5- B.0 5.3 2.000 5760 35590 16924 3.78%
2 8BC-B 0~ 8,0 0.0 2.000 5700 40000 410639 3.75
2 8BC-M 0~ 8.0 0.0 2,000 5700 455%0 47184 3.78
3 8BS-E12~ B.0 i2.8 2.000 6090 27030 26829 3.75
3 8ns-£12- B8.0A  13.0 2.000 6090 329040 31802 3.75
3 BBS-E12~ B.0B 12.3 2.000 6090 29110 288%4 3.78%
3 BRS~E 5~ B.O 8.7 2.000 6090 29940 29717 3.75
3 8BS-E 5~ B8.0A  10.2 2,000 6090 28140 27931 3.75
3 8BS~E 8- B.0B 10.2 2.000 6090 31100 30849 3.75
3 BBS-E 5~ 8.0 5.4 2.000 5050 289990 28774 3.75
3 8BS-E 5~ €.0A 6.4 2.000 6090 28580 28368 3.75

Note : Refer to the last page of the table for footnotes
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Table 2.4 {(econt.) : Beam-end specimen resulcs

Group Specimen Average Cover Concrete Ultimate Modified Lead
No. label coating e strength bond pond ++ length
il thickness force force

{mils) {in.} (psi) {ibs} {1lbs) {in.}

3 BBS-E 5~ .08 6.5 z2.000 6090 32280 3204¢ 3.75
3 gBS-B 0~ 8.0 C.0 2.000 6050 44256 43961 3.75
3 8ES-B 0~ 8,0A7 2.0 2.000 6080 45640 45301 3.7%8
3 8B85-B 0- B8.0B ¢.0 2.000 6030 43520 43894 3.75
3 B8B85-M 0~ 8.0 c.0 2,000 6080 43480 43157 3,78
3 8ES5-M 0~ B.0A c.h 2.000 60590 40960 40856 3.75%
3 gES-M 0~ 8.0B c.0 2.000 6050 40640 40338 3.75
4 8BN~2 9~ B.O0 8.6 2.000 6130 35820 35413 3.75
4 8BN-% S5~ 8.0A g8.% 2.000 6130 42030 41581 3.75
4 83N~EZ 9~ 8.0B 8.8 2.000 6130 34870 34597 3.75
4 88N-8 0~ 8.0 0.0 2.000 6130 46630 46132 3.75
4 8BN-B 0- B,0A g.¢ 2.000 6130 41620 41176 3.75%
4 8aN-B 0~ 8.0B 0.0 2.4800 6130 41920 41473 3.7%
4 8BN-M 0~ 8.0 0.9 2,000 6130 45220 44737 3.75
4 8BN-M 0~ 8.0A .0 2.9000 6130 50000 49464 3,78
4 88N-M 0~ B.0B 0.0 2,400 6130 44580 44104 3.75
5 8BC-ElZ~ 8.0 13.8 2.000 5920 3737¢ 37621 3.75
5 8BC-El2~ B.0A 13.2 2.000 5920 30550 307595 3.75
5 8BC-E12- 8.0B 12.7 2.000 5920 34580 34792 3.75
5 8BC-E 9~ B.C 9.5 2.000 5920 36070 36312 3.75
5 8BC-E 9~ 8.06A 10,0 2.000 5920 33560 332785 3,75
5 8BC-E 9~ 8.0B 9.4 2.000 5920 342586 3458290 3.75
S 8BC-E 5~ B.0 5.5 2.000 5920 33440 13665 3.75
5 gBC-E 5- 8.0A 4.6 2.000 5920 35550 35789 3.78
5 8BC-E 5- §.0B 3.7 2.000 5920 355860 35799 3.75
5 BRZ-B O0- 8.0 0.0 2.000 5920 37520 37772 3.7%
5 8BC-3 0~ 8.0A 0.0 2.000 5920 46920 47235 3.75
s B8BC-R 0~ 8.0B g.0 2,000 5920 41150 41427 3.758
5 8RC-M G~ B.O Q.0 2.000 5920 34550 34782 3.7%
s 8BC-M 0~ 8.0A 0.0 2,000 5920 34740 34973 3.75
5 8BC-M 0~ 8.0B a.¢ 2.000 5920 39490 39755 3.78

Note : Refer to the last page of the table for footnotes
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Table 2.4 (contc.) : Beam-end specimen results
Group Specimen Average Cover Concrete Ulcimace Modified Lead
No. label coating hdad strength bond bong ++ length
wxEw thickness force force

{mils) {in.) (psi} {ibs} {lbs) {in.)

6 8BS-E 9~ 8.0 7.9 2.000 5870 35430 35820 3.7%
3 EBS-E 9~ 8.0A 10.8 2.000 5870 32840 33203 3.73%
6 BBS~B 0~ 8.0 0.0 2,000 88740 47530 48083 3.7
6 8B5-B 0- B.0A 0.0 2.000 5870 38930 38325 3.7%
[ gBS-M 0- B.0O 0.0 2.000 5870 46500 47012 3.75%
3 8BS-M 0~ 8.0A 0.0 2.000 5870 42710 43189 3.78
6 8BC~E 9- B.0 10,7 2.000 5870 337930 34162 3.7%
[ 8BC-E 3~ 8.0A 9.1 2.000 5870 16630 37023 3.73
[ 8BC-E 0~ B.O 0.0 2.0G6¢ 5870 51430 £19%6 3.7%
6 BBC-B 0- B.0A 0.0 2.600 587G 42510 42978 3,73
& BBC-M 0~ 8.0 0.0 2.00¢ 5870 43930 44413 3,7z
6 BBC-M O~ B.0A 0.0 2.000 5870 46820 47339 3,75
5 BEN-E 9- 8.0 8.2 2.000 5870 36620 37023 3.7%
] 8BN-E 9~ 8.0A 10.4 2.600 5870 45070 45566 3.75
6 ‘ gBN-B 0~ 8.0 0.0 2.000 5870 50810 51359 3.7%
6 8BN-B 0- 8.0A .0 2.000 5870 38150 39581 3.75
6 8BEN-M 0~ B.O 0.0 2.009 5870 38000 38418 3.75
6 8BN-M 0~ B.0A 0.0 2.000 5870 47670 48194 3.75
7 EBN-E 9- 3.5 9.5 1.250 6000 160GC0 16600 3.78
7 SBN-E 8- 3.5a i0.1 1.2580 6000 16080 16080 3.75
7 8BN-E 9~ 3.5B 8.9 1.625 6000 16200 16260 3.7%
7 SBN-B 0~ 3.5 0.0 1.313 §000 15730 18730 3.75
7 5BN-B 0- 3.5A 0.0 1.281 6000 16050 16050 3.7%
7 SEN-B 0~ 3,58 0.0 1.2%80 6000 16680 16680 1.75
7 SBN-M 0~ 3.5 0.0 1.281 6000 16890 16890 3.75
7 58N-M 0- 3.5A 0.0 1.250 6000 15930 159390 3,75
7 SBN-M 0~ 3.5B 0.0 1.563 §000 17100 17100 3.75
7 STN-E 9~ 3.5 10.3 1.313 s000 14480 14480 3.75
7 8TN-E 9~ 3.5A 10.0 1.313 60C0 15200 15200 3.7%
7 STN~E 9~ 3.5B 9.0 1.213 8000 15360 18360 3.78
7 ETN-B 0- 3.5 0.0 1.344 6000 15620 15620 3.75
7 STN-B 0- 3.5B 0.0 1.344 €000 18440 15440 3.75
7 STN-M 0~ 3.5 0.0 1.313 6000 16330 16330 3.7S
7 STN~-M 0~ 3.5B 0.0 1.378 &0C0 16480 16480 3.75
7 5TN-M O~ 3.5 0.0 0.750 &000 145890 14580 3.75
7 SEN-M 0~ 3.5 0.0 0.687 6000 12970 12570 3.75

Note : Refer to the last page of the table for footnotes
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Table 2.4 (cont.) : Beam-end specimen resulcs
Group Specimen Average Cover Concrete Ulcimate Modified Lead
No. label eoaring bl strength bond bend ++ length
el thickness force force

{(mils}) (in.) {psi) {ibs} {1bs) {in.)

8 SBN-M $- 3.5 0.0 0.656 5800 13860 14086 3.75
8 SBN-E %~ 3.5 5.2 0.656 5800 13440 13669 3.73
8 SBN-M (- 3.5 o.0 0.656 5800 10180 10228 2.38
8 SfN~M 0~ 3.5 0.0 G.719 S800 10610 10346 2.38
8 SBN-E 9- 3.8 5.7 G.687 5800 11780 11185 2.3B
B 5TN-E 9~ 3.5 6.5 G.e87 5800 9160 8767 2.38
8 SBN-M 0~ 3.5 G.0 0.625 5800 10270 10445 1.50
8 ETN-M 0- 3.5 0.0 0.687 5800 8340 8482 1.590
8 5BN-E 9~ 3.5 &.5 0.656 5800 7850 7984 L.5¢
] STN-E 9~ 3.5 8.3 0.687 $800 8420 8563 i.570
8 5BN-M 0- 3.5 0.0 ¢.687 5800 8500 8545 g,7%
g 5BN-M 0~ 2.5 0.0 1.250 58400 13110 18419 3.7%
B SBN-E 3~ 3.5 5.8 1.281 58400 15860 16131 3.75
8 SBN-M 0- 2.5 0.0 1.313 5800 14580 14577 2.38
8 5TN-M O~ 3.5 0.0 1.250 5800 12700 12917 2.38
8 SBN-E 9~ 3.5 7.0 1.344 5800 14100 13633 2.38
8 5TN-E 9~ 3.5 5.8 1.281 5800 12700 1245% 2.38
8 SEN-M 0- 3.5 0.¢ 1.250 8800 10850 11035 1.50
8 STN-M 0- 3.5 g.o 1.313 53500 168950 11177 1.50
B SEN-E 9~ 3.5 £.1 1.250 5800 11180 11371 1.50
8 STN-E 9~ 3.5 6.0 1.250 - 5800 10320 10506 1.50
g EBS-E 5- 3.5 6.9 1.312 5650 11160 10902 2.38
% EBS-E B~ 3.5A 5.5 1.313 5650 11910 11444 2.38
9 5BS-E 5- 3.5B 4.4 1.313 5650 13590 12994 2.38
9 SB$-E1Z2- 3.5 14.5 1.313 5650 10520 11494 2.38
9 58s-E1Z~ 3.5a 17.1 1.378 5650 11340 12516 2.38
9 S585-Ei2~ 3.5B  1l1.8 1.313 5650 10630 11163 2.38
g 5BS-B 0~ 3.5 0.0 1.313 5650 12440 12587 2.38
3 5B5-B 0~ 3.52a 0.0 1.344 5650 13690 13729 2.38
9 5BS-B 0- 3.58 c.0 1.313 5650 13880 14061 2.38
9 5BS~-M 0~ 3.5 a.0 1.313 5650 14770 14568 2.38
9 5Bs-M 0~ 3.5A 0.0 1.313 6310 14870 14248 2.38
3 5BS-M 0- 3.5B 0.¢ 1.344 5650 13220 13245 2.38
9 5718~8 §~ 3.5 5.8 1.438 5650 120890 11238 2.38

Note : Refer to the last page of the table for feootnotes
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Table 2.4 (ceont.) : Heam-end specimen results
Group Specimen Averade Cover Concrete Ulcimate Modified Lead
No. label coating - strength bond bond ++ length
ol chickness force force
- {mils) {in.} {psi) {1bs) (lbs} {int.})
9 5TS-E 5~ 3.5A 6.9 1.375 5E50 11300 1083¢% 2.38
9 5TS-E 5~ 3.5B 5.9 1.244 56350 10410 9965 2.38
9 5T5-E12- 3.5 4.3 1,281 5650 148470 11178 2.38
9 BTS-EL2« 3 .53 15.8 1,378 5650 10850 11202 2.38
9 5TS-EL2- 3.5B 1z2.2 1.375 5850 $820 5B49 2.38
9 STS-B 0~ 3.5 0.0 1.375 5650 11220 10969 2.38
9 5TS-B 0- 3.5a c.0 1.438 5650 12520 12012 2.38
9 575-8 0~ 3.5B 0.0 1.438 5650 125%0 12684 2.38
g 55— 0~ 3.5 0.0 1.281 5650 10770 10950 2.38
9 5TS-M 0- 3.5A .0 1.408 5650 11860 11480 2.38
9 BTS-M 0~ 3.5B 0.6 1.313 5650 12060 12131 2.38
10 5BC-E 9~ 3.5 9.3 1.188 £59%0 12660 12971 2.38
10 SBC-E %~ 3.54 10.1 1.2580 5990 12959 13141 2.38
10 5BC-E 9- 3.5B 8.7 1.250 5990 12880 12841 2.38
10 SBC-E 5- 3.5 3.0 1.313 5980 14700 13472 2.38
10 5BC-E 5~ 3.5A 4.5 1.250 59580 13370 12640 2.38
10 5BC-E 5~ 3.8B 3.7 1.313 5990 14110 12596 2.38
10 SBC-B 0- 3.5 0.0 1.281 5990 1337¢ 13255 2.38
10 5BC-B 0~ 3.5Aa 0.0 1.2540 5990 14560 14872 2.38
10 5BC-B {- 3.58 0.0 1.250 5990 13850 13861 2.38
10 E5BC-¥ - 3.5 0.0 1.281 5990 13680 13545 2.38
10 5BC-M 0~ 3.5A 0.0 1.250 5990 13340 13351 2.38
10 S5BC-¥ 0~ 31.5B .o 1.37% 59%0 14340 13847 2.38
10 BTC-E §- 3.5 2.7 1.313 5990 11460 11243 2.38
10 STC-E 8- 3.5A 7.7 1.406 5590 12070 11207 2.38
10 5TC-E 9~ 3.5B 8.8 1.375% 5990 11980 11386 2.38
10 ETL-E 5- 3.5 3.4 1.313 5530 128620 11748 2.38
10 5TC-E 5~ 3.5A 4.0 1.313 5940 12390 11559 2.38
10 &TC~E 5~ 3.5B 3.9 1.344 5990 11950 11040 2.38
10 5TC-8 0- 3.5 0.6 1.281 599¢C 12020 11881 2.38
i0 5TCc-B 0~ 3.5 0.0 1.250 £950 12080 12070 2.38
10 57TC-83 0~ 3.58 0.0 1.313 5990 12090 -11803 2.38
10 sTCc-M 0- 3.5 g.0 1.344 5990 12080 11645 2.38
10 5TC-M 0~ 3.5A ¢.0 1.313 5890 12210 11923 2.38
10 STC-M 0~ 3.5B .0 1.313 5590 12510 12223 2.38
10 SBC-¥ 0- 3.5 0.0 1.875 5990 17330 17344 2.38

Note : Refer to the last page of the table for footnotes
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Table 2.4 (gont.) : Beam-end specimen results
Group Specimen Average Cover Concrete Ultimate Modified Lead
No. label coating el strength bond bond ++ length

- thickness force force

{mils) {in.} {psi) {ipbs) {1bs} (in.}
i¢ 5TC-M 0~ 3.8 g.0 1.875 5950 l443¢C 14442 2.38
11 EBN-E 9~ 3.5 9.6 1.21%9 5370 12189 12438 2.38
11 SBN-E 9~ 3.5A 0.0 1.250 5970 116390 11823 2.38
il SEN-E 9~ 3.58 5.9 1.344 5370 11930 11730 2.38
11 EBN-B 0~ 1.5 .0 1.344 3870 12700 12353 2.38
13 SBN-B 0~ 3.5A G.0 1.344 5976 12870 12524 2.38
11 SBN-B 0- 3.5B G.0 1.250 5876 14220 14255 2.38
11 SBN-M 0- 3.5 0.0 1.281 5570 12180 12084 2.38
11 SBN-¥ 0~ 3.5A 0.0 1.250 5570 12800 12832 2.38
11 SEN-M 0- 3.5B 0.0 1.250 5870 13940 13974 2.38
11 5TN-E §- 3.5 2.0 1.375 5970 11980 1141s 2.38
11 5TN~E 9- 3.35a 9.5 1.313 5970 9010 8786 2.38
11 BIN-E %~ 3.5B 10.¢6 1.313 5970 B98O 8867 2.38
11 STN-B 0~ 3.8 g.c 1.313 5970 11910 11643 2.38
11 59N~B 0~ 3.5A a.¢ 1.313 5970 13710 114432 2.38
11 STN-3 0~ 3.5B ¢.0 1.219 5970 11060 11236 2.38
i1 5TN-M 0~ 3.5 .9 1.283 5970 11790 11671 2.38
11 STN-M 0~ 3.5A ¢.0 1.250 5970 12080 12110 2.38
11 STN-M G- 1.5B8 .0 1.313 597¢ 11680 11412 2.38
11 5BN-M 0- 3.5 0.0 1.281 6090 7050 6957 0.00
11 SBN-M 0~ 3.5A 0.0 1.188 60940 7000 £948 0.00
11 5TN-M 0~ 3.5 0.0 1.313 6090 6774 6719 0.00
11 5TN-M 0~ 3.5A 0.0 1.313 6090 7290 6670 6.00
12 SBN-M 0~ 3.5 0.0 1.25¢0 5940 15320 15397 2.38
12 SBN-M 0~ 3.5a ¢.0 1.250 5940 13830 13899 2.38
12 5BN-M 0~ 3.5B c.0 1.250 5940 12650 12713 2.238
12 5BN-E 9~ 3.5 9.8 1.188 5940 12080 12524 2.38
12 SBN-E 9~ 3.5A 10.5 1.%i88 5940 12570 13132 2.38
12 SBN-E %~ 1.85B 9.3 1.344 5840 11899 11621 2.38
12 SBN-M 0~ 2.5 ¢.Q 1.250 5340 10460 10512 1.50
12 5BN-M 0- 3.5A 0.0 1.250 5940 112590 11306 1.50
12 GBN-E 9~ 3.5 B.3 1.250 5940 10690 10743 i.5¢
iz SBN-E 9~ 3.5A 9.8 1.125 5940 11350 114907 1.50

Note : Refer to the last page of the table for footnotes
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Beam-end specimen results

Average
coaring

thickn
(mils

ess
)

Modified
bond ++
force
(lbs)

Lead
length

W WO 0 MW N D oD W WO O
MmO O MmN OO0 RO OO

9598
10784
9306
10572
9980
8763
9338
83581
8402
8191
8020
8020
5904
7530

12 5B3N-M 0- 3.
12 SBN-¥ 0~ 3.
12 5BN-Z 9- 3.
12 SBN-E 9~ 3.
12 S5BN-M 0~ 3.
12 EBN-M 0- 3.
12 58N-M 0~ 3.
12 5BN-E %~ 3.
12 EBN-Z 9~ 3.
i2 SBN-E G- 3.
12 5BN-M 0~ 3.
12 SBN-M 0- 3.
12 EBN-E 9~ 3.
12 SBN-Z 98- 3.
13 SBN-M 0-
13 EBN-M 0-
13 5BN-M 0-
i3 BEN-E 5-
13 5BN-E 5-
13 SBN-E S~
i3 EBN~M 0-
13 SBN-M O~
13 5aN-M 0~
13 SBN-E 5-
13 SEN-E 5-
13 SEN-E 5-
13 SBN-M -
13 SEN-M 0=
13 5BN-M (-
13 5BN~E 5-
13 SEN-E 5=
13 5BN-E 5-

e W Lt W L W W LD L W L W L g Le

.5B

.5A
.5B

.SA
.58

.54
.58

.5A

.5B

-7
.SB

.

4

. -

h &t O O O ;oD o,

.

N P .
Mok 0O O 0NN HE O D o o

10558
10264
11181

9630

9558
10171
1220%
13841
13272
12844
11687
11393
14773
14592
16303
14382
18864
14419

2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.18
2.38
2.38
2.38

Cover Concrete Ultimate
- strength bond
force
(in.} {psi) {1lbs}
1.250 5940 9550
1.313 5940 10730
1.281 5%490 9260
1.219 5840 10520
1.281 5940 9830
1.063 594¢ 8720
1.188 5940 92990
1.219 5940 83140
1.313 5940 8360
1.438 5540 815¢
1.281 5840 7980
1.188 5640 7980
1.313 59490 6870
1.21%9 5540 798¢
0.625 5844 10420
0.625 5844 10130
0.656 5844 11169
0.625 5844 9960
0.625 5844 a970
0.656 5844 10820
1.281 5844 12170
1.250 5844 13660
1.188 5844 12850
1.281 5844 13110
1.250 5B44 12900
1.250 5844 11700
1.875 5844 14580
1.938 - BB44 14650
1.875 5844 16690
1.844 5844 14600
1.875 5844 16680
1.9406 5844 14810
1.469 5800 20130

to the last paée of the table for footnotes
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Beam-end specimen results

No.

Modified
bond ++
force
{1bs)

Lead
length

15
is
15
15
15
15
15
15
15
15
15
15
15

Group Specimen Average

label coating

halald thickness
{(mils)
6B5=M 0~ 4.5A 0,0
6BS-M 0- 4.5B 0.0
6RS~E 5~ 4.5 4.1
6BS-E 5- 4.5A 4.8
6BS~E 5- 4.58 4.2
6BS-212~ 4.5 11.8
EBS-E12- 4.5A 10.9
&BS-EL2- 4.58 1l.6
6BN-M 0- 4.5 0.0
S8N-M 0- 4.8A 0.0
6BN-M 0~ 4.5B 0.0
6BN-E 9~ 4.5 7.2
6BN-E 9- 4.5A 8.8
EBN-E 9~ 4.5B 8.0
6BC-M 0~ 4.5 6.0
SBC~-M 0~ 4.5A 0.0
6BC-M 0~ 4.5B 9.0
§BC-E 5~ 4.5 4.7
6BC-E 5~ 4.BA 4.2
6BC~E 5« 4.58 4.1
6BC-E12- 4.5% 9.5
6BC-g12~ 4.5A  10.2
6BEC-E12- 4.5B 11.4
8B5-¥ 0- 8.0 0.0
BBS-M 0=« 8.0A 0.0
8BS-E 5- 8.0 4.1
8BS-E 5- 8.0A 4.7
8HS-E 5~ 8.0B 6.8
8BS-E12- 8.0 16.5
88s-E12- B8.0Aa  11.7
8BS~EX2-~ B,0B 14.1
aTs~-E12- 8.0 7.0
8Ts-E12- 3.0A 12.1
§BN-M 0- 8.0 0.0
SBN-M 0~ B.0A 0.0
8BN-M 0- B.CB 6.0

Cover Concrete Ultimate
w strengch bond
force
(in.) {psi) {1bs)
1,469 5800 20210
1.500 5800 16410
1.56 5800 15830
1.500 5800 16140
1.5090 5800 14560
1.500 58C0 15430
1.562 58G0 18250
1.5831 5800 15330
i1.56¢0 S800 18000
1.438 S80C 18340
1.500 5800 20240
1.863 5800 20680
1.719 5800 19880
1.563 S800 17760
1.500 5800 1885¢
1.594 5800 17960
1.500 5800 19000
1.563 5800 17290
1.534 5800 18480
1.563 5800 16970
1.500 5800 18750
1.500 5800 18930
1.831 58C0 17900
1.938 6000 41800
2.000 6000 42700
2.4000 6000 29050
2.000 6000 33340
1.938 6000 34730
2.000 6000 30500
2.083 6000 29100
1.938 6000 32000
2.063 6000 27400
2.000 6000 30200
2.000 5810 40600
2.900 5830 42800
2.000 5830 45140

42650
427400
29050
33340
35580
30500
28249
32850
26634
30200
41187
43418
45793

.75
.75
.75
-
.75
.75
.75
.75
.75
.78
3.75
3.78
3.75

W LW W WL ol L

%]

Note : Refer to the last page of the table for footnotes
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Table 2.4 (conc.} Beam-end specimen results
Group Specimen Average Cover Concrete Ulcimate Modified - Lead
No. lakel coating i strength bond bond ++ length

rww thickness force force

{mils) tin.} (psi) (lbs) - {ibs) {in.)
i5 8TN-M 0~ 8.0 9.¢ 2.063 5830 3B9C0O 38637 3.7%
15 gTN-M O- 8,04 0.0 2,063 5830 43020 42876 3.75%
15 8TN-M O0- B8.0B 8.0 2.125 5830 38900 37931 31.75
15 8TN-E S5~ B.0B 4.2 2.3125 SB83D 33o00 31545 3.7%
16 6BN-M 0-10.58 ¢.0 1.563 6240 25200 24710 0.50
16 6BN-M 0-10.5A c.0 1.469 6240 26500 25985 0.50
16 6BN-M 0-10,5B G¢.0 1.563 6240 22900 22455 0.50
16 6BN-E 9-10.% 7.2 1.500 6240 26300 2578% 0.50
16 6BN-E 5-10.5A 8.9 1.500 6240 23600 23141 0.50
16 6BN-E 9-10.538 g.5 1.5831 6240 25300 24808 0.50
16 8BN-M 0-14.0 ¢.0 2.031 6240 36800 Jei8s 0.5¢C
15 §BN-M 0-14.0A a.0 2.0¢0 6240 38800 38046 0.50
16 8BN~-M 0-14.0B a.0 2.031 6240 37800 37065 0.50
16 8EN-E ¢-~14.0 30.3 2.000 6240 31800 312890 0.50
16 8BN-~E S-14.0A 7.7 2.000 5240 36106 35398 0.54Q
16 8BN~E 9-14.0B 10.0 2.0090 6240 31500 31280 0.50
16 SBN-M 0~ 8.5 0.0 1.250 6240 18400 18042 0.50
16 EBN-M (- 8.5A 0.0 1.281 6240 15800 15433 0.50
16 SEN-M 0~ 8.5B 0.0 1.281 6240 19400 19023 0.50
16 SBN-E %~ 8.5 7.0 1.156 6240 17600 17258 .50
16 SBN-E 9~ B.SA 5.6 1.219 6240 16600 16277 .50
18 SBN-E 9- 8.5B 6.5 1.344 6240 18500 18140 ¢.50
15 58s-M 0- 8.8 0.¢ 1.344 6240 18200 17846 0.50
is 5BS-M 0~ B.B5A 0.0 1.313 . B240 17400 17662 0.50
16 5BS-M 0- B.5E 0.¢ 1.313 6240 17700 1735% 0.50
16 53s3-~E 8- 8.5 9.6 1.281 6240 112490 jeo8z2 0.50
16 5BS-E 9- §.5A 9.¢ 1.280 8240 17000 16669 0.50
16 5BS-E 9~ 8.5B 10.3 1.250 6240 12160 11865 0.50
17 6BC-M 0~ 4.5 0.0 1.800 5850 17200 18128 2.7%
17 6BC-M 0- 4.5a 0.0 1.563 5850 19808 19679 2.75
17 6BC-M 0- 4.5B 0.9 1.438 5859 17870 18470 2.75
17 6BC-E 5- 4.5 7.1 1.583 5850 16020 15851 2.75
17 6BC-E S5~ 4.5A 5.9 1.500 5850 16740 16953 2.75

Note Refer to the last page of the table for footnotes
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Table 2.4 (cont.) Beam-end specimen results
Group Specimen Average Cover Concrete Tltimate Modified Lead
No. label exating *=*  strength bond bond -+« length
- chickness force force

(mils} {in.) tpsi) {1bs) {ibs) (in.)

17 6BC-Z 5~ 4.5B 6.5 1.50¢ 5850 16100 16305 2.75%
17 6BC-ZT1Z2~- 4.5 9.3 1.50¢ 5850 15899 16092 2.75
17 6BC-E12- 4.53 10.5 1.500 5850 14570 147585 2.7%
17 6BC-Z12- 4.58 10.9 1.500 5850 16160 16365 2.75
17 6BS-M 0O~ 4.5 0.0 1.469 5850 174006 17808 2.75
17 6BS-M 0- 4.5A g.c¢ 1.438 5850 18300 18905 2.75
17 6BS-M 0- 4.5B g.0 1.5048 5850 18200 18444 2.75%
17 EBS-Z 5- 4.5 £.7 1.560 5850 1513¢ 15322 2.75
7 6BS-Z 5- 4.5A 3.8 1.831 5850 18800 18814 2.75%
17 EBS-Z 5~ 4.58 3.6 1.531 5850 14900 14903 2.7%
17 6BS~E12~ 4.5 12.9 1.458% 5850 15900 16288 2.75
17 6BS-Ei2- 4.8A 11.5 1.531 850 16900 16528 2.75
17 6BS-E22- 4.58 11.1 1.531 5850 139900 ilgso 2.75
17 ETS-M G~ 4.5 .0 1.594 5850 13600 1318¢9 2.75
17 6TS-M 0~ 4.5A 4.0 1.656 58540 14200 13407 2.78
17 6TS-M 0~ 4.5F 8.0 1.625 S850 15900 15323 2.7%
17 6TS-E12~ 4.5 12.2 1.438 S5B50 i4400 14972 2.75
17 6TS-212- 4.54 10.4 1.654 58590 13700 12901 2.75
i8 SBN-M 0- 8.0 ¢.0 0.937 5060 29200 32647 3.75
ig BEN-M 0- 8,0A 0.0 1.083 5060 29500 31272 3.75
iB BBN-M 0- 8.0B 0.0 1.063 5060 28680 30357 3.75
18 BBN~E1Z2- 8.0 13.4 0.937 5060 23600 26549 3.75
ig 8BN-E12~ B.0A 11,7 1.063 5C&d 271940 28757 3.75
18 BEN-E12~ B.GEB 13.5 0.9%6%9 5060 27400 30262 3.75
18 8TN-M 0- 8.0 g.0 1.062 5060 25200 26678 3.7%
18 8TN-M 0~ B.0A 0.0 1.156 50660 27200 27704 3.75
i8 8TN~-M 0- B.CB 0.0 1.156 5060 27189 27682 3.78
is BTN-E12~ 8.0 i1.1 1.063 5060 22800 2408] 3.78%
18 8TN~-E1Z2~ B.0a 12.6 1.094 5060 21840 22633 3.75
is 8THN-E12~ 8,0B 14.2 1.063 5060 21300 22428 3.78
i8 EBN-M 0~ 8.0 0.0 1.875 5060 45600 51387 3.75
iB BEN-M 0~ 8.0A 0.0 1.938 5060 42400 47021 3.7%
18 8BN-M 0- B. OB 0.0 1.875 5060 41040 46351 3.7%
18 8BN-E12~ 8.0 12.2 1.569 5060 33700 37122 3.75
ig 8BN-E12- B.0A 9.3 1.969 5060 38700 319300 3.7%
18 SEN-E12~ 8.0B 8.6 1.938 5060 15850 39987 31.78

Note : Refer to the last page of the table for foornotes
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Beam-end specimen results

Group Specimen Average Cover Conerete Ultimate Modlfied Lead
No. label coating hald strength bond bond ++ length
e thickness force force

{mils) (in.) {psi) (ios} {1bs) {in.)
18 BTN-¥ 0~ E.O 0.¢ 2.063 5060 32900 35059 3.75
18 8TN-M 0- 8.0A 0.0 1.938 5460 38600 41264 3.75
18 8TN-¥ 0~ 8.0B 9.0 2.000 5060 35800 38983 3.75%
18 8TN-E1Z- B.0 11.8 2.000 5060 32€30 35831 3.78
18 8TN-E1Z2- §.0A 13.7 2.063 5060 29800 31684 3.75
18 8TN-E12~ 8.0B  12.7 2.063 5060 31530 33568 3.75%
18 8BN-M G- 8.0A 0.0 3.188 4750 58500 62808 3.75
18 8BN-M 0- 8.0B c.0 3.000 4790 495600 55512 3.75%
18 SBN-E12- 8.0 9.7 3,031 4790 473100 52288 3.758
18 8BN-E12- 8.0A 10.3 2.938 4790 51600 58501 3.7%
18 §BN-~E12~- 8.0B 12.0 3.031 4790 50600 56206 3.7%
18 8TN-¥ 0- 8.0a& 0.0 3,063 4750 47110 51959 3.7%
18 8TN-E1Z~ 8.0 12.6 3.063 479¢ 42400 46688 3.78
18 BTN~E12- B.0A 9.8 3.063 4780 4330¢ 47695 3.75%
18 8TN-ELZ- B.0B  12.4 3.094 4790 4329090 47200 3.75
18 8BS-M 0- 8.0 c.o 1.969 5440 35320 3919% 31.75
18 8BS~-M 0~ 8.0A 0.0 2.031 5440 43540 45300 3.75
18 8B5-M 0~ 8.0B ¢.0 2.031 5440 37940 3941% 3.75
18 §BS~E12~ 8.0 g.1 2.083 5440 32860 33448 3.7%
18 8Bs-Fl2- 8.0A 9.7 1.906 5440 29510 32268 3.75
18 8BS-El2- 8.0B 11.6 1.5806 5440 33510 36468 3.75
18 8TS5~M 0~ B.O 0.0 2,094 5440C 32120 32583 3.75
18 gTrs-M 0~ B.0A 0.0 2.156 5440 34270 34075 3.75
18 8T5-M 0~ B.0B 0.0 2.083 5440 36490 37556 3.78
i8 BTS~-E12~ B.0 12.7 2.094 54490 29010 25317 3.75%
18 8T5-212- 8.0A  131.5 2.125 5440 29000 28924 3.75
18 8T5-E12- 8.0B 2.9 2.063 5440 29650 30372 3.75
19 1iBN-M 0~ 9.0 g.0 2,883 5670 36000 386646 1.50
19 11BN-M 0- $.0A g.o 2.945 5270 46100 48195 1.8
13 1iBN-M 0~ 9.0B 0.0 2.623 5270 36100 40009 1.56
19 1iBN-E 8- 9.C 10.3 2.820 5270 32000 34144 1.50
19 1iBN-E 9- 9.CA 8.5 2.820 5070 29600 32200 1.50
19 11BN-E 9- G.0B 8.1 2.820 5270 28200 30089 1.50
19 11BN-M 0~ 9.0 0.0 4.230 50740 48300 52543 1.50
19 11BN-M 0~ 9.0A 0.0 4.230 5270 47500 50683 1.50
19 11BN-¥ 0~ 9.0B 0.0 4.388 5270 42900 44781 1.50

Note : Refer to the last page of the table for footnotes
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Tabie 2.4 (cont.) : Beam-end specimen resulcs

te

Modified
baond ++
force
{1bs)

Lead
length

36337
35373
34689
26095
29737
27934
49962
402900
44638
30210
33012
34852
63278
51585
63093
51970
49209
49428
38354
46485

1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.5¢C
1.50¢
1.50

Group Specimen Average cover Ceoncrete Tltima
NG . label coating bkl strength bondé
- thickness force

{mils) {in.) (psi) (1bs)

1% 11BN-E %~ 9.0 9.6 4.355 5070 37600
19 11BN-Z §- 9.0A 2.4 4.293 270 44200
19 11BN-E %~ 3.0B 12.2 4,293 5276 40900
18 1iBS-M (G- 5.0 g.0 2.758 B270¢ 38600
19 11BS-M 0- $.0A 0.0 2.851 5270 36300
19 11BS-M 0- 5.0B c.0 2.883 5070 34400
15 11BsS-E 9- §.0 11.0 2.820 5270 27600
19 11BsS-Z 9- &.,0Aa 10.9 2.695 5070 27700
19 11Bs-Z o~ 9.03  12.6 2.820 5270 36400
19 1iBc-M 0- 9.0 0.0 2.570 5070 37500
18 1IBC-M 0~ 9.0A 0.0 2.789 5270 37800
19 11BC-M 0- 9.0B 0.0 2.758 5270 35100
1% 1iBc-E %~ 9.0 2.1 2.820 5070 29000
19 1iBC-E 9~ 5.0A 13.1 2.820 5270 27700
1% 11BC-E 9~ 9.0B 12.4 2.883 5270 29100
20 11BM-M 0- 9.0 0.0 1.410 5290 341290
20 11BN-M 0~ 9.0A 0.0 1.160 5260 31260
20 1iBN-M 0- 9.90B 0.0 1.410 5260 3z4s80
20 11BN-E 9- 9.0 10.5 1.285 5290 23570
20 11BN-E 9- 9.0A 7.9 1.410 5260 27900
20 11BN-E 9~ 9.0B 6.9 1.348 5260 2568¢
20 11BN-M 0~ 9.C 0.0 2.883 5290 47380
20 11BN~M 0~ 9.0A 0.0 3.070 5260 38300
20 11BN-M 0~ 3.0B 2.0 2.758 5260 42330
20 11BN-E 9- 9.0 10.4 2.945 5290 2%300
20 11BN-E %- 9.0A 8.7 3.o008 5260 33700
20 11BN-E 9~ 9.0B 9.2 2.883 5260 32910
20 11BN-M 0- 9.0 0.0 4.13¢6 5260 52550
20 11BN-M 0- 9.0A 0.0 4.23¢ 52690 48300
20 11BN-M 0~ 9.0B 0.0 4.168 5260 58610
20 11BN-E 9~ 5.0 9.0 4.230 5260 48660
20 11BN-E 9~ 9.0A g.1 4.043 5260 44680
20 1iBN-E %- 9.0B B.9 4.230 5260 46280
20 11B3-¥ 0~ 9.0 g.0 2.883 5290 36480
20 11Bs-M O~ 9.0A 0.0 2.883 5260 432990
20 11B3-M 0- 9.0B 2.0 2.758 5260 3Basd

41145

1.50

Note : Refer to the last page of the table for footnotes
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Beam-end specimen results

Group Specimen

No .

label

-

Average
coating

thiclness

(mils)

11BC-¥ 0~
11BC-M 0~
11BC-M O-
11BC-E 9~
11BC-E 9-
11BC-E 9~

Lead
length

TR e i e T A el LA s s e e e e A LA 4R Ul A e e e A oAk A T YT 1T T ey oy o A A Y R TN A ey e e S e S e s AU TR g e e o e A S TR T T T e s e

SBC-M O-
5BC-¥ 0-
SBC-M 0=
SBC-E 5-
5BC-E 5~
5BC-E 5~
5BC-E1Z2-
5BC-E12-
SBC-E12-
SBS-M O-
SBS-YM G-
SBS-M 0-
SBS-E 5-
5BS~E 5-
5BS-E S~
5BS-E1Z-
SBE-Ei2-
5BZ-E1Z-

2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38
2.38

22
22
22
22
22
22

6BN-M G-
EEN-M -
6BN-M 0O~
6BN-M O-
6BN-M 0-
6BN~-M 0-

4.8

4.5A
4.5B
4.5C
4.5D
4.5E

Caver Concrete Ultimate Modified
ww strength bond bond ++
force force
lin.) {psi) (1bs) {1bs)
2.883 £250 41780 43998
2.820 5260 36030 38481
2.82¢0 5260 39560 42251
2.945 52390 4158¢C 43288
2.883 5260 34500 36380
2.883 5260 35440 41826
2.820 5290 28320 30160
2.758 5260 38600 41722
2.758 5260 33800 36596
0.96% 5980 14180 15325
1.188 5980 1453¢ 14794
1.188 5990 14850 15114
1.219 5930 12880 12242
1.219 5990 130390 12508
1.000 5950 12980 133090
1.375 5990 128490 12709
1.250 5930 12670 13059
1.250 5890 13900 14208
0.875 5550 127%¢C 14312
1.250 £890 14750 14762
1.188 5890 14460 14724
1.250 5980 12460 11762
1.125 5990 12850 12755
1.25¢ 5990 128890 12330
1.250 5990 102290 11019
1.631 5990 113490 12396
1.375 5980 131820 11770
1.375 6300 1829¢C 19570
1.500 6300 12970 19488
1.500 £300 19440 18971
1.628 6300 24530 23183
1.313 6300 19880 20519
1.500 6300 21080 20571

Note : Refer to the last page of the table for footnotes
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Table 2.4 {(cont.}) : Beam-end specimen results
Group Specimen Average Cover Conearece Ultimace HModified Lead
No. label coating bkl strength bond bond ++ length
ikl thickness force force
{mils) {in.) {psi) [1bs) {1bs} tin.}

22 ERN-E 9- 4.5 2.8 1.408 6300 18380 18505 2.75
22 EBN-E 9- 4.5A 8.0 1.438 5300 18330 18238 2.75
22 &BN-E 9- 4.5B 9.7 1.313 6300 1614 16869 2.73
22 SBN-E 9~ 4.5C 8.6 1.375 6300 18560 15834 2.75
22 6BN~E 8- 4.5D g.9 1.469 6300 17870 17625 2.78
22 6BN-E 9~ 4.5E 8.0 1.281 6300 17960 18831 2.78
23+ B8BN-M 0- B.0 0.0 1.938 5580 42200 44610 3.75
23 8BN-M 0- 8.0A 0.0 1.938 5580 37850 40099 3.75
23 88BN-M 0~ 8.0B 0.0 2.063 5120 41000 43532 3.758
23 8BN-E12~ 8.0 2.5 2.000 5120 30870 313417 3.75
23 8BN-E12~ 8.0a .10.2 1.875, 5580 35270 iBz7s% 3.75
23 8EN-E12~ 8.0B 1%.3 2.000 55890 36210 37548 3.75
23 8TN-M 9~ 8.0 .0 2.031 5580 42840 43898 1.78
23 8TN-M 0~ 8.0A 0.0 . 1.969 8580 39230 41114 3.75
23 8TN-M 0~ B.0B 0.0 2.000 5120 381C0 41244 3.75
23 8rN~EL1Z~ B.0 12.4 2.000 5120 33580 36351 3.78
23 8TN-E12~- 8.0A 11.7 2.063 5580 37400 38016 3.75
23 gTN-E12~- 8.0B 11.8 2.083 5580 348690 318208 3.75
23 8BN-M C- 8.0 0.9 1.938 5780 37210 3872¢% 3.75
23 8EN-M G- 8.0A 0.0 1.96% 5780 3gg80 40106 3.75%
23 8BN-M 0~ 35.0B 0.0 2.000 5580 43200 44736 3.75
23 8BN-E12- 8.0 1.1 1.875 5580 31300 34158 3.75
22 8BN-E12- 8.0A 11.e 1.906 5790 34020 35507 3.78
23 8BN-E12~ 8.0B 0.0 1.875 5780 31710 33981 3.75
23 8TN-¥ 0- B.O 0.0 2.063 5790 372806 37184 3.75
23 8TN-M 0~ B.03 g.¢ 2.063 5790 406806 40845 3.75
23 8TN-M 0- 8.0B 0.¢ 2.063 S580 34100 34594 3.7%
23 8TN-E12~ B.0 12.2 Z.000 5580 34040 15297 3.75
23 BIN-E12- B.C0A 10.3 2.000 5750 36190 36840 3.75
23 BTN-ELZ2~ B.0B g.8 2.000 575¢ 33260 33857 3.75
23 8BN-M 0~ B.C 0.0 2.125 5580 345600 34176 3.75
23 8BEN-M 0- B.QA 0.0 2.0400 579¢ 316650 37308 3.75
23 8EN-M 0~ B.O0B 0.6 2.0060 5799 2%300 29826 3.75
23 gBR-E12- 8.0 12.8 1.938 57840 28930 31318 3.75
23 8BN-E12~- B.0A 13.0 1.875 57990 28800 30713 3.75
23 8BN-E12- 8.0B 12.1 1.938 5580 28150 30082 3.75%

Note : Refer to the last page of the cable for footnotes
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Table 2.4 {cont.}) : Beam-end specimen results
Group Specimen Average Cover Concrete Ultimace Modified Lead
No. label coating kel strength bond bond ++ length
bl thickness force force

- {mils) {in.) {psi) {1bs} {1bs) tin.}
23 8TN-M 0~ 8.0 ¢.o 2.083 EEB0 32380 32789 3.7%
23 8TN-M G~ 8.0A 0.0 2.128 5790 27990 26961 3.75
23 8TN-M 0~ 8.0B 0.0 2.000 £7%0 36100 36748 3.7%
23 gTN-E12- 8.0 10.7 2.031 5790 25160 25229 3.75
23 STN-E1Z2- B.0A 10.1 2.000 5790 235800 23922 3.75
23 8TN-E12~ B.0B 10.2 2.000 E580 19940 20676 3.78
24+ 8BN-M O~ B.0 0.0 2.125 4980 37529 42886 3,78
24 BEN-M O~ 8.0A 0.0 2.031 5240 178390 40055 3.7%
24 8BN-M 0~ 8.0B 0.0 1.969 52490 40840 44126 3.75
24 gBN-E12- 8.0 11.1 1.938 49840 36400 40808 3.7%
24 .8BN-ElZ2~- B.(0A 10.4 1.938 5240 35430 38763 3.75%
24 8RN-E12~ B.0B 12 .4 1.8758 5240 37560 41893 3.75%
24 gTN-M 0~ 8.0 0.6 2.063 4980 158190 38540 3.75%
24 8TN-M 0~ 8.0A 0.¢ 2.156 5240 347990, 38312 3.75
24 B~ 0~ 8,08 0.¢ 2.000 5240 360290 38543 3.78
24 gTN-ELZ2~- B.0 il.6 2.094 4980 346890 36917 3.75%
24 BTN-E12- B.0A B.7 2.12% 5250 34190 35018 3.75
24 8TN-E12- 8.0B 8.8 2.063 5240 30430 3179 3.7%
24 gBN-M 0~ 8.0 g.a 1.9206 5680 41650 44083 3.7%
24 8BN-M 0~ 8.0A 0.0 1.813 5984 43610 46235 3.7%
24 8BN-M 0~ 8.0B Q.0 1.938 5986¢ 40310 41228 3.7%
24 8BN-E12- 8.0 11.8 1.875 SE80C 35830 38527 3.75
24 BBN-E12~- B.0A 12.3 1.906 5980 31640 32969 3.7%
24 8BEN-Ei12- B8.0B 10.8 1.938 598¢ 34090 34997 3.75
24 8TN-M O0- 8.0 c.¢ 2.400 5680 33760 34697 3.758
24 Bt 0= 8.0A G.0 2.09%4 55890 38350 37265 3.7%
24 BTN-M 0- 8.0B 0.0 2,083 58890 36780 3607% 3.75
24 BTN-E12~ 8.0 11.5 2.4031 5680 32650 33174 3.75
24 8TN~E12~ B.0A 12.0 1.906 5980 26930 318140 3.75
24 8TN~E12~- .08 8.3 2.031 5980 jo34c0 30007 3.7%
24 g8N-M 0~ 8.0 0.0 1.813 5680 382350 41906 3.7%
24 83N-M 0~ 8,.0A 0.0 1.813 598¢C 41870 44192 3.7%
24 gBN-M 0~ B.OB 0.¢ 1.875 5980 40100 41868 3.75
24 9BN~-E12~ 8.0 12.2 1.938 5680 329440 34708 3.75%
24 gBN-E1Zd- 8.0A 8.2 1.938 5980 34260 35168 3.78
24 8BN-E12-~ B.0B 12.4 1.844 5980 26200 28370 3.7%

Note : Refer to the last page of the table for footnotes
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© Takle 2.4 {cont.) : Beam-end specimen results
Group Specimen Avarage Cover Concrete Ultimace Modified Lead
No, label coating bl strength bond bond ++ length
- thickness force force

{mils) {in.} {psi) {1bs) (1bs} (in.)

24 gIN-M 0~ 8.0 0.¢ 2.031 5680 34820 35404 1.78
24 8TN-M G- 8.0a 0.6 2.094 598¢ 36330 35241 3.75
24 grN-M 0~ 8.0B 0.0 2.063 5980 35300 34593 3.75
24 BTN-Z12- 8.0 10.3 1.938 5680 27260 28783 3.75
24 2MN-E12- 8.0A i1.6 2.031 5980 31340 31009 3.75
24 8TN~E12~ 8.0B 8.9 2.063 5980 28960 28247 3.73
257 &BC-M (- 90 0.0 1.313 030 18220 19899 3.09
25 SRC-M O~ S0A g.a 1.313 5030 18760 2048% 3.00
25 5BC-M G- 3503 0.0 1.188 5030 18720 20448 3.o00
25 5BC-E12~ 90 9.7 1.313 5030 17820 19134 3.00
25 SRC-E12- 90A 9.1 1.281 5030 18530 18053 3.00
25 SBC-T12- 90B 9.5 1.469 8030 16789 18328 3.00
25 5BC-E12- 90 9.1 1.21% 5030 16270 17765 3.00
25 5BC-Z12~ S0A 8.2 l.1i88 5030 17360 18960 3.00
25 SBC-ElZ~ 90B 9.5 1.188 5030 15120 16313 3.00
25 53c-M (- 180 0.0 1.250 5030 16606 17474 3.00
25 SBC-M 0~ 180A 0.6 1.313 5030 4510 15847 3.00
25 EBC-M 0- 180B 0.0 1.250 5030 16640 18173 3.00
25 SBC-E12~ 18C 8.3 1.344 5030 0 0 3.00
25 SBC-E12- 18CA  10.¢ 1.344 5030 16860 18523 3.00
25 5BC-E12- 1808  10.9 1.219 5030 15990 17463 3.00
25 SBC-E12- 180 8.3 1.21% 5030 18770 17223 3.00
25 SBC-E12- 180A 9.2 1.375 5030 12990 14187 3.00
25 5BC-E12~ 1BOB 8.2 1.250 5030 152590 17747 3.o00
26* 8BC~-M 0~ 90 6.9 2.063 49490 47970 52866 4.50
26 SBC-M 0~ 90A 0.0 1.875 4940 50760 55941 4.50
26 BBC-M (- 90B 0.0 1.813 4940 49490 54541 4.50
26 8BC-El2- 80 9.8 1.750 4940 48670 53638 .50
26 88C-Zi2- 90A 9.3 1.838 4940 41140 45339 4.50
26 8BC-E12~ 90B 11.9 2.063 4940 45300 50144 4.50
26 BBC-EL2- 90 11.3 1.813 4940 51420 56668 4.50
26 8BC-E12~ 90A 19.1 2.031 4940 46370 51323 4.50
26 8BC~E12~- 903 ic.1 2.063 4940 48060 52965 4.50

"Note : Refer to the last page of the table for footnmotes
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Table 2.4 {¢ont.) : Beam-end specimen raesults
Group Specilen Average Cc;ver Concrece “Ul:ima.ce Modified Lead
No. label coating bl strength bond bond v+ length

www thickness force force

(mils) (in.) {psi) {1bs) {1bs} {in.)
278 S8BN-M (- 8.0 G.0 1.878 6710 29110 27526 1.60
27 gBM-M 0~ B.0A 0.0 1.813 67140 39640 37484 1.00
27 BBN-M (- 8.03 0.0 2.000 6710 356409 37448 1.00
27 8BN-E 9- 8.0 B.7 1.938 6714 30710 29403% 1.00
z7 8BN~E 9- B.0A B.8 2.9000 6710 3ieo00 30070 t.00
27 8BN-E 9~ 8.0B 7.4 2.062 6710 32300 30543 1.00
27 8BS~M 0~ 8.0 0.0 1.87% 6710 35200 33285 1.00
27 BES-M 0~ 8.0A 0.0 1.875 6710 33430 31668 1.00
27 gBES-M 0~ 8.0 0.0 1,813 6710 35280 33361 1.00
27 8BS-Z 9- 8.0 7.3 1.875 8710 27880 26373 1.00
21 BBS-E 9- B.0A 7.5 1.938 6710 32840 3770 1.60
27 8BS~Z 9~ B8.0B 7.4 1.875 6710 28300 26760 1.00
27 EBN-M 0- 2.5 0.0 1.250 6710 9530 9389 0.62
27 SBN~-M 0~ 31.53 0.0 1.375 6710 G4R0 8964 0.62
27 SRN-M 0~ 3.58 0.0 1.250 719 10380 9815 0.62
27 BBN-E 9- 3.5 6.8 1.188 6710 8430 7971 0.62
27 5BN-E 9~ 3.BA 6.8 1.250 8710 7820 7394 .62
27 EBN~E 9- 3.BB 8.7 1.250 &710 9140 8642 0.62
27 SEs-M 0- 3.5 0.0 1.063 710 8730 8255 0.62
27 5BsS-M 0~ 3.5a 0.0 1.128 6710 9050 8557 0.82
27 58S~M 0~ 3.8B 0.0 1.1%6 8710 102290 9664 0.62
27 5BS-E 9~ 3.5 8.5 1.250 6710 9920 2380 0.62
27 EBS~E 9- 3.5A 9.4 1.1%6 6710 5870 5361 G.62
27 SBS-E 5~ 3.58 10.9 1.250 6710 8240 7791 0.62
285 8BN-M O0- 8.0 0.0 1.813 5810 43830 47113 3.75
28 BEN-M O~ B.0A 0.0 1.938 5810 47360 48979 3,75
28 8BN-M (- B8.0B 0.0 2.188 SBI0 45250 43441 1.7% ]
28 8BN-E 9~ 8.0 7.6 1.625 5810 37830 43548 3.78
28 8BN-E 9- 8.0a 8.5 1.938 5810 40150 41652 3,75
28 8BN-E 5~ 8.0B 8.3 1,906 5810 37490 39374 3.75
28 EBS-M O~ B.(0 0.0 1.813 5810 44520 47734 3.75
28 8B5-M O~ B.0A 0.0 1.750 5810 41%90 46074 3.75
28 gBsS-M 0- 8.0B 0.0 1.7_50 5810 47440 51612 3.75

Note : Refer te the last page of the table for foornotes
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Table 2.4 (cont.) : Beam~end specimen results
Group Specimen” Average Cover Conorete Ulcimare Modified Lead
No. label coating *h strength hond bond 4+ length
ek thickness forece force

- (mils) {in.) {psi) {1bs) (1bs) {in.}
28 8BS-E 9- 8.0 6.8 1.875 5810 36700 38987 3.75
28 8BS-E 9~ B.0A g.3 1.875 5810 40430 42787 3.7%
28 8BS-E 9- 8.0B 2.6 1.750 5810 31730 35648 3.75
28 SBN-M 0- 3.5 c.o 1.280 5960 15690 15742 2.38
28  S5BN-M 0- 3.5A 0.0 1.188 5960 14250 14549 2.38
28 5BN-M 0- 3.52 0.0 1.128 5960 14580 15132 2.38
28 5BN-E 9- 3.5 9.4 1.325 5960 12950 13563 2.38
2¢ SBN-E 9~ 3.5A  1¢.8 1,188 5960 12870 13461 2.39
28 SBN-E 9- 3.5B 9.8 i.188 5860 13200 13595 2.38
28 5BS-M 0~ 3.5 0.0 1.37% 5960 15459 14997 2.318
28 5BS-M (- 3.5A 0.0 1.188 5960 14559 14850 2.38
28 EBS-M 0~ 3.58 0.0 1.250 5960 140249 14066 2.38
28 5BS-E %~ 1.5 10.5 1.125 5960 12120 12811 2.38
28 5BS-E 9- 13.5a 10.6 1.375 5260 12250 12050 2.38
28 SBS~E 9~ 3.5B 9.3 1.188 5960 11800 11540 2.38
2% 6BS-M (- 4.5 4.9 1.469 1292¢ 17720 17263 2.75
29 6B5-M 0~ 4.52 8.0 1.563 12820 18410 18333 2.75
29  6BS-M 0- 4.5B 0.0 1.59¢ 12920 18600 18118 2.7%
29 6B3-E12~ 4.5 9.3 1.37% 12920 15540 15722 2.758
29 6BS-E12- 4.5A 13.5% 1.438 12920 15580 15387 2.75
29 6B5-E12~ 4.5B 14.5 1.500 12920 14680 14147 2.75
29 BTS-M 0- 4.5 0.0 1.563 12920 18920 17844 2.7%
29 6T5-M 0~ 4.5A 8.¢ 1.625 12920 16850 15498 2.75
29 6TS-M 0~ 4.58 0.0 1.521 12920 15580 14820 2.75
29  6TS-El12- 4.5 15.4 1.825 12920 178860 16433 2.75
29 6TS-E12~ 4.5A i4.8 1.563 12920 16680 15685 2.75
29 §TS-E12~ 4.5R 11.2 1.375 12820 1283¢ 13143 2.75
305 11BN-M O~ 9.0 0.0 2.633 5118 52420 58292 1.50
30 11BN-M 0- 9.0A 0.0 2.820 5110 48960 53052 1.50
30 11BN-M 0- 9.0B 0.0 2.820 5110 | 45870 49704 1.60
30 11BN-M 0- §.0C 0.0 2.758 5110 49250 53863 1.590
30 11BN-M 0O~ $.0D 0.0 2.8290 5110 50500 54721 1.5¢
30 11BN-E 9~ 9.0 8.3 2.789 5110 43810 47720 1.50

Note : Refer to the last page of the table for footnotes
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Table 2.4 (cont.) : Beam-end specimen results

Group Specimen Average Cover Concrete Ulcimate Modifjed Lead
No. label coating il strength bond bond ++ length
hafiald thickness force force

{mils} {in.) (psi) {1lbs) {1bs) fim.)
30 11BN-E S~ 9.0A 7.0 2,820 5110 41660 45142 1.50
30 11BN-E %- 9.0B 8.8 2.758 5110 44300 48499 1.56
30 11BN-E 5~ 9.0C 8.1 2.851 5110 42380 45674 1.50
30 11BS-M 0- 8.0 0.0 2.820 5110 4501¢C 48772 1.50
30 13BsS-M 0- %.0A 0.¢ 2.758 5110 45610 49919 1.50
30 11RS-M 0- §.0B 0.0 2.820 5110 46160 53269 1.50
30 1iBs-M 0- §.0C 0.0 2.883 8110 44E50 48102 1.50
30 l1BS~E 9- 5.0 8.5 2,832 5110 47470 52528 1.50
30 11BS-E 9~ 9.0A 0.1 2.8633 5110 45640 5094% 1.580
30 11BS-E 9~ 9.0B 9.0 2.758 5110 414606 45422 1.50
30 11BS-E 9- 9.0C g.1 2.883 5110 44100 47289 1.5%0

£

++

LE L]

these specimens nhad ejther a 90.0 or 180.0 degrees hochs,

Deep specimens.

The test bar in these specimens were confined with No. 3 sctirrups.
The actuz]l mezsured cover before testing. The cover was not measured for the
specimens in groups 1-6, and, therefore, the tover was assumed to be equal

to the nominal cover.

Modified bond force is the corrected ultimate bond force for the variations
in the concrete cover of 1, 2, or 3 dp, coating chickness of 5, 9, or 12 mils,

and concrete strength of 6000 or 12000 psi.
Specimen label

#PD-SC-LR
: Bar gize : 5, 6, 8, 1l
: Bar position : B = borttom, T = Lop

: Bar surface condition : M = uncoated, C = coated

: Nominal coating thickness : 0, 5,
: Bonded length of the test bar
Note : In groups 25 and 26 : 90 =
1
R : Replication I'D. ; blank, A, B, C,

#
P
L : Deformation pattern : §, C, N
S
c
L

g9, 12

g0 de
80 =
o, E

mils

grees bend

180 degrees bend



Group Bar pef. Splice Average Concrete No, of Widest Bar stress Ule. ult, +
No. patbb. length Ceoating strength cracks crack for crack moment stress C/U
Thickness (psi} comparison
{in.) {mils} {rails)} {ksi} {k-in} (ksi}
==;:i===;======;=====;;======Z=;========;;:Z======;==:====;===:====::T;=:==:=;;;=:==:Z;:;========
B* N 12 0.0 8 7 42.1 813 65.3
5% N 12 9.5 5 7 42.1 609 49.0 0.75
2 6 s 12 oo 0 6 7 a7 so 4ss
6 s 12 8.3 3 9 6.7 511 43.1  0.94
6 C 12 0.0 5 5 6.7 610 51.4
6 c 12 8.8 6 5 36,7 466 39.3  0.76
s 8 s 16 o0 s & 7 259 w4 g
8 5 16 9.4 ¢ 5 25.9 768 8.7 0.9%0
8 N 16 0.0 5 g 25.9 B58 43.3
8 N 1é 9.5 7 7 25.9 737 7.2 0.86

* 4 refer to last page of table
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Table 2.5 (cont.) i1 Summary of the Beam Splice Tests

Group Bar pDef. Splice Average Concrete No. of Widest Bar stress ult. bit. +
No. patt. length Coating Strength cracks crack for crack moment stress /U
Thickness {pai} comparison

{in.} {nils) {mils) {ksl) {k-in} (ks

SP4 11 8 24 0.0 5850 5 7 24.0 1459 40.2
11 s 24 9.3 5 g 24.0 1053 29.0 0,72

11 C 24 ¢.0 7 7 24.0 13712 37.8
11 C 24 106.3 3 10 24.0 1128 31.1 0.82
Mean = 0.82

* These beams contalned 3 splices

+ C/U = Ratlo of bond strengths of coated to uncoated bars

05T



Table 3.1 Summary of beam-end tests for apecimens with standard configuration (bond strength
normalized to 2db cover and, for No. § bars, a 9 mil coating thlckness)

Bar Def. Group Concrete No. of Uncoated No. of Coated C/U+ U/U++ C/U++
size pattern No. strength uncoated bars coated bars group all all
{psi) bapg**r* Normalized bars*** Normalized
bond bond
force force
{lbs.} {1bs.)
5 s 9 5650 3 14154 11753 Q.83 1.01 0.84
5 8 21 5990 3 14598 12005 0.82 1.04 0.86
Average = 14376 11879 0.83 1,03 0.85
C 10 5599 3 13580 [ 13609 0.94 0.97 0.93
5 C 21 5890 3 15078 3 13020 0.86 1.08 0,93
Average = 14329 13014 0.91 1.02 0,93
5 N 11 5970 3 12964 3 119088 0.93 0.92 0.86
5 N 12 5940 3 14003 3 12425 0.89 o0 ¢.89
5 N 13 5840 3 13107 3 11977 0.51 a3 0.8%
Average = 13358 12133 0.91 0.95 0.87
average of all No. 5 bars * = 14021 12342 .08 1.00 0.88
s 14 5800 3 19363 [ 15498 ¢.80 1.00 0.80
[ 17 5850 3 18720 6 15525 6.83 97 0.81
Average = 19041 15511 0.81 0.99 0.80C
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Table 3.1 {cont.} : Sumnmary of beam-end tests for specimens with standard conflguration {bond
strength normalized to 2db cover and, for No. 6 bars, a 9 mil coating thickness)

Bar Def. Group Concrete No. of Uncoated No. of Coated C/U+ UsUus+ U+
size pattern No, strength uncoated bars coaked bars group aill all
{psi} barg*** Normallzed bars*** Normalized
bond bond
force force
{lbs.) {lbs,}
6 &4 14 5800 3 18733 [ 18112 .97 0,97 0,94
C 17 5850 3 18760 & 16056 0.86 0.97 83
Average = 18746 17084 06.91 4.97 0.89
[ N 14 5800 3 19309 3 15089 0.99 1.00 39
[ N 22 6300 [ 2038% 18486 0.91 1.06 13
Average = 20026 18687 .93 1.04 0,97
Average of all No. 6 bars * = 19271 17094 0.89 1.00 0.8%
8 B 3 6090 3 41384 9 29472 0.71 0,96 0.68
B 8 6 5870 2 45104 2 34512 4.77 1.05 0.84
8 5 15 6000 2 42680 & 31600 0.74 0.95 0.73
g s 18 4790 - 5430 3 41312 3 34064 0.82 0.96 G.79
Average = 42365 31303 6.74 0.98 0.73

+, +4, *, *x, *¥% yefer to last page of table

est



Table 3.1 {cont.) : Summary of beam-end tests for specimens with standard configuration (bond
strength normalized to 2db cover and, for Mo. & bars, a 9 mil coating thickness)

Ray Def. Group Concrete No, of Uncoated No. of Coated C/U+ U/Us+ C/U++
glze pattern Mo, gtrength uncoated bars coated bars group all all
{psi) bargtx* Normalized bars*** HNormallized
bond bond
force force
{lbs.} {lbs.)
8 c 2 5700 1 47184 37976 0.80 1.10 4.88
C 5920 3 36504 34784 0.9% 0.85 0.81
C 5870 415880 36600 0.78 1.07 0.83
Average = 41409 35584 0.90 0.96 0.83
8 N 4 6130 3 46104 3 37208 0.81 1.07 0.86
8 N 5870 2 43304 2 41296 0.95 1.01 0.96
g N 15 6000 3 43464 0 0 0.00 1.0r 0.060
] N 18 4790 - 5430 3 48256 3 38800 0.80 1.12 0.%0
hverage = 45461 38827 .84 1.06 0.90
Average of all No, 8 bars * = 430678 35238 0.83 1.00 0.82
11 s 19 5070 - 52706 3 35033 3 33138 0.85 6.%4 0.80
11 8 20 5260 - 5290 3 41994 3 41580 0.99 1.01 1.00
Average = 40513 37359 G.92 0,98 0.949
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Table 3.1 {cont.) : Summary of beam-end tests for speclmens with standard configuration {bong

strength normalized to 2db cover and, for Neo. & bars. a 9 mll coating thickness)

Bar bef, Group Concrete MNo. of Uncoated No. of Coated c/U+ UsU++ CrfU++
size pattern No. strength uncoated bara coated bars group all all
{psi) bars*** Normallzed bars*** Normalized
bond bond
force force
(ibs.} {Ibs.)
11 C 19 5076 - 5270 3 40417 3 30655 76 97 0.4
i1 C 20 5260 - 5290 3 40419 36162 89 97 0,87
Average = 40428 33358 0.43 0.97 0.80
11 N 19 5070 ~ 5270 42291 32148 0.76 1.02 0.77
11 N 20 5260 - 52990 3 44937 32625 0.73 1.08 ©.7%
Average = 43614 32386 0,74 1.05 0.78
Average of all No. 11 bars * = 41518 34367 0.83 1.00 0.83
Average of all bars ** = 0.86 1.00 0,85
+ Numerator and denominator based on group average
++ MNumerator based on group average. Denominator based on average for all
deformacion patterns of all groups for each bar size; each deformation
pattern welghted equally
* Each deformation pattern weighted equally
** Each bar size weighted equally
* Ak

Rars are bhottom-cast with nominal 2db cover, the bond forces are corrected
to 2db cover and for No. 5 coated bars, corrected to 9 mil coating

A



Table 3.2 summary of beam-end tests with bottom and top-cast bars in standard and deep
specimens with different slump concretes and degrees of consolidation

Bar Group Def Slump Cover No. Of Uncoated bars No. 0f Coated bars | B/T* }
asize No. pattern {in.} (db} uncoated normalized ceoated normalized CP* | | cru*

bars bond force bars bond force [ e T ]
{1bs.} {lbhs.) { usya C/C* /C*| group
R R R RS L L N o S SN E R ST T oL S S S S I S R T N oI L o o L S S Nl N RS R S S SN LRI oo oSS T oSS oS S S S oo oo s s oo nE S S oooo=S oSS m=sSzD=D===
3 14154 [ 117563 B 0,830

5 ] 8 4 2 1.228 1,097 1.321
3 11522 & 10714 T 0.930
3 13580 6 13010 B ©.958

5 10 ¢ 4 1/2 2 1.138 1.144 1.194
3 119232 [ 113178 T 0.953
3 12964 3 11998 B 0.92%

3 11 N 3 174 2 1.165 1.238 1.338
3 11732 3 9688 T 0.826

Average of No. 5 bars = 1.157 1.160 1.284
3 18720 6 15625 a 0.82%

[ 17 g 5 3/4 2 1.340 1.114 1.343
3 13973 2 13941 T 0.9598

Average of No. & bars = 1.340 1.114 1.343

* Refar to the last page of the table
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Table 3.2 (cont.) Summary of beam-end tests with bottom and top-cast bars in standard and deep
specimens with different slump concretes and degrees of consolidation

Bar Group  Def Siump Cover HNo. 0f Uncoated bars No. Of Coated bars | B/T* i
size MNo. pattern {in.) {dm uncoated normalized coated normalized cp* | Ccrur
bars bond force bars bond force frmre e e e ]
{lbs.} {lbs.) | usu* c/cx u/CY} group
FE S R T kS e b ey g E g e e e R R e e e R e
3 43464 - - B -
8 15 N 4 1/4 2 1.091 - -
3 39832 - - T -
______ g e o e e e e o o 2 e o 2 e o 2 e 8 20 0 e 1 T e e 1 2 A . . e e 23 1 1 e 2 2 1 1 e e
2 42680 6 31600 B 0.740
8 15 s 4 1/4 2 - 1,112 1,502
- - 2 28416 T -
3 31424 3 28520 B 0.908
8 18 N 4 1/4 1 1.149 1.238 1.364
3 27352 3 23040 T 0.842
3 48256 3 38800 B8 0,804
8 18 N 4 /4 2 1.256 1.155 1.437
3 38432 3 33592 T 0.874
2 59160 a 55696 B 0.941
8 18 N 4 1/4 i 1.139 1.180 1.254
1 51960 3 47192 T 0,948

* Refer to the last page of the table
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Table 3.2 {cont.) Summary of beam-end tests with bottom and top-cast bars in standard and deep
gpecimens with different slump concretes and degrees of consolidation

Bax dOroup bef Siump Cover No. OF Uncoated bars No, 0f Coated bars | B/T* f
gize HNo. pattern {(in.} {db) uncoated normalized coated normalized cpr | | c/up
bars bond force bars bend force fo e e i
{ibs.} {lbs.} { u/u* c/cx U/C*| group
k| 41312 3 34064 B 0.825
8 18 ] 4 1/4 2 1,189 1.1%3 1,399
3 34736 3 29536 N 0,850
Avarage of No. 8 bars in standard specimens = 1.1658 1.168 1.391
R R LD I NN N LS S s s I LI T D I N O N N N N N NS R L e R R T s I A D N N N SR R s R L I T L o N E R I SRR R En E E L T I N N N R s S S S R R R .
3 42744 3 36416 B 0.852
8+ 23 N 2 1/4 2 1.015 0.9%7 1.17¢0
3 42120 3 36520 by 0.867
3 42360 3 40488 B 0.956
8+ 24 N 2 172 2 1,131 1,170 1.225
3 37464 3 34592 iy 0.923
Average of No. B bars in deep spacimens {low slump vibrated) = 1.073 1.084 1.198
3 43848 3 35504 B 0.810
8+ 24 N 8 2 1.218 1.051 1.298
3 36008 3 13776 T 0.938
Average of No. B bars in deep specimens (high slump vibrated) 1.12% 1,073 1.221

* Refer to the last page of the table
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Table 3,2 (cont.}

Summary of beam-end tests with bottom and top-cast bars in standard and deep

specimens with different slump concretes and degrees of consolidation

Def

Slump Cover

pattern {(in.) {db)

]

No, Of
uncoated
bars

Uncoated bars
normalized
bond force

{1bs.})

No, Of Coated bars ] B/T* i
coated normalized (o1 L | I Cr/u*
bars bond force R D b |
(ibs.) { u/u* c/ex 0/C* | group
k| 32752 B 0,768
. 1.216 1,116 1.454
3 29344 T 0.836

Deep specimens

$ Non-vibrated specimens

* CP
B
T
B/T
usy
[of o4
wc

c/U

Casting position

Bottom

Top

Ratia,
Ratio,
Ratio,
Ratio,
Ratio,

bottom-cast bars to top-cast bars
uncoated bottom-cast bars to uncoated top-cast bars
coated bottom-cast bars to coated top-cast bars
uncoated bottom-cast bars to coated top-cast bars
coated bars tc uncoated bars

851



Table 3.3 Summary of the hypothesis testing on the average values from Table 3.2

e e e Lt e e e e L e e e e e e e e e

Bar Slump vV  Spec | Botrtom / Top (B/T) i Coated / Uncoated {(C/U) | }
size {in.} NV fype l--———mmmmm e i 2 I u/c !
* k4 | Uncoated } Coated { DeC §4 Bottom | Top { B&AT #f-wmmmmmmnemane |
i------- fmmm e frmm e |== [ S EEE R fowmewn fowwenan fommwwene I B | ratio | H |
| ratlio | H test¥| ratio | H test*} test | ratio | H test*| ratlo | H test*} test | | test*}
E 3 /4 - 4172 ¥ ST 1.1857 s 1.160 5 NS 0.504 8 0.9503 ] NS 1.284 k3]
8 4 1/2 v 5T 1.165% 5 1,168 3 NS 0.870 5 0.869 s NS 1.391 8
8 2 1/4 - 2 172 Vv D 1.073 5 1.084 8 NS 0.904 8 0.895% 8 NS 1.200 8
Average - low slump 1.132 - 1.137 - - 0.893 - 0.869 - - 1.292 -
& 5 3/4 v 57 1.340 g 1.114 5 s 0.829 g 0.998 NS 5 1.343 ]
g 8 v D 1.218 3 1.051 NS 5 0.810 3 0,938 N5 5 1.298 s
Average - high alump 1.279 - 1.083 - - 0.820 - 0.968 - - 1.321 -
8 8 Y D 1.216 s 1.116 3 5 0.768 s 0.8136 5 S 1.454 5

* H test : The results of hypothesls testing
5 = difference in bond strengths indicated by the ratio is significant with a confidence of 97.5 percent
NS = difference in bond strengths indicated by the ratioc is not significant with a confidence of 37.5 percent
V : Vibrated
MV : Not Vibrated
** Specimen type
3T : standard
D : deep
Hypothesis test for the difference in the B/T ratio for the uncoated and coated bars.
Hypothasis test for the difference in the C/U ratlio for the bottom and top bars.

65T
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Table 3.4 Sunmary of ultimate bond forces for vibrated and non-vibrated
specimens with different slump concretes .-

Concrece | Ultimate bond force (lbs.) |
CP* Slump Cosolidation strength [-——-—-—w—- =t o e |
(in.) * {psi) | u* c* |
2 1/2 v 5150 39297 37598
B 8 v 5880 43417 35130
g NV 5880 42256 32410
2 1/2 v 5150 34646 31951
T B v 5880 35658 33434
8 NV 5880 34717 25059

* CP : Casting position
: Bottom cast

]
T : Top cast
¥V : Vibrated
NV : Nen-vibrated
U : Ultimate kond force of umcoated bars

(not normalized based on concrece strength;
¢ Ultimate hond force of coated bars

{not normalized based on congrete strength)

(9]
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Table 3.5 summary of beam-end tests for bars with different covers
Rar Def € U* Cover |Normalized yltimare | | {
1 test bond force H c/u | Cr /U H
Mo, pat* P* (= {éb*) | {ibs.} ! group | {
----------------------------- I it e D B e e e e |
(Group No.; i BEF~ AV* NB * | BF* AV* | Bee AL
{8,13) 1 9380 10558 4 - - - -
{8,11,12,13) U 2 13446 13480 10 - - - -
{13) 3 16%12 15223 3 - - - -
(13} 4.8 23150 25858 1 - - - -

5 H B e e e T
(8,13) b3 9163 10136 4 0.518 0.960 - -
(8,11,12,13) ¢ 2 12564 12284 10 0.934 0.911 259 L163
{13} 15965 14892 3 0.944 0.978 187 1.105

{13} 4.8 22086 24571 1 0.954 0.950 - -

{17} v 2 - 18720 3 - - - -
2 S T LT T —p————

(17) c 2 - 1552% 6 - 0.825 - -
& B e e e e i o R e

(17 u 2 - 13973 3 - - - -
T G kil L i T L4l 44 S e LA e LS e T Y T kol e e

{17) 2 - 13941 2 - 0,988 - -

{1 1 27180 31598 - - - -

(1,18} U 2 39420 36812 - - - -

{1} 3 h1661 57671 - - - -

8 s e e o e b e
{3} 1 23052 25847 0.8438 0.818 - -
{1,15,18} c 2 350685 32693 0.890 0.888 .290 1.035

(1} 3 47077 50878 0.911 0.877 .194 1.374
(18} 1 30931 31426 3 - - - -
(4,6,15,18,23,24) U 2 44623 44436 17 - - - -
(18} 3 58316 159160 2 - - - -
B v e e o e e o i 2ot o e T e T e T T T T T . P e e a o TR T P T
(18) 1 26158 28521 3 0.846 0.908 - -
(4,6,18,23,24) C 2 12698 38666 14 0.83%0 4.870 .281 L2340
{18} 3 3238 55699 3 0.913 0.941 193 .253
8 B B i —— it e e e
(18) 1 27187 27354 3 - - - -
{15,18) 64 2 39320 39136 6 - - - -
(18) 3 51454 51560 1 - - - -
. U e - o e e e 2 S A o o o o
{is) 1 22551 23041 3 0,829 0.842 - -
{18} c 2 34622 338585 3 0.881 0.858 L2733 1.228
{18) 3 46692 471934 3 0.807 0.508 .187 1.206
-

Refer to the last page ¢f the table
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Table 1.5 {conc.) - Sunmary of bheam~-end tests for bars witch different covers
Bar Def C U~ Cover |Normalized ultimate | i {
| test bond force t c/u I c /U + |
Ne. pat* B C* (b} 1 {1ks.) I group H I
----------------------------- [ orm o s | e | v e o |
{Group No.) | BPF- AV NE *t BF~ AV i BF* AV}
{20} 1 34818 35467 3 - - - -
(20) &g z 46579 44334 3 - - - -
(20} 3 58240 59331% 3 - - - -
11 N B e e e e e e e e
(20} k3 2612 27943 3 0.748 ¢.788 - -
(20} 2 38530 32825 3 0.793 0.726 1.058 0.2%2¢
(23) 3 47731 50202 3 0.820 0.84% 1.025 1,117
C _____________________________________________________________
(19) 2 32187 22145 - - - -
(1 429%4 43022 3 - - - -
* Def Par : Deformacion pattern
cP : Casting position
B : bottom
T o oLop
uc : Uncoaced or goated
U : Uncoaced .
C : Coated
db : ber diamecer
BF : best fit wvalue
AV ;1 average value
3L : bonded length
BL+LL : bonded length plus lead length
NB : numper of test bars N

+ ‘This C/U rzctic is the ratio of the bond force for a coated bar to
the bond foarce of an unceated bar with 1db less cover
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Table 3.6 U/C values for bottom-cast bars in beam-end specimens with
different covers and comparison to the ACI epoxy bar factors

Bar Deformacicn Cover | U/C bottom bars § | aACI factors
size pattern {db) e e I bl
———————————————————————————— i |
{group) | BF = AV~ |
1 1.089 1.042 1.5
5 N 1.671 1.998 1.5
3 1.65¢% 1.022 1.2
(6,11,12,13; 4.8 1.048 1.083 1.2
& s 2 - 1.206 1.5
(17"}
1.182 1.101 1.5
] N 1.124 1,149 1.5
(4,6,15,18,23,24) 3 1.09% 1.063 1.2
1.337 1.269 1.8
11 N 1.261 1.377 1.5
{20} 3 1,220 1.182 1.2

s Strengch ratic of unceoated to coated bottom bars

* BF = best fit values
AV = average values

*=  ACT 318-8%, section 12.2.4.3 [(Epoxy factors)
1.8 bars with cover less than 3 db
1.2 bars with cover of 3 &b and greater

H



Table 3.7 Application of Orangun, Jirsa, Breen eqguation to the results of the beam-end specimens
with different covers

Bar { Best fit line Bg. | Kl values * | Cu** | Approach 1 | Approach 2 H
stze | Y = AX + B R it L bbb { fomm oo e fom o e l
—mmmmm s Cmm e [ | { {in.) 1 Poat | | ac
| A B i Kia | Klc | I K2 & K3 values * | *» | K2 & K3 values x | **
| i | I I it {dn) o bofin.) |
uncoated 0.625 K2u = 1.220 0.060 K2u = 1.594 0.150
5545,30 6814.%9 eeeeans K3u = 225.9 wonen-- Kiu = 212.0 reemeew
L et 3.879% 31,806 1.250 K2e = 1.220 0,108 K2e = 0.752 0,162
coated 000000 eeeemee Kic = 134.6 —r--e-- K3e = 212.0  -=----~
5440.98 5762.69 1.875 0.156 0.174
uncoated 1.000 K2u = 1.220 0.186 K2u = 1.492 0,353
13692,11 17239.19  —e--o—- K3u = 224.7 wve-o-- K3u = 212,0  ~we-eee
L I e 4.789 4.735 2.000 K2c = 1.226 0.336 K2c = -0.124 0.364
coated 0 ewee——- Kle = 149.2 ceeeeo- Klc = 212.0 e
13539.7¢ 12618.25 3.000 0.485 0.376
uncoated 1.410 K2u = 1.220  0.475 K2u = -1.000 1.195
8331.13  22012.8  mmmeeen Kiu = 145,88 ---e--- Klu = 212.6  ~----=-
I e 3.261  2.71%  2.820 K2c = 1.220 0.898 Kic = -2.763 1.476
coated mmmeee Kic = 93,2 eeee-- Kic = 212,00 e
6948.54 15662.35 4,230 1.32¢0 1.757

Orangun, Jirsa, Breen eguation ===> Pullout force ~ POF w Ahfs - {K1 Kes C + K2 “!s db + K3 Ab]J?Z

" Klu = K1 for uncoated bars Ki¢ = K2 for coated bars
Kle = K1 for coated bars Kiu = K3 for uncoated bars
K2u = K2 for uncoated bars K3c = K3 for coated bars

* & = Cc ~ Cu Co = cover of ceated bars Cu = cover of uncoated bars
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Takle 2.8 Top-bar factors

Bar Def.

Ne. Patrtern

(db)

Cover | B/T™ H

i - - |
[ U c/er /e 1 u/ue c/C™  U/C*
fom s ottt e e e t
i best fir value I average values

1.3138 1.160 1.372 1.149 1.238 1.364
1.135 1.147 1.289 1.135 :1.151 1.323
1.3133 1.140 1.248 1.13% 1.180 1.25%4

the bottom bars to tep bars

uncoated bottom bars to uncoated top bars
coated bottom bars to coated top bars
uncoated bottom bars Lo coated Lop bars
coated bars to uncecated bars



Table 3.9 Summary of the beam-end tests for specimens with transverse reinforcement and comparison
with the specimens without transverse reinforcement

i
|
B D { Normalized ultimate Bond force {lbs.} | Ratios { Normalized ultimate bond force {(lbs.)i Ralio |
B P frrmem e e e s e R et fmmm - I Ktr
{ N uu* N Uck N CU* N CC* | CC/CU | CC/uC CC/uU Ccu/uu | N CU* N CC* t CcC/cu |}
i B* Bi B* B* l ‘ I B* B* i E
] 3 14154 6 11753
3 14598 6 12008 3 14639 3 12301 9o.84¢0 1.036 0.856 1.01% 3 9372 3 7737 0.826
avyg 14376 11879
B e v o e T T T 4 8 e 4.41
3 12964 3 11998
N 3 14003 3 12425 3 15142 3 13540 0.894 1.116 1.014 1.134 3 9222 3 71829 0.849
3 13107 3 11977 ,
avy 13388 12133
Average of No. 5 bara 0.887 1.076 8,935 1.074 0.838
3 41384 9 29472
5 2 45104 2 34512
2 42680 6 31600 3 48494 3 39145 0.807 1.251 6.924 1.145 3 34758 3 29386 a.845
3 41312 3 34064
B e e o e o e T e B 2,76
avg 42385 31303
+ No. 5 lead length = 0.625 standard lead length = 2,375
No. 8 lead length = 1.000 standard lead length = 3,750
t B S5 : Bar size UU ¢ Unconflned uncoated bars UC  : Unconfined coated bars
D P : Deformatlion pattern cl : confined uncoated bars CcC : Confined noated bars
¥ 8 : Number of the bars in each group
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Table 3.9 [cont.} summary of the beam-end tests for specimens with transverse reinforcement and comparison
with the specimens without transverse reinforcement .

l
|
B D |} Normalized ulcimate Bond force (lbs.} | Ratios I Hormalized ultimate bond force (1bs.}] Ratio:}
8 P e R R bl L R BT e frm e jomwm—- | Ktr
I N U N ucH N cu* N cCc* | cC/CU | CC/UC CC/UU CU/UU | N cu* H o cch I ce/eu |
{ B B* B* B* | { | B* B* | I
:====n==z=====::=::=::::::=:==:-.:==2=:::2::::2:::2::::::::::::::::::::::::::::::::2:::2::::::::::::::::::::::::::::::::::::::::::
3 46104 3 37208
N 2 43304 2 41296
3 43464 - - 3 46511 3 41525 0.893 1.06% 0,913 1,023 3 36571 3 29885 0,840
3 48256 3 38800
B o o e L T T T e S e 2.76
avy 45461 38827
Average of No. 8 bara 0.850 1.160 0.919 1.084 0,843
8 3 35033 3 33138
3 41994 3 41580 4 56016 4 49146 0.983 1.316 1.213 1,235 - - - - -
avg 40513 37359
T 0 e s o e e e o e e e e S m oo - 1,985
N 3 42291 3 32148
3 44937 3 32625 5 53927 4 46759 0,867 1.444 1.072 1.236 - - - - -
avyg 43614 32386
B e e N e e e S S e e e e - e
Average of No. 11 bars 0.925 1.380 1.143 1.236 -
Average of all bars 0,881 1.205 0.9%99% 1.132 0.840

+, * refer to the first page of table
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Table 3.10 Summary of beam-end tescs for specimens with high strength and nermal
' strength concrete contajining No, 6 bars (Bonded length = 4.5 in.}

e -

C Def Group Concrete 1 Ultimace bond force (lbs.) 1
P pat No. strength NU* NC* je—mme v e e e o e - ——— e |
* {psi) { Normalized bond i | Nen-normalized bond |
1 foree (lbs,) + 1 C/U H force (1ibs.) |
e H e |
- | U c* | ! U= c* t
N 14 580G 3 19310 19089 0.28% 18988 18756
c 14 5800 3 18734 18113 0.8c7 18414 17802
c 17 5880 3 18761 16056 0.856 18522 15854
N 22 6300 [ 20385 18486 0.807 20885 18923
Average of 321l N & C pattern 18518 17771 0.5%21 19538 17702
14 5800 3 19364 15498 800 19040 15237
17 5850 3 18720 155258 829 18486 15232
B i e e o o o 7 S o e e B e o e i A e e o
Average of all $ patrern 19042 183512 0.81% 18753 15285
Aﬁerage of all the patterns 19380 16550 0.882 18317 16822
] 29 12920 3 3 12642 10776 0.843 1B581 15638
T 3 17 5850 3 13973 13841 0.998 13788 137561
s 29 1292¢ k! 3 311238 10637 0.540 16677 15660

* C P : Casting position

NU : Number of uncoated bars in each group
NC : Number of coated bars in each group
4 : Uncoated bars

[ : Coated bars

+ The bond forces are normalized to 6000 psi concorete strangth



Table 3.11 Summnary of beam-end tests for specimens with hooks

Bar Degree | No. of bars | Group | Normalized ultimate bond force {lbs.) c/u {
size of i I Ho. f------mrmmmmom oo fmmmmrm e e e |
bend  |---ss-m-mm- - - ' 1 j ' {
| U* UCc* RC* | | g* uck RC* t A1l uc* RC* |

0+ [ - 10 13791 12841 - 0.931 - -

6 - 21 14532 13181 - 0,967 - -
5 90 3 3 3 26 26278 18565 17748 0.894 0.913 G.875
180 3 2 3 25 17165 17994 16386 0.892 1,048 0.855
Average of No. 5 hooks = 0.919 0.981 0.915

i 3 - 2 47164 37976 - 0.805 - -

0+ g - 5 36504 34784 - 0.953 - -

2 - & 45874 35508 - 0.776 - -
B oo e e e T 3 4 e e 52 4 A e e
949 3 3 3 26 544560 49707 53653 0.949 0.913 0.98%

RN SRR R REA T RN LI O SRR R R R R RN R R T R R R TR AL D I L D I oD I o D e R L s L N R R LT L I L L N N N N e A e S e S o T s o T o S s ne s S oo
Average of all hooks ++ = 0.946 0.958 0.938
* oy ; Hncoated bar

UC 1 tnrepalred coated hook or straight coated bars

RC : Repajred coated hook

All : The value of € In the C/U ratle is the average of all
of the repaired and unrepaired coated hooks

+ 1 Stralght bars
++ 1 Averaga of all € - pattern hooks in groups 25 and 26
(Average of 0.8%4 , 0.992 , 0.949}
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Table 3.12

Comparison of the unconfined beam-end tests with the Orangun, Jirsa, and Breen (1977)
equation and ACI (1989) design provisions

i Ultimate bond force (lbs.) | Comparlison }
B D C U € N femmmmmm oo e o e e mmmm e e e i ACT
8 P P B 1 tPredicted 0JB* [predicted ACI| test / OJB ) test / ACI | factors
L Test [T fomm o  JRIRR R I s
| {normalized)} | BL* BL+LL* | BL* BL+LL* } BL* BL+LL* | BL* BEL+LL* |
RN N SR I S N T RN RN N S r T R NN N e R N N N R e N R I O N N N R N N N R N N I O T I I T T T R e N N I O ST SN E R R S C IR RS R EERa
u 2 [ 14376 1.559 1.196 1.697 1.011
B ~wmuimmm ot s o 9222 12025 8472 4221 mrememememems e i 0.8
¢ 2 12 11879 1.288 0.988 1.402 0,835
U 2 3 116522 1.249 0.958 1,768 1.053 -
T ommmmm e mem e 9222 12025 6517 10930 cmmmmmme o 0.8,1.3
¢ 2 & 10714 1,162 0.891 1.644 0.979
__________________________________________________________________________________________________________ Ly
u 2 6 14329 1.55%4 1.192 1.601 1.6008 ©
B mrommmmmmmm e m e 9222 12025 8472 14221 —-cmmemmmmmmm e 0.9
c 2 12 13014 1.411 1.082 1.536 0.915
u 2 3 114832 1.294 0.992 1.831 1.051
L 9222 12025 6517 10939 m--mmmm oo e 6.8,1.3
c 2 & 11375 1.233 0.946 1.745 1.040
B e e o o o e e e e e e -
1 4 10558 7484 9108 4236 711 1.411 1.159 2.492 1.485 0.8,2.0
g o 2 g 13358 9222 12025 8472 14221 1.448 1.111 1,577 0.93%
3 3 15223 10959 14941 8472 14221 1,389 1.019 1.797 1.070 0.8
4,8 1 25856 14086 20190 B472 14221 1.8386 1.281 1.052 1.818

, + Refer to last page of table



Table 3.12 (cont.} Comparlson of the unconfined beam-end tests with the Orangun, Jirsa, and Breen {1877)
equation and ACI {1989) design provisions

{ Ultimate bend force {1bs.) § Compayison I
B D € U € N |--wrmmmmm o mr e e o | ACI
8 P P C C B |Predicted OJB* |predicted ACI| test / OJB | test / ACI | factors
LA L . * Test o e frmm e e oo {mm e e i +
| {normalized) | BL* BL+LL* { BL* BL+LL* | BL* BLs+LL* | BL* BL+LL* |
1 4 10136 7484 | 9108 4236 7111 1.354 1.113 2.393 i.425 0.8,2.0
c 2 9 12133 9222 12028 8472 14221 1.316 1.609 1.432 0.853
3 3 14891 10959 14941 8472 14221 1.359 0.997 1.758 1,047 0.8
4.8 1 245871 140868 20190 8472 14221 1.744 1.217 2.900 1.728
I v e e W R e o B 4 i 4 A ek kB i b e e e e o o e e e
1 1 10165 7484 9108 3259 5470 1.358 1.116 3.119 1.858 0.8,2.0,1.3
U 2 4 12028 9222 12025 6517 10939 1,304 1.000 1.B46 1.100 0.8,1.3
T _____________________________________________________________________________________________________
1 1 8768 7484 9108 3259 5470 1.172 0.963 2.690 1.603 0.8,2.0,1.3
c 2 3 9688 9222 12025 6517 1093% 1.651 0.806 1.487 0.886 0.8,1.3
Average of all No. 5 bars uncoated bottom 1.495% 1.148 1.825% 1.087
coefficient of variation 6.061 0.063 0.205 0.205
coated bottom 1.363 1.639 1.607 0,95%7
coefficient of variatlon 0.058 6.052 0.218 0,219
uncoated top 1,291 0,997 1,936 1.154
coefficlent of variation 0.024 0.042 0.194 0.194
coated tep 1.168 0.900 1.718 1.023
coefflicient of variation 0.058 0.058 g.156 0.156

* , + Refer to last page of table
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Table 3,12 {cont.) Comparison of the unconfined beam-end tests with the Orangun, Jirsa, and Breen {1977)
eguation and ACI {1989} design provisions

i Ultimate bond force (lbs.] i Comparison |
B D € U € N femsmmmem oo e oo e e o o e e { RCI
$ P P C C B |Predicted oJB* {predicted ACI} test / QJB | test / ACT | factors
LA A R A | Test frmmmm e o e L bt l=mmmmmrmmm e i +

| {normalized)} BL* BL+LL* | BLY¥ BL+LL* | BL* BL+LE*Y | 8|L? BL+LL* |

18 B [ 15041 1.410 1.098 1.748 1.085
- 13507 17347  10B93 17540 - wmemmeeme oo 0.8
c 2 12 15511 1.148 0.894 1.424 0.884
S _______________________________________________________________________________________________________
u 2 3 13973 1.035  0.805 1.668 1,635
S P 13507 17347 8379 13500 —eememmmem oo oo 0.8,1.3
c 2 2 13941 1,032 0.804 1.664 1.033
S -
U2z 6 18746 1.388  1.081  1.721  1.068 ~
€ B wemesssmcameai e 13507 17347 10893 17543 - m—mmmessesmnm e
c 2 12 17084 1.265 0.985 1.568 9.974
———————————————————————————————————————————————————————————————————————————————————————————— 0.8
u 2z 9 20026 1.483 1.154 1.838 1.141
N B oerresesa e 13507 17347 10893 17849 - e
c 2 g 18687 1,384 1,077 1,716 1.065%
Average of all No. & bars uncoated bottom 1.435 1.117 1.779 1.104
coefficient of variation 0.030 0.029 0.029 0.030
coated bottom 1.2585 0.917 1.556 0.966
coefficlient of variation 0.075 0.074 0.074 0.074

* . + Refer to last page of table



Table 3,12 {cont.} Comparison of the unconfinzd beam-end tests with the Orangun, Jirsa,
equation and ACI (1989) design provisions_

and Breen {1977)

| Ultimate bond force (lbhs.) ] Comparison ]
B D € U C O I R fmm e e e i ACI
g p P C C B t |Predicted OJB*|predicted ACI{ test / QJB [ teat / ACI | factors
LA A L Tast |mmr e |ommmmm e Jomrmm e o e e T i +
| (normaiized}| BL* BL+LL* | BL* BL+LL* | BL* BL4+LLY | BL* BL+LL* |
uncoated top 1.035% G.805 1.668 1.03%
coefficient of variation - - - -
coated top 1.032 0.804 1.664 1.833
coefficlent of variatlon - - - -
v 2z 10 42365 28012 135061 19366 28442 1.5612 1.208 2.188 1.450
B o e ekt b e 0.8 =
c 2 20 31303 28012 35081 19365 28442 1.347 0,893 1.616 1,101 w
G o e e e e B e A S o e e S e et e e e R e s e e e e e e e e e
1 315948 21687 25771 7448 10939 1.457 1.226 4.242 2.889 0.8,2.6,1.3
U 4 36812 28012 35061 14896 21879 1.314 1.050 2.471 1.683
3 1 57671 34337 44351 14896 21879 1.6890 1.3060 1.872 2.636 0.8,1.3 s
']" ____________________________________________________________________________________________________
3 25847 21687 25771 7448 10939 1,192 1.003 3,470 2.363 0.8,2.0,1.1
C 32693 28012 15061 14896 21879 1.167 0.932 2.195 1.4%4
3 3 50578 34337 44351 14896 21879 1.473 1.140 3.39% 2.312 0.8,1.3
T T e
1 1 31846 21687 25771 9682 14221 1.4¢68 1.238 3.289 2.239 0.8,2.0
u 2 41409 28012 3590s81 13365 28442 1.478 1,181 2.138 1.45%6 0.8
0 B st e e e v e e e e e e e e e e e e e e e e e e e e e e e
1 3 25820 21687 25771 9682 14221 1.191 1.002 2.667 1.816 0.6,2.0
¢ 14 i5564 28012 350461 19365 28442 1.270 1.015 1.838 1.251 0.8

* , 4+ Reafer to last page of table



Table 3.12 (cont.} Comparison of the unconfined beam-end tests with the Orangun, Jirsa, and Breen (1%77)
equation and ACI (1989) design provisions ’

| Ultlmate bond force {1lbs.} ] Compatrison i
B D € U € N lom-remommmms e s oo T ! ACI
5 P P C C B | |Predicced OJB* {predicted ACI{ test / 0J8 } test / ACI | factors
L S Tasgt [P [ e [mmmm o mm e fovrem m e I +
V{normalized){ BL* BL+LL* | BL* BLsLL* | BL* BL+LL* { BL* BLALLY |
1 3 314326 21687 28771 9682 14221 1.449 1.219 3.246 2.210 ¢6.8,2.0
g 2 11 45461 28012 35061 19365 28442 1.623 1.297 2.348 1.598
3 2 59160 34337 44351 15365 28442 1.723 1,334 3.058 2,080 0.8
B s o r L e A o T N o T e L Mk T S R M e T e e g A VU VO
3 28523 21687 25771 9682 14221 1.315 1.107 2.%46 2.006 0.8,2.0
C 8827 28012 350861 19365 28442 1.386 ¥,107 005 1,365
3 55699 34337 443581 19365 28442 1.622 1.256 876 1.858 0.8
[ e i e T e T T TSP
1 2735¢ 21687 25771 7448 10939 1.261 1.661 1,673 2.501 0.8,2.6,1.3
u 2 39138 28012 35061 14896 21879 1.397 1.116 6237 1.78%
3 1 51960 34337 44351 14896 21879 1.513 1.172 3.4a88 2.375 0.8,1.3
L o o i e e v e e e kb o e e e e Ak e e %E R b L T A A e e b e = M e e
23041 21687 257711 7448 10938 1.062 0.894 3.09¢ 2.106 0.8,2.0,1.3
c 2 33595 28012 35061 148596 21873 1.199 ¢.958 2,255 1.583%
47194 34337 44351 14896 21879 1.374 1.064 168 2.157 0.8,1.3
Average of all No. 8 bars uncoated bottom 1.549 1,242 2.414 1.644
coefficient of varlation (.05 0.041 0.158 6.156
coated bottom 1.247 1.600 1.952 1.329%
coefficient of variation 0.109 0,104 0.221 0.221

* , + Refer to last page of tablas
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Table 3.12 {cont.} Comparison of the unconfined beam-end tests with the Orangun, Jirsa, and Breen (1877)
eguation and ACI (1989) design provisions

| Ultimate bond force (lbs.) t Comparison : ]
B D C U C H |=rewmemnmsnesnmesmronrosressmo——aeenan frm o e e i ACI
5 P P C C B | |Predicted OJB*|predicted ACI| test / 048 } test / ACI | factors
L A * | Test [ e LT R b T [ e e e et | + ,
| {(normalized)| BL* BL+LL* | BL* BIL+LL* | BL* BL+LL* | BL* BL+LL* |
uncoakted top 1,379 1.111 3.017 2.054
coefficient of variation 0.076 0.062 0.200 ¢.200
coated top 1.228 0,984 2.770 1.886
coefficient of variation 0.102 0.080 0.197 0,158
u 2 6 40512 0.822 0.761 1.860 1,594
8 B oo 49312 53261 21786 28416 rrrmemmmecmmne e e
c 2 6 37359 0,758 0,701 1.71% 1.470
wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 0.8
U 2 3 40428 0.820 0.75% 1.858 1,591
C B v e 48312 53261 21786 25416 -——-------mmmm e
c 2 6 33358 0.676 0.626 1.511 1.312
T e e e e o e ot et L e 0 b M e 8 e e e e e
3 35467 39347 41635 10893 12708 0.901 0,852 3.256 2.791 0,8,2.0
i u 2 [ 43614 49312 53261 21786 25416 0.884 0.819 2,002 1.716
3 59319 59277 64887 21786 25416 1,001 0.914 2.723 2.334 0.8
B o oo o e e o e e B S B ) e e e e e e e e e e e e
1 3 27443 19347 41636 10893 12768 6.716  0.671 2.565 2,199 06.8,2.0
c 2 [ 32386 49312 53261 21786 254186 0.657 0.608 1.487 1,274
3 6 46613 59277 64887 21786 25416 b.786 0.718 2.140 1.834 0.8

* , + Refer to last page of table
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Table 3.12 (cont.} Comparison of the unconfined beam-end tests with the Orangun, Jilrsa, and Breen {1877}
equation and ACI {1989) design provisions

i Ultimate bond force (lbs.) ] Comparison |
B D C U € W e e et I ACI
g p P CC BI |Predicted 0Jp* {predicted ACI{ test / OJB | test / ACI | factors
LR L Test R e L TR L frmm frmm e fommem 1 +
t{normalized}} BL* BL4LL* | BL* BLiLLY | BL* BL+LL* | BL* BL+LLY |
Average of all Ho. 11 bars uncocated bobtom 0.869 0.806 2.177 1.866
coafficient of variation 0.068 0.066 0.226 0.226
coated bottom 0.718 0.664 1.812 1.553
coefficient of variation 0.071 0,087 0,199  0.199

Average of all bars uncoated boktom 1.337 1.078 2.049 1.425%
coefficlent of variation 0.062 4.047 0.154 0,154
coated bobktom 1.143 0,920 1.732 1.201
coefficient of varlation 0,078 0,074 0.178  0.178
uncoakted top 1.216 8.971 2.207 1.414
coefflicient of varlation 0,060 $.052 0.197 0.197
coated kop 1.143 0.8%6 2.051 1.314
coefficient of variation ¢.079 0.069 0.177 ¢.177
+ ACI 318-8% factors for development length * BS 1 Bar Size CC : Concrete cover in terms of bar diameter
0.8 : ACI 12.2.3.4 {for bars with edge DP : Deformation pattern 0JB : Orangun, Jirsa, Breen {1977)
cover of more than 2.5db} BL : Bonded length BL+LL : Bonded length plus lead length
2.0 ¢ ACI 12.2.3.2 {for bars with cover NB : Number of bars in each group
of 1 db or less) UC : Uncoated or coated {J : Uncoated C : Coated)

1.3 ¢ ACI 12.2.4.1 (for top-bar factor} CP : Casting position {B : Bottom F : Top)
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Table 3,13 Comparison of the confined beam-end tests with the Orangun, Jirsa,
and Breen (1977) eguation and ACI {1989%) design provisions

! Ultimate bond force {lbs.) § Comparison |
B D € U € N fommmom e oo e b e !
P P C C B I |Predicted OJBY{predicted ACII test / OJB { test / ACYT
ok & 4 L Test e L LT fomm e {mmm e R i et f
{{normalized) | BLY* BL+LL* | BL* BL+LL* | BL¥ BL+LL* | BL* BLALLY |
g 2 3 14639 1.043 0.728 1.728 1.02%
B B ommmmmmmmmmmmmeeeem e
c 2 k] 12301 0.87¢6 0.612 1.452 0.865%
I i ettt 14041 20134 B472 14221  ~--ememeeeeemrrrr e
o o2 3 15142 1.078 0.753 1.787 1.065
H B -—osmmrmmm e e e s e
c 2 3 13540 0.964 0.673 1.598  0.952
Average of all No. 5 uncoated bars 1.061 0.741 1.758 1.047
Average of all No. 5 coated bars 0.920 0.643 1.525  0.909
u 2 3 48494 1.244 0.948 2.504 1.705
§ B reremmmmmemwansamsanes e
c 2 3 39145 1.004 0.765 2.021 1.376
I e et 38978 51167 19365 28442 | mmmmeeme e
u 2 3 46511 1.193 0.909 2.402 1.635
H B ~--r-mrcrrrmcsnsmmsman e
c 2 3 415265 1.065 0.812 2.144 1.460
hAverage of all No. 8 uncoated bars 1.21% 0.929 2.453 1.6790
Average of all No. B coated bars 1,035 0.789 2.083 1.418

* refer to the last page of table

LLT



Tabl

i Ultimate bond force ({1lbs.) 1 Comparison |
C U € N l-rommmmm s wumnm v n v nm formem e e {
pop ¢ B IPredicted OJB* jpredicted ACI] test / OJE | teat / ACI |
* ko * Test frmmmm e |- [ R L L AL |
{{normalized){ BL* BL+LE* | BL* BL+LL* | BL* BL+LL* ]  BL* BL+LL* |
U 2 4 50016 0.812 0.740 2.296 1.968
B8 B r-rmrmrmwmmm e SR s sd SRR R T
c 2 ] 49146 0.798  0.727 2.256 1.534
11 mmm e 61565 67556 21786 25416 oo s
U o2 L3 53927 0.876 0.798 2.475 2,122
L et b i L R L
c 2 4 46759 8.760  0.692 2.146 1.840
hverage of all No. 11 uncoated bars 0.844 0.769 2.386 2.045
Average of all No. 11 cocated bars 0.779 8.710 2.2601 1.887
B R e A e e e e e e e e e e e e
IR E R T DO o o S o R N N E TR R N N N NN R N N N S A L N N N R S R e N M I M IO ID NI ORTIIIZRIRSSS
Average of all uncoated bars 1.041 0.813 2.199 1.887
Coefflcient of variation 0.148 0.102 0.162 0,259
Average of all coated bars 0.5%511 0.714 1.936 1.4905
Coefficlent of variacion 0,115 g.084 0.152 0.284
* BS ¢ Bar Slize cC 1 Concrete cover in terms of bar diameter
np : Deformation pattern NB : Number of bars in each group
CP : Casting position BL : Bonded length
B : Bottom BL+LL : Bonded length plus lead length
T : Top oJB 1 Orangun, Jirsa, Breen (1977} equation
o ; Uncoated or cecated

e 3,13 {cont.) Compatison of the confined beam-end tests with the Orangun, Jirsa,
and Breen {1977} equation and ACI (1989} design provisions

0 : Uncoated C ¢ Coated

BLT
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Table 3.34 Comparison of the splice tests with the Orangun, Jirsa,
and Breen (1977) equation and ACI (1989) design provisicns N
B Concrete D U Cover | Bar Force (lbs.) | ! ACT
S strength P ¢ fo - ] testsfO5B test/ACT | facrors
* {psi) o {db*) | Test QJIB™ ACT | { bl -
U 1.860 18375 1.218 1.284 0.8,1.4,1.3
U+ 1.60 20243 1.263 1.342
———————————————————————————————————————— 0.8,1.4,1.2
5 5360 N <+ 1.80 15180 1594¢ 15085 0.%53 1.007
Average of uncoated No. 5 splices 1.242 1.313
Average of coated No. 5 splices 0,953 1.007
i 1.33 20152 1.044 1.262
§ mrmmmmmmmmemm e e 0.8,1.4,1.3
C 1.33 18964 0.983 1.187
6 6010  meeemememere e 19298 15873 ——em e e e
U 1.33 22616 1.172 1.416
C wmmmem i e i o e i 0.8,1.4,1.3
C 1.33 17282 0.8%6 1.083
Average of uncoated No. 6 splices 1.108 1.33%
Average of coated No, 6 splices 0.%40 1.13%
u 1.50 34049 0.929 2.003
§ mmmmm e meee e 1.4,1.3
C 1.50 36873 0.834 1.739
8 EGB0 | —mme e e 366864 16896 ——— e e
u 1.50 34207 $.933 2.013
N —cmmmme s e 1.4,1.3
c 1.50 29388 G.802 1.729
Average of unccated No. 8 splices 0.931 2.008
average of coated No. 8 splices 0.818 1.764
*  ** 4+ Refer tc jast page of table
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Table 3.14 (cont.} Comparison of the splice tests with the Orangun, Jirsa,
and Breen (1977} equacion and ACI {1989) design provisions

B Concrete D U Cover | Bar Foree {(lbs.) | t ACT
s scrength P C |- —-— ! test/OJB test/ACT | facrors
bl (psi) *  * {db*) | Test oJB* ACI ¢ [ bdd
U 1.42 62712 G.866 2.487
S e s e e e e e st 1.4,1.3
c 1.42 452440 0.625 1.794
11 5850 2 sereeee s ssssns s ———— Ta421 2E2I5 e e et e e
U 1.42 58968 0.814 2.339
C rrvwmmsmer e n e em s e e 1.4,1.3
o 1.42 48516 0.870 1.924
Average of unceoated No. 11 splices 0.840 2.413
Average cf ccocated No. 11 splices 0.648 1.859
Average cf all unccated splices 1.030 1.768
Coefficlient of variation 0.151 L2683
Average of all coated splices 0.824 1.5%03
Coefficient of variation 0.148 G.23%

+ These beams contained three splices

* BS : Bar size
PP : Deformation pattern
UC : Uncoated or Coated
U : Uncecated
C : Coated
db : Bar diameter

OJB : Crangun, Jirsa, Breen (1977) equation

** ACI factors : ACI factors for development length, ACI 318-89,
Ssections 12.2.3.1 - 12.2.3.4 and 12.2.4.1

0.8 : ACT 12.2.3.4 {for bars with edge cover of more chan 2.5db)
1.4 : ACI 12.2.3.3 {for bhars with a cover between 1 and 2db}

1.3 : ACY 12.2.4.1 {for teop-~bar factor)
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Face angle of the rest bars

Average face angle for all

| Face angle (degreas) | i
Bar Deformation | --=] deformation patterns {degrees} 1
size pattern i- 2 e ——————— e 1
] i il 3~ 1
T am wm e
s o< 2935 45.91 45.235 3143 46.98  47.83
Cow 671 sias 5103
s 2705 asss asas
s e ;;";;_--;;";;"””;;T;;”' 33.44 48.67 50.22
s .08 4974 .56
s o ases asos
e o 28.45 5205 S5l 3161 5154 5382
. 35.10 5580 55.20
dea0 seoe ssai
T .61 as.09 4s.az L4l 4770 4.8
s 291 43.20 332
wverage of a1l meze 11 4e73 avws

* 1 : Average
Maxinum
3 Meximum

face angle around
face angle around
face angle around

rhe circumference of
the circumference of
the circumference of

at the mid-height of the deformations (Appendix A)

the bar {Appendix A)
the bar (Appendix A)
the bar
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Table 4.2 Number of nodes and slemencs in the finite element
-model (exterior concrece substructure and link
elements) for each case

Case structure * Nodes Elements

1 in. lead leng: bloek 1717 1200
2 db zover links - 374
2 in. lead length block 1653 1152
1 db cover links - 342
2 in. lead lengch block 1819 1350
2 db cover links - 418

in. lead length block 21686 1548
3 db cover links - 494
3 in. lead lengz bleck 2121 1500
2 db cover links - 462

* Dblock : eigth node brick elemencs for the
exterior concrete model
links : two node rod elements conecting the
exterior concrete model to the crack plane
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Table 4.3 Ultimate lateral force amd corresponding displacement
of the finitre element models

Case { This study ¢ | Chei, Darwin, McCabe (1950)
jm———- | o e I
i Peak load Displacement | Peak load Displacement |
f {1lb.) {inn.} i {1b.} {in.} ]
1 in. lead length 8883 0.00380 7984 0.00237
2 db cover
2 in. lead length 9375 0.40371 7270 G.00223
1 db cover
2 in. lead length 10130 0.00358 SE50 0.00197
2 db cover
2 in. lead length iicel 0.0035) 12221 0.00241
3 éb cover
3 in. lead length 12444 0.00414 11649 0.00205
db cover
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Reinforcing Bar Deformation Patterns
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Fig. 2.15  Crocked Beam—end Specimen




Fig. 2.16
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Cracked Confined Beam—end Specimen
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Fig. 2.17  Cracked Splice Specimen
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(@) Uncoated Bars

(b) Epoxy—Coated Bars

Fig. 2.18  Test Bar Appearance (beam splices)
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Fig. 4.13  Crack Opening Stress—Displacement
Relationship (Petersson 1979)
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F Fig. 4.14 Strcightf»l.ine Approximation of Crack Opening

~ Stress—Displacement Relationship (Petersson 1979)'
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APPENDIX A: BEARING AREA CALCULATION OF REINFORCING

STEEL

An important characteristic of reinforcing bars is the bearing
area of the deformations per unit length of the bar. There are no
methods in ASTM A 615 (1987) for measuring the bearing arsa.
Therefore, the following tachnique was developed for this task.

In this technique, the bearing area is calculated based on
closely spaced measurements. As illustrated in Fig. A.1l, the
deformations are measured at n (typically 20) positions around the
circumference. To carry out the measurements, the bars are mounted
in a Vlathe as follows:

1) The bar is placed in the grip assembly of the lathe, which
helps to match the center of the lathe and the bar. The
wheel of the lathe is divided into n circumferential
divisions of equal size, i.e., 20 divisions, 18° apart
(Figs. A.1 and A.2).

2} Using a dial gage, the deformations are measured at points
as illustrated in Figs. A.3 and A.4. At each division,
dial gage readings are obtained with the tip of the dial
gage at points A, Cl’ Dl, I{l, Bl’ B, BZ’ Mz, D2, 62. The
longitudinal dimensions of the ribs El’ EZ’ F, are
measured. After each set of measurements, the lathe is
rotated te the next division and the process 1s repeated,

The widths of the longitudinal ribs (gaps) at the top and
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Step 1.
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the bottom of the deformation, Gll’ G12' G21, G22 are
measured with a caliper (Fig. A.1). The heights of the
longitudinal ribs (not showm), d1 and d2’ are measured
with the dial gage. The width of the small longitudinal

rib, G is wmeasured with caliper. To determine the

4
height of the small Iongitudinal rib, d3, the height of

the rib, ¢ is measured with the dial gage. The values

3,

11° GIZ’ 217 G22, G3, and G4 are the average of two

values measured at each side of the deformation. Data

of G G

from these measurements are shown in tables A.1 - A.26 for
No. 5, 6, 8, and 11 bars with 8, ¢, and N-pattern
deformations., No. 3 bars are only C-pattern. Each bar
size and deformation pattern is measured twice.

After the table is complete, the following steps are used

to calculate the bearing area.

radius of the wheel 0f the lathe

w
B

pd
i

1 smaller value of Cl and Dl

2 smaller value of C2 and 32

8 (Imnitializing the bearing area of divisions)

ka
]

[
R

Repeat from n = 1 to 20

B + B + B
A+ {n) lén) 2{n) (A.1)

wl(n) - R -

+ X
I 1eS) 22y *.2)

WZ(n) =
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R B + B + B
- : {n+l1} 1{n+1) 2{n+1)
Wl(n+1) - R - A+ 3 ) (A.3)

+ X
5o T B o
Wons1) =R - &7 2 . (A.4)
W + W 2 W + W 2
T 1(m) 1{n+1) 2(n) 2(n+l)
Y =Y + 2

in which Wl and W2 are the measured radius of the top and the

bottom deformation and Z is the bearing area of each division.

Step 2. Calculate the bearing area.

G + G G + G 4., G
i1 21 12 22

Spacing of the deformation

Bearing Area = (A.6)
4) The face angle of the bars 1is calculated using three
approaches. YFor every approach, the measurements of the
deformations at 20 equal intervals around the circum-
ference of the bar (Tables A.1 - A.26) are used for the
determination of face angle of every bar. The three
approaches are:
a) In this approach, it d1is assumed that the line
connecting the base of the deformation to the top of
the deformation 1s a stralight line (lines DlBl and

D232 in Fig. A.3). The face angle is the angle formed

i



b)

c)
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by lines D}.Bl or D2B2 and the longitudinal axis of the
bar. The face angle calculated in this method for
every bar is the average of the face angles at every
interval (total of 20 intervals) at both sides of the
deformation.

In this approach, the face angles at each interval are
calculated exactly like the first approach. The face
angle calculated in this method for every bar,
however, is the maximum of the face angles at each
interval (total of 20 intervals) at both sides of the
deformation. The reason for using the maximum face
angle is that it can be argued that it is the largest
face angle wvalue that controls the slip of the
deformation, and in effect the slip of the bar
relative to concrete.

In this appreach, it 1is assumed that the line
connecting the base of the deformation to the top of
the deformation is not a straight line and is convex
upward {(lines DlB1 and 1)2132 in Fig. A.3). Therefore,
it is evident that the face angle at the base of the
deformation is larger than that at the mid-height of
the deformation and it is the face angle at the base
of the defeormation that controls the slip of the
deformation against concrete, Therefore, the face

angle calculated in this method for every bar is the
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maximum of the face angles at the base of the
deformation (the angle formed by lines DIMI or D2M2

and the longitudinal axis of the bar) at each interval
at both sides of the deformation. )
As discussed in Section 4.3, the value of face angle calcu-

lated by the third approach is used as the face angle of the bars

{Table 2.1).
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Lothe wheel
divisions of 18 '~
degrees

Deformaticn

Fig. A1 Equal Divisions for Deformation Measurement

lL.othe wheel with

=] / divisions
_ Grip assembly
_/- - Lathe )
— movement Reinforcing
‘‘‘‘ o _/_ bar
—_— IS AL SUSLICATICATY
AN
Dial goge
. T with stationary
N base
= U

——— e o i e e ke i ne

' Fig. A2~ Instrument Set—up for Deformation Measurement
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Fig. A3 Side View of Measuring -Points on the Reinforcing Bar
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Fig. A4 Front View of Measuring Points on the Reinforcing Bar



Table A.1 1 Data for Deformation Measurements

Deformation Pattern : C

Surface Type : Mill scale

Bar aize : No. 3 (first measurement)
P A B Bl B3 cl c2 D1 D2 Ml M2 El E2 F
i 68.714 1.7712 1.7710 1,711 1,781 1,751 1,752 1.761 —-——— - 0.044 0,060 0.048
2 5.714 1,766 1.766 1.762 1,748 1.747 1.752 1.749 -— -—— 0.039 0.05%8 0.047
3 H.714 1.769 1,767 1.766 1,750 1.746 1.747 1.744 -——— -— g.038 0.045%5 0.035
4 5.714 L.770 1,767 1.768 1.760 1.759 1.761 1.760 - - 0.033 0.023 0.9037
5 5,714 1.767 1.766 1.765 1.758 1.75% 1.760 1.758 - -——— 6.030 09.029 0.041
6 5.714 1.769 1.766 1.768 1,758 1.787 1.7%8 1.758 —— - 0.019 0.027 0.048
7 5,714 1.772 1.770 1.772 1.75%6 1.7%4 1.758 1.751 —— -~ 0.046 0.037 0.041
8 5.714 1.774 1.772 1.F12 0 1.75%4 1.75%2 1,757 1.750 -—— -—- 0.021 0.082 0.038
9 6,714 1.777T 1,774 1.776 1.760 1.759% 1.767 1.780 - L 0.036 0.03% 0,037

11 5.714 1.790 1.791 1.78% 1,770 1.77% 1.772 1.74% - - 0.019 (¢.830 0.0235
12 5.714 1.796 1.795 1,797 1.778 1,780 1.718 1,776 - --- 0.046 0.061 0.046
+ 13 5,714 1.802 1.802 1,802 1,780 1.783 1.78% 1.782 - - 6.046 ©0.054 0.040
14 5,714 1.800 1.798 1.80%1 1.783 1.786 1.784 1.78B6 - n- 0.059 0.044 0,030
15 5.714 1.800 1.BOO 1.799 1,779 1,782 1,782 1.782 - --- 0.045 0.050 90.021
16 5,714 1.795 1.799 1.79% 1.781 1,777 1.77% 1.779 - --- 0.040 0.041 0.031
17 5.714 1.797 1.7%8 1.7%6 1.780 1.777 1.780 1.779 e e 0.049 0.047 90.033
18 5.714 1,791 1.792 1.790 1.767 1.767 1.771 1.767 e - 0,038 0.07¢ G.033
19 5,714 1.785 1.785 1,786 1.76% 1.763 1.769 1.768 L o 0.058 0.071 0.028
* 20 5,714 1,78%F 1.781 1,781 1.7%9 1.757 1.760 1.7%59 === == R o -
NN N R S R R R R S R RS R R R RS o o ST N o O N T T T N N N I N N R R R AR T AT AR P r R C AS SIS E Do S g e e
Gll = 0.093 G12 = 0.100 G3 = 1.800
G21 = 0.12% G322 = 0.132 G4 = 0.070

* Location of logitudinal ribs
+ Location of small longidudinal rib

952z



Deformation Pattern

surfa
Bar 8

12
13
+ 14
15

16
17
18
18
20

G21

ce Type
ize

6.077 2,160
6.077 2.165

0.141

il

Table A.2 : Data for Deformation Measurements

y C

: Mill scale

1 No. 3

Bl B2 Cl

L1864 2.165 2.152
.154 2,156 2.144
146 2,144 2.124
.132 2,135 2.114
126 2,128 2.108

[T O I N S

.126 2,128 2.108
121 2,124 2.108
L1258 2,126 2.107
L1300 2,130 2,115
L1360 2,136 2.122

BN N BN

G622 = 0.150 G4

* Locatlion of logitudinal ribs
+ Location of small longldudinal rib

{second measurement)

2.144 2.144
2.147 2.146
2.147 2.14s
2,150 2.151
2.154 2,185

2.152 2.1%4
2.145 2.145
2.123 z2.12%
2.114 2.11s
2.108 2.100

2.106 2.109
2.104 2,107
2.108  2.107
2.114 2.11%
2.121 2.124

2.121 2.12%
2.128 2.129
2.133 2.132
2.137  2.137

LS



Table A.3 : Data for Deformation Measurements
Deformation Pattern : §

Surface Type + Mill scale
Bar size : No. § (first measurement)
P A B Bl B2 c1 c2 D1 D2 M1 M2 Ei E2 F

4.269 0.675 0.672 0.674 0.648 0.649 0.649 0.649 0.659 0.664 0.054 0.064 0.047

6
1
8 4.269 0.680 0.876 0.677 0.646 0.646 0.647 0.648 0,656 0.660 0.050 0.046 0.055
9 4.269 0.668 0.667 0.665 0.647 0,648 0.647 0.648 0.65%6 0.655 0.050 0.024 0.066
10 4.269 0.682 0.676 0,678 0.648 0.650 0.647 0.648 0.664 0.662 0.085 0.056 0.035

0.666 0.662 0.063 0,061 0.039

0.670 0.663 0.08% 0.051 0.028

13 4.269 0.683 0,682 0.683 0.649 0.648 0.64% 0.647 O0.665 ¢.664 0.075 0.084 0.037
0

0

.665 0.666 0.088 0,066 0.033
.659  0.655 0.0585 0,057 0.034

20 4.269 0.665 0.664 0.665 0.636 0.635 0.636 0.636 0,651 0.650 0.079 0,054 0.083

* Location of logitudinal ribs

862



Table A.4 ; Data for Deformation Measurements

pDeformation Pattern : S

surface Type 1 Mill scale

Bar slze : No. & {second measurement}

:z:::::z::::::zmmzz:===:.—.:::::::.::=====:======::::======i====:::::::::::::::=:=:==::=::===::::'==::
P A B Bl B2 c1l c2 Di D2 Ml M2 EL E2 F

16 4.100 0.284 0.282 0.283 0.251 0.25%1 0.251 0.251 0.268 0.265 0.041 §.051 06.061
17 4,100 0.286 0.281 0.28%F 0.253 0.253 0.252 0.253 0.268 0.269 0.063 0.044 0.083
18 4.102 0,284 0.287 0.282 0.257 0.2%6 0.258 0,257 0.272 0.272 0.084 0.037 0.068
* 1% 4,100 0,294 0,291 0.290 0.260 0.262 0.25% 0.261 0.275 0.276 - -—- -
20 4.100 0.303 0.301 0.300 0.270 6.27r 6.269 0.270 0.286 0.290 0.853 0.043 0.053

G21 = 0.210 G22 = 0.210 G4 = =wn
* Logatlon of logitudinal ribs

652



Table A.5 : Data for Deformation Measurements

Deformatlion Pattern : ¢
Surface Type + Mill scale
Bar size : HNo. § (first measurement}
P A B Bl B2 Ci Cc2 331 B2 M1 M2 El £2 F

0.677 0.644 0.646 0.648 0.648 0.663 0,658 0,065 0.066 §.045
0.678 0.648 0.646 0.648 0.652 0.858 0.658 0.052 0.045 0.054
4.269 0.682 0.68B1 0.680 0.638 0.638 0.836 0.638 0.652 0.655 0,057 0.062 0.064
0.674 0.642 0.643 0©.642 0.64F 0.653 0.8606 0.038 0.072 0.091
0.685 0,647 _0.644 0.643 0.643 0.661 0.663 —-——— === .

.675 0,636 0,637 0.640 0.642 0.656 0.660 ©.058 0.069 0.074
678 0.632 0.639 0.634 0.638 0.652 0.654 0.085 0.05%4 0.060
.676 0.638 0,840 0,635 0.644 0.657 0.6583 0.,09% 0.032 0,019
.675 0,638 0,637 0.633 0.642 0.656 0,651 0.072 0.052 ¢,061
.678 0.645 0.646 0.653 0.651 0,660 0.658 0.069% 0.049% &.064

[y
(™
-9
b
a3
w
o
[=2]
R |
o]
L=
=]
=3
[+a]
(=T = i S S ]

.680 0.639 0.628 0.636 0.643 0.659% 0.65%8 0.076 0.049 0.064

G21 = 0.18)3 G22 = 0.175 Gd = 0.110
» tocatlon of logitudinal ribs
+ Locatlon of =small longidudinal rib

09¢



Table A.6 : Data for Deformatbion Measurements

Deformat.ion Pattern : C

surface Type Mill zcale

Bar size : No. b {second measurement}
P A B Bl B2 cl c2 D1

20 4.100 0.31% 0.31% 0.318 0.37%
ail = 0.094 Gi12 = 0.110 Gl
321 = 0.174 G22 = 0.182 G4

* Location of logltudinal ribs
+ Locatlon of small longldudinal rib

158¢



Table A.7 : Data for Deformation Measurements

Deformation Pattern : N
Surface Type : Mill scale
Bar glze : No. 5 {first measurenment)
P A B Bl B2 Cl c2 D1 D2 M1 M2 El EZ F

11 4.269 (Q.667 0.668 0.665 0.633 0.631 0.633 0.632 0.647 0.640 0.073 0.056 0.04%
12 4.26% 0.674 0.671 0,672 0.633 0.633 0.634 0.633 0.650 0.644 0.076 0.052 0.058
13 4.26% 0.687 0.685 0.684 0.641 0.639% 0.639 0.639 0.658 0.653 0.655 0.044 0.057
14 4.265 0.6598 0.69%6 0.697 0,645 0.649 0.647 0.651 06.66% ©0.666 0.060 0.036 0.054
15 4.269 0.694 0.590 0.650 0,652 0,655 0,657 0.654 0.664 0.666 0.060 0,064 0.050

16 4.269 0.697 0.695 0.696 0.656 0.659 0.657 0.657 0.671 0.672 0.036 0,065 0.050
+ 17 4.269 0.707 0.702 0.706 0.657 0.659 0.660 0.661 0.676 0.875 0.044 0.049 0,061

18 4.269 0.703 0.698 0.703 0.658 0.661 0.659 0.663 0.675 0.675 0.047 0.044 0.048

19 4.269 0.695 0.692 0.69% 0,658 0.662 0.657 0.862 0.671 0.673 0.044 0.069% 0.044
* 20 4.269 1.695 90.696 0.693 0.653 0.660 0.6%9 0.661 0.673 0.673 - e -—=

Gil = 0,088 G12 = 0.089 Gl = 0.687

321 = 0,165 G22 = 0.}150 G4 = 0.092

* Locatlon of logitudinal ribs
+ Location of small longidudinal rib

292
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Table A.8 : Data for Deformation Measurements

Deformation Pattern : N
Surface Type : Mill scale
Bar slze - : No. & {second measurement)
P A B ni B2 [sn} c2 bl D2 M1 M2 El E2 F

E 3
o
[
.
[d
o
=]
[]
[}
-
%3
(=4
L
—
=)
=4
w
—
{=2
(=1
b
~2
1%
oD o
b
-
-
[
b
-3
wn
(=2
fo
~3
o
[+
P
v
(=4
o
™
-t
rg
1
1
1
1
i
i
t
]
f

Gll = 6.116 G12 = 0.110 Gl = 0,292
G21 = 0,186 G22 = 0.220 G4 = 0.114
* Location of logitudinal ribs

+ Location of small longidudinal rib

€9z



Table A.9 : Data for Deformation Measurements

Deformation Pattern : S
Surface Type t+ Mill scale
Bar size : No. é {£irst measurement)
P A B Bl B2 cl c2 221 D2 ML M2 EL E2 F

4.269 0.74% 0.746
4,269 0.75% 0.759
4.263% 0.746 0.740
4.269 0.745 0.745
0 4.269% 0.749 0.748

L7146 06.712 0.713 0.713 0.714 0.735 0.737 0.065 0.066 0,049
.760 0.718 0.716 0.718 0.724 0.735 0.737 - .- -

.743 0.712 0.714 0.712 90.713 9,724 0.728 0.077 0.067 0,045
L1744 0.712 0,713 0.714 0.714 0.725 0.728 0,053 0,062 0.060
146 0,711 0.714 0.718 0.718 ©0.732 0,727 0.078 0.063 0.063

[T .
L T T = R = R )

11 4.269 0.751 0,751
12 4.269% ©.752 0.747
13 4.269 0.749 0©.748
i4 4.26% 0.749 0.747
15 4,269 0,739 0.738

L7581 0,713 0.716 0.715 0.71% 0.73% 0.737 0.079 0.061 0.061
.74%  0.713 9.715 0.714 0.716 0.732 0.73% 0.0B6 0.070 0.032
.749 ©0.708 0.710 ¢.711 0.71}1 0.729 0.730 0.076 0.063 0.046
L747 0,707 0.709 0,71t 0.707 0,728 0,726 0.070 ©.071 0.053
.738  0.701 0.700 0.704 0.701 90.702 0.701 0.078 0.070 0.035

=T = T < B o S o]

.727 0.896 0.693 0.69%8 0.695 0.715 0.705 0.0872 0.064 0.048
.725 0.690 0.690 0.694 0.686 0.611 0.604 —-- e .-

G21 = 0.190 G22 = 0.186 Gl = --—-
* Location of logitudinal ribs

Vi



Table A.10 : Data for Deformation Measurements

Deformation Pattern : S
Surface Type + Mill scale
Bar size : No. 6 (second measurement)
P A B B1 B2 Ci c2 pi p2 M1 M2 ELl E2 ¥

165 0.167 0.186 0.185 0.055 ©.073 0.080
.165 0.166 0.185 ¢.185 0.059 0.058 0.093
.166 0.165 0.186 0.185 0.058 0.058 ¢.083
.165 ©.165 0.185 0,186 0.060 0.061 6.074
.163 6.164 ©.185% 0.186 @.068 0.063 0.084

L*=-TRE . - B Y
[#]
w
dnt
o
<
B
o
Ut
o
[}
o
o
f=)

P
-

w
=}
[=]
bk
o
[~
o
—
n
w

[T =T~ R - I =}

11 3.936 0.205 ©.202 0.204 0.159 0.159
12 31.936 0.204 0,202 0,203 0.158 0.158
13 3,936 ¢.181 0.178 0.179 0,156 0,157
14 3.936 0,185 ©6.183 0.182 ¢.158 0.159
15 3.936 0.190 0.1i88 0.188 0.160 0.161

.165 0,166
.162 0.183
.158 0.160
161 0.162
.163  0.164

[ T - T B & I = )
o T - TR o R = B = 4
i
~1
(=1
L]
™
-

o
(=4
P .
<
U
~3
o
[+
m
[Fa]

L=
¥
o
o
~-~J

16 3.836 0.198 0.195 0.1%6 0.165 0.165% ©.167 0.168B 0.180 9.181 0.063 0.041 0.090
17 3.836 £.206 0.20% 9.202 ©.171 0.172 0.173 0,173 0,186 0.18% 0.050 0.04% 0.065
18 3.936 0,209 0.207 0.206 0.176 0.177 0.178 ©0.177 0.1%§ 0.193 0.067 0.057 0.051
19 3.936 0,215 0.212 0.2i1 ©.18% ¢.181 0.182 0.182 (.200 0.201 0.072 0.044 0.068
20 3.936 0.216 (.213 0.212 0.180 0.181 0.182 ©6.183 0.1%8 0.199 0.052 0.050 0.062
Gl1 = 0.10% Gi2 = 0.110 a3 = -—-

G21 = 0.200 G22 = 0.202 G4 = ~-~

* Location of logitudinal ribs

G52



Table A.11 : pata for Deformation Measurements

Deformation pattern : C
Surface Type t Mill scale
Bar size : No. 6 (first measurement)
p A B Bl B2 (&3] c2 D1 D2 Ml M2 El E2 F

11 4.26% 0.72% 0.718 0.726 0.885 0.687 0.8%0 0.687 0,703 0.700 0.042 0.026 0.117
+ 12 4.269 0.733 0.725 0.736 0.682 0.682 0.683 0.684 0.69%7 0.70r ©0.050 0.052 0.102
13 4.269 0.734 0.731 0.734 0.676 0.678 0.679 0.675 0,693 0.700 0.052 0.656 0.069
14 4.269 0,733 0.730 0.731 0.678 O0.676 0.678 0.676 0,698 0.696 0.027 0.046 0.075
1% 4.269 ©.732 0.730 0.731 0.877 0.680 0.681 0.679 0.700 O0.698 0.026 0.038 0.083

G21 = 0.192 G2z = 0,188 G4 = 0.114
* Locatlion of loglitudinal ribs
+ Location of small lengldudinal rib

99t



Data for Deformatlion Measurements

Table A.12
bDeformatlion Pattern : C
surface Type : Mill scale
Bar size : No. 6 {second measurement)
P A B Bl B2 Ccl c2 ‘Bl

1 3.936 0.205 0.205 0,200 0.160
2 3.936 0.208 0.208 0.205 0.165
3 3,936 0.209 0.207 0.208 0.169
4 3.936 0.214 0.213 0.213 9.175
5 3.936 0.218 0.216 0.217 0.177

& 3.936 0.220 0.219 0.218 0.180
7 3.936 0.2290 0.219 0.218 0.175
B 3,936 0,232 0.212 0,212 8.170
9 3.%36 ©0.210 0.209 0.209 0.1s60
10 3.936 0.207 0.205 0.205 0.150

11 3.936 0.200 0.200 0.198 0.145
12 3,936 0.193 0.191 90.1%4 0.141
13 3.936 0.186 0.185 0.184 0.137
14 3.936 0.182 0.179 0.181 0,135
15 3.936 0.184 0.184 0.181 0.138

+ 16 3.536 0.193 0.19%3 0.192 0.141
17 3.936 0.200 0.200 0.198 0.144
18 3,936 0.196 0.198 0.18% 0.156%

* 19 3.936 0.206 0.207 0.200 0.160
20 3.936 0.2315 0.215 0.211 0.165
Gil = 0.062 Gl2 = 0.072 G3
621 = 0.175 G22 = 0.197 G4

* Location of logitudinal ribs
+ Location of small lengldudinal rib

£L92



Table A.12 : Data for Deformation Measurements

pPeformation Pattern : N

Surface Type 1 HMill scale

Bar size 1 HNo., & (first measurement)

R RN R R SR RS R R T N R S S I N R r F R R R R R I N N S N S N I SRR R O S N I e N N e N s T S S SRS S TR s S SR R g
P A B Bl B2 C1 c2 D1 D2 M1 M2 El EZ F

.82 0.727 0.730 0,072 0.047 0.065
.694 0.720 0.723 0.080 ©.04% 0.071
.684 0.705 0.712 0.050 0.052 0.0%4

el -~ - T B - Y
-
]
L3
w
(=]
-3
o
%)
o
-3
n
o™
<
=1
o«
]
[
~2
o
b
L]
3
L]
-
<
=]
o
=)

L= -+~ S« B+ |

11 4.26% 0,717 0.714 0.715 0.679 0.678 0.678 0.678 0.6%5 0.685 0,071 0.037 0.110
12 4.269 0.702 0.69% 0.701 0.674 0.672 0.674 -0.671 0.685 0.67% 0.061 0.043 0.135
* 13 4.269 0.636 0.697 0.698 0,668 0.670 0.671 0.670 0.686 0.691 R - -
14 4.269 0.701 0.70080 ©£.702 0.574 0.674 0.674 0G.670 0.679 0.678 0.071 0.040 0.131
15 4.269 0.724 0.722 0.720 0.671 0.676 0.680 0.672 0.699 0.695 0.069 0.058 0,093

G21 = 0.208 G22 = 0.208 G4 = 0.121
* Location of logitudinal ribs
+ Location of small longidudinal rib

892



Table A.14 : Data for Deformation Measurements
Deformation Pattern : N

Surface Type + Mill scale
Bar size : No. & (gacond measurement)
P A B Bl B2 c1 2 Bl D2 M1 M2 El E2 F

11 3.936 0.210 0.208 0.209 ©0.165 0,166 §.167 O.168 0.181 0,182 0.062 0.090 06.075
12 3.936 0,216 0,214 0,213 0.186 0,168 0,168 0.16% 0,182 0,183 0.083 0.078 0.069

14 3.936 0.329 0.22% 0.22% 0,170 0.171 0.174 0.177 0,195 0.194 0.055 0.071 0.072
15 3.936 0,230 0.227 0.226 0.16% 0.170 0.172 0.173 0.194 0,196 0,649 0.08F 0,059

Gzl = 0.210 G22 0.195 G4 = 0,125
* Location of logitudinal ribg
+ Location of small longidudinal rib

69¢



Table A.15 : Pata for Deformation Measurements

Deformation Pattern 31 S B
Surface Type 3 Mill scale
Bar slize 7 Ho. 8 {first measurement)
P A B Bl B2 c1l Cc2 Dl D2 M1 M2 El

6 5.344 1,743 1.742 1.741 1.6%0 1,689 1.690 1.6%0 1.716 1.715 0.095
7T 8.344 1,743 1.743 :1.743 1.685 1.688 1.690 1.687 1.721 1.71% 0.095
8 5.344 1,732 1.730 1.730 1.676 1.676 1.679 1.675 1.7068 1.7i1 0.089
9 5,344 1,730 1.72% 1.727 1.67) 1.674 1.677 1.673 1.705 1.699 0.080
10 5,344 1.727 1.724 1.735 1.673 1.672 1.677 1.675 1.702 1.697 0.083

11 5.344 1,723 1.720 1,723 1.677 1.677 1.680 1.680 1.696 1.703 0.085

13 5,344 1,732 1.730 1.732 1.6%93 1,691 1.693‘ 1.693 1.731 1.711 0.066
14 5,344 1,745 1.743 1,743 0.696 1,695 1.697 1.697 1.723 1.722 0.067
15 5.344 :.758 1.757 1.788 1.703 1,703 1.704 1.702 1.732 1.732 0.017

0.075%
0.06%
0.066
0.066
0.106

0.1290

g.110

'0.0%96

0.078

G21 = 0.221 G22 = 0,224 G4 = —--
* Location of logitudinal ribs

012



) Tabla A,16
Deformation Pattern ;5 8
Surface Type 7 Mill scale
Bar aize + No. 8

1 Data for Deformation Measurements

(second measurement)

L2086 0,206 0.201
.21%  0.208 0.213
0.209
.20% 0,207 0.208
.207  0.205 0.205

[
o
-
[

Lo TR = o S == S 4
.
b2
-
[y
<
|8
-3
wr

11 3.812 0.208 0.205 0.206
12 3.8312 0.20% 0.200 0.207
13 3.812 0.205 0,202 0.203
14 3.812 0.202 0.20% 0.202
* 15 3.812 0.200 0.202 0.201

16 3.812 90.194 0.192 0.189
17 3.8312 0.203 0,202 0.203
18 3.812 0.210 0.207 0.208
1% 3.812 0.218 0,216 0.216

§.150
0.158
0.158
0,155
0.154

0.155
0.156
0,157
0.1690
g.1i58

0.1590
0.156
$.158
0,163
0.166

[+ I I ]
-
ot
-

20 3.812 0.220 0.218 0.219
G1ll = 0.136 Gi2 = 0,139
G21 = 0.218 G22 = 0.212

* Location of logitudinal ribs

TLT



Table A.17 ; Data for Deformation Measurements
Deformation Pattern : C

Surface Type : Mil]l scale
Bar size t No. B (first measurement}
P R B Bl B2 C1 c2 Dl D2 M1 M2 El B2 B

11 5,344 1.715 1.716 1.714 1.669% 1.665 1.667 1.66% 1.867 1.694 0,105 0.140 0.075
* 12 5,344 1.713 1.711 1,713 1.673 1.674 1.680 1.674 1,689 1.693 -—- --- ---
13 5.344 1.712 1.714 1.715 1.6867 1.667 1.670 1.666 1.686 1.690 0.0%% 0.175 0.068
14 5.344 1.716 1.716 1.712 1.660 1.65%9% 1.659 1.657 1,681 1.686 0.120 0.13¢ 0.095
15 5.344 1.738 1.737 1.730 1.670 1.668 1.669 1.667 1.701 1.6%5 0,115 ©.121 0.696

Gl1 = 0,145 412 = 0.161 G3 = 1.736
GZ1 = 0.254 G622 = 0,248 G4 = 0.118
* Location of logicudinal ribs

+ Location of small longidudinal rib

gL



Daformation Pattern
surface Type

Bar 8

Table A.1i8

it C

+ Data for Deformation Measurements

:+ Mill scale

No.

8

{second measurement)

17
18
1%

0.148

[

-

m

o
L=—TR - B . S = N =]
Pl

0
0
6.140 0,
Q
¢

G21

ize

A B
3.812 0.215
1.812 0.21¢
3.812 0.217
3,812 0,216
3.812 0.213
1,812 0.210
3.812 0.209
3.812 0.208
3.812 0.204
3.812 0.210
3.812 0.124
3,812 0.230
3.812 0.222
J.e1z 0.21%
1.812 0.207
3.812 0.204
3.812 0.209
1.812 0.209
3.812 0.210
3.812 0.211

= 0,135

= 0.250

a22 =

0.249

* Location of logitudinal ribs
+ Location of small longidudinal rib

WA



Table A.19 : Data for Deformation Measurements

Deformation Pattern : N
Surface Type : Mill gcale
Bar size : No. 8 (first measurement)
4 A B Bl BZ 53 c2 0l D2 M1 M2 El E2 13

695 1.698 1.694 1.719 1.718 0.044 0.138 0.069
.703 1.702 1.704 1.719 1,717 0.080 ¢.120 0,070
L7064 1.706  1.708 1.726 1.724  —-- --- -
JT0E 0 1.T704 0 1,702 1,726 1,716 0,075 0,113 0‘.063
L6594 1.695 1.696 1.721 1.722 0.09% 0.082 0.060

[14]
Kad
.
-9
e
N
-
o
o
-
-~J
o
nd
B
P A
-
U
o
ot
e |
<
]
N

L687 1.690 1.687 1.720 1.719 0.040 0,105 0.045
.687 1.692 1.6%96 1.722 1.71% 0.0%0 0.085 0.067
L6830 1.691 1.691 1.722 1.718 0,050 0.099 0.080
L681 1.686 1.680 1.714 1.716 0.062 0.079 0.080
.685 1.693 1.687 1.712 1.715 0.070 0.080 0.077

—
I
13
Tt
s
-9
i
.
~1
£-9
B
-
)
C-2
-
s
-3
td
@
[
2]
o
83
= e 2 ke

1]

(==
N
A
[

G21 G22 = 0.20% G4 = 0.146
* Locatlion of logitudinal ribs
+ Location of small longidudinal rib

LT



Table A.20 : Data for beformation Measurements

pDeformation Pattern : N
Surface Type : HMill scale
Bar slize . : No. B {second measurement}
P A B B1 B2 Cl c2 D1 b2 M1 M2 El E2 F

Gil = 0.100 G12 = 0.092 GY = 0.193
G21 = 0.210 G22 = ¢.236 G4 = 0.146
* Location of logitudinal ribs

+ Location of small longidudinal rib

XA



Table A.21 : Data for Deformation Measurements

Deformation Pattern : 8
Surface Type + Mill scale
Bar size :+ No. 11 {first measurement)}
P A B B1 B2 c1l c2 Di b2 M1 M2 El E2 F

16 4.269 1.121t 1.116 1.120 1.042 1.041 1.044 1.043 1,090 1.080 0.135 0,077 0.115

17 4.269 31.0986 1.085 1.094 1.020 1.023 1.027 1.026 1,072 1.060 0.115 0.087 0,113
¥ 18 4.269 1,104 1.107 1.107 1.012 1.012 1.€18 1.015 1.061 1.050 - -—- ~m

19 4,269 1.083 1.082 1,084 1,004 1.001 1.009 1,004 1.050 1.039 0.134 0.074 0.127

20 4.269 1.075% 1,074 1.077 0.9%5 0.993 0.994 0.9%4 1.040 1.034 ©.117 0.065 6,111

a1l = 0.158 G12 = 0.1685 Gl = ---

a21 = 0,270 G22 = 0.266 G4 = ~~-

* Locatlon of logitudinal ribs

A



Table A.22
Deformation Pattern : 8

+ Data for Deformatlon Measurements

Surface Type t Mill scale

Bar size : No, il

(second measurement)

0.090C

0.085
0.078
0.085

0.084
0.104
0.091
0.110
0.083

* Location of logitudinal ribs

LLz



Table A.23 : Data for Deformation Measurements

Deformation Pattern : C
Surface Type 1 Mill scale
Bar size o Mo, 11 (first measurement}
P A B Bl B2 C1 c2 D1 D2 M1 M2 El E2 F

4.269 0.941

3 .941 0.%41 0,895 0.888 0.89%5 §.889 0.917 0,910 8.089 0.163 0.034
7 4.269 0,954

8

9

,0.887 0,894 0.890 0.915 0.918 0.111 0.131 0,042

0.905 0.%30 0.935 0.0B4 0.162 0.040
L0013 1,000 0.930 0.%25 0.931 0.927 0.962 0.964 0.07% 0.137 0.072
.04 1.038 0.958 0.%56 0.95% 0.962 0,996 0.99%0 0,100 -0.110 0.091

4.26% 0.962
4.289 1.001
10 4.269 1.041

[ TR - T - R =]
o
o
=Y
=]
=
o
o
=
-
o
=3
~
[
W
<
=3
<«
w
P
r)

11 4.269 1.877
+ 12 4,269 1.103
13 4.269% 1.134
14 4.269 1.161
* 15 4.269 1.187

L0770 1,072 0.997 ©.537 1.003 1.001 1,835 1.620 0,090 0.113 0,068
L1022  1.09%6 0.0609 1.012 1,020 1.015 1.6046 1.045 0.060 0.109 0.081
.128 1.133 1,068 1.074 1,065 1.071 1,093 1.099 90.07% ©0.117 6.127
L1666 1.168 1,098 1.105 1.098 1.103 1.123 1.123 0.048 0.217 0.120
.180 1,175 1.127 1.135 l.ljﬂ 1.134 1,153 1.14¢6 --- - ---

[ L

G21 = 0.234 G22 = 0.23% Gd‘z 0.173
* Location of logitudinal ribs
+ Loeation of small longidudinal rib

8LT



Deformation Pattern :

Surfa

ce Type

par slze

Table A.24

C

: Data for Deformation Measurements

: Mill scale

: No.,

11

{second measuremant}

11
12
13
i4
is

* 16
17
18
19
20

3.930 0.%45
3.920 0.525
31,820 90,525
31,920 @.516
3.920 0.505

3.920 0.510
3.%20 0.508
3.920 0.%38
3.920 0.5%49
3.920 0.554

0.111
G.124
0.147
0.1890
0.213

621

* Location of logitudinal ribs

0.293

[}

G22

0.241

+ Location of small longlidudinal rib

6LC



Table A.2% : Data for Deformation Measurements

Deformation pPattern «+ N
Surface Type . + Mil} scale
Bar slze : No. 11 (first measurement)
P A B Bl B2 cl Cc2 D1 D2 Mi M2 El E2 F

G21 = 0,262 G22 = 0.26% G4 = 0.202
* pocation of logitudlnal ribs
+ Location of small longidudinal rib

087



Deformation Pattern
Surface Type

Bar size

Table A.26

i N

: Data for Deformation Measurements

: Miil scale
: No. 11

{second measurement )

* 16
i7
18

3.
3.
3.

[FERTS
n aa

.830
.830

930
930
930

19 3.930
20 3,930

3gil = 0,120
G21 = 0.270 -

* Location of logitudinal ribe

a2

0.275

+ Loeation of small longidudinal rib

T8z
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. APPENDIX B: HYPOTHESIS TESTING

Bond tests maturally exhibit a great deal of data wvariation.
Therefore, some foéﬁ of statistical analysis is needed to determine
whether observed data variations are statistically significant, that
is, the result of actual performance differences, or not significant
and the result of data scétter. In this study, hypothesis testing
is employed to make this determination. Specifically, the
hypothesis that the mean bona strength of one population (pl) is
equal to the mean bond strength of another population (pz) is tested
against another hypothesis that these means are not equal. Hypothe-
sis testing is applied to two population means using what 1s known
as the two-sample t-test. In the following, concepts of this
statistical methed are discussed and examples are given to
illustrate the procedures.

In order to apply hypothesis testing, the two hypotheses in a
compafison must be conflicting, that 1is,.these hypotheses must be
constructed so that if one hypothesis is true, the other is false,
and vice versa. The two hypotheses are normally known as the null
hypothesis,.Ho, and the alterpnative hypothesis, Ha' The objective
of hypothesis testing is to test the null hypothesis Hy» #q = By
against the alternative hypothesis, Ha, By = By From the hypo-
thesis testing, a decision is made whether to accept or to reject
the null hypothesis with some level of confidence. The mean bond
strength of one population can be equal to the mean bond strength of

another population, or these means may not be equal.
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"The hypothesis tests which we make are based on certain proba-
bility assumptions. Specifically, let X, be the ultimate: bond
strength for bars in population Neo. 1, and X2 be the ultimate bond
strength for bars in population No. 2. Then Xl and X2 are randbm
variables which have certain distributions. For the purposes of our
tests we assume that X1 and X2 are normally distributed with means
Hy and Foy and standard deviations o and ay- We consider the bars
which we test to constitute random samples, of sizes ny and Ty,
respectively, from populations No. 1 and No. 2. Once we have tested
the bars in our samples, we can caleulate the sample means il and iz
and sample standard deviations S and Sy - Due to random variations,
the two sample means il and iz will in general be different. We
want to decide whether the difference between il and iz is so great

as to indicate that u; = p,, or whether the difference between il

and iz is small enough that it is consistent with the hypothesis

“1 - ”2‘
In the cases which we need to consider, we do mot know al or

o Also, we usually have small sample sizes (nl and n2) sach less

9
than 30), so we do not want to assume o = Sl and Uy = Sy However,
it does seem reasonable to assume, In our cases, that al - az.
Therefore, we make this assumption, i.e., that the population stan-

dard deviations are unknown, but equal. Under these assumptions, if

the null hypothesis Ho: By = Hoo is true, then the statistic:
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T - L 2 (B.1)
(nl'l 2, n, - 1 0.2y 4 1y
+n, - 271 n, +nu, - 2 °2 n n
0 2 1 2 1 2

has a t-distribution with ny, +m, - 2 degrres of freedom (Harnatt
1975). It is this statistic T which we use in the two-sample t-
test. ‘

Our decision procedure is then as follows. After we have
tested the bars in our samples, we calculate il’ iz, S1r Sy, and,
from these, the observed wvalue of the T-statistic defined above,
call it Cobe” Due to the fact that T has a t-distribution if Ho is
true; we regard extreme values of-.t6bs as evidence that Ho is false,
i.e., Ha is true. Specifically, we define a critical region for the

test, i.e., a set C of wvalues for T such that if tobs lies in C,

then we reject Ho‘ We take:

C={t: |t] >t ). (5.2)
=, n, 4+ n, -~ 2

27 1 2
The number o is called the level of significance of the test; it is
the probability that we Wiil reject Ho when in fact Ho is true.
Note that 1f tobs is such that we reject Ho even for small wvalues of
a (say ¢ = .001), then we have strong evidence that Ho is false. On
the other hand, if obs is such that we accept Ho evenn for rela-

tively large wvalues of a (say a =~ .20), then we do not have even

nildly strong evidence against Ho; in this case, our test results
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are entirely consistent with the hypothesis Hy ™ By Note that in
this second case we have not proved that By = Byi we can say just
that our test results ave consistent with this hypeothesis.

Cnce the two-sample t-test was performed on the data, the sets
of data that the t-test proved to be not significant, are put
through a more stringent test utilizing the gy and Tye The coeffi-

cient of variation (COV) for unceated and coated bars in each grouﬁ

of specimens iIs calculated by COV = % in which ¢ =\ — ——— in
pis

which Xy is the individual bond test and X is the mean of n uncoated
or coated bars within a group. Once the COV is calculated for all

the groups, for every bar size, a combined COV is calculated by

2
Ei(ni COVi )

{Cov) (B.3)

combined =.(n.)
i A

in which CCJV;_L is the COV of uncoated or coated bars in group i and
n, is the number of uncoated or coated bars in group 1. The
obtained wvalues of (Cov)combined for No. 5 bars are 0.046399 and
0.045414 for uncoated and coated bars, respectively. The respective
values for No., 6, No. 8, and Ne. 11 bars are, 0.06 and 0.050377,
0.053917 and 0.057981, and 0.073695 and 0.074853, respectively.
Then, for uncoated and coated bars of different sizes, a very good
estimate of ¢ ig o = (Cov)combined * X. . The value of ¢ has to be

estimated since the sample size is usually small (less than 30).
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-

Once the wvalues of il’ Xys Ops and o, are known, then the

statistic
X, - X
Z = L 2 (B.4)
o 2 o 2
1 2
)+ ()
1 2
has a normal distribution, It is this statistic Z which we use in

the more stringent significance test, let’s call it two-sample z-
test. Once a value of z, call it Z s is calculated, then if Ho is
true, we regard extreme values of Zops &8 evidence that Ho is false,
i.e., Ha is true. Again, we define a critical region for the tast,

i.e., a set D of wvalues for Z such that if Z bs lies in D, then we

reject Ho. We take:

D= (2: |Z| > Z) (B.5)
2

The number o is called the level of significance of the test, same
as in Eq. (B.2).

As an example of this procedure, the significance of casting
position on bond strength is studled for coared N-pattern No. 8
bars. The two samples inecluded six coated bottom-cast bars with
ultimate bond forces of 33,417, 38,275, 37,548, 40,805, 38,763, and
41,893 1bs. and six coated top-cast bars with ultimate bond forces

of 36,351, 38,016, 35,205, 36,917, 35,018, and 31,796 lbs. The
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sanmple mean ultimate bond forces for bottom and top-cast bars in our
samples are 38,450 and 35,5531 1b., with sample standard deviations
of 2955 and 2149 1b., respectively. The sample sizes for this
analysis include & bottom-cast bars and 6 top-cast bars, It is
assumed that the alternative is two-sided (covers situations where
#q can be greater than or less than “2) and that a = 0.05. The

critical values in this case from the table of the t-distribution

are

+ 2.228. (B.6)

* Se/2, n +my - ) T * 0,025, 10) "

1
in which ny and n, are sample sizes. These critical wvalues can be
compared with the calculated wvalue of t. Using Eq. B.1, and il =
2 2

= 29557, and 322 - 21&92, the caleculated t

38,450, %, = 35,551, s

2 1
value is obtained as 1.944. The calculated t value does not fall in
the eritical region; thus the null hypothesis, that the mean bond
strength of bottom and top-cast coated N-pattern No. 8 bars are
equal, cannot be rejected with 0.05 level of significance. The test
results show that the difference in these two sample mean bond
strengths may be attributed to scatter, and a significant difference
in bond strength does not exist between bottom-cast and top-cast
coated bars with the same bar size.

As another example, we apply the more stringent two-sample z-

test to the previous example, The sample mean ultimate bond forces

for bottom and top-cast bars in our samples are 38,450 and 35,551
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1b., with estimated standard deviations of 2229 and 2061 1b.,

= (COV) . il = 0.057981 (38,450)

respectively [Ul - combined

abottom
= 2229 and o, = Utop - (COV)combined Xy = 0.057981 (35,351) =
2061]. The sample sizes are & bottom-cast bars and 6 top-cast bars.
It is assumed that the alternative is two-sided and that o = 0.05.

The critical wvalues in this case from the table of the normal dis-

tribution are

+ z + 1,960 (B.7)

e = F %9 025 "
2

The calculated z wvalue, 2.33% from Eq. B.4, dees fall between the
eritical values of 2z; thus the null hypothesis, that the mean bhond
strengths of bottom and top-cast coated N-pattern No. 8 bars are
equal, can be rejected. There are significant differences in the
sample mean bond strengths, between bottom and tep-cast bars in our
samples due to the effect of casting position.

Because bond tests naturally exhibit a great deal of scatter,
it is important te establish whether differences in test results are
caused by normal wvariability in bond properties or by a systematice
cause. Hypothesis testing is used to make this distincéion. The
two-sample t-test and Z-test, as used in this study, are effectiwve
in evaluating test results, especially the variations in bond
strength accompanying changes In bar surface condition, bar

position, conerete slump, and consolidation of concrete.





