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BOND OF EPOXY-COATED REINFORCEMENT
TO CONCRETE: SPLICES

ABSTRACT

The effects of epoxy coating and transverse reinforcement on the splice strength of reinfor-
cing bars in concrete are described. Tests included 65 beam and slab splice specimens for mem-
bers containing No. 6 and No. 8 bars. The average coating thickness ranged from 6 to 11 mils.
Three deformation patterns were used in the study. All but one group of specimens contained
Class B ACI/Class C AASHTO splices. The results of the current study are analyzed, along with
the Tesults of 48 specimens from earlier studies and used to develop improved development length
modification factors for use with epoxy-coated bars. Epoxy coatings are found to significantly
reduce splice strength. However, the extent of the reduction is less than used to select the
development length modification factors in the 1989 AASHTO Bridge Specifications and 1989
ACI Building Code. The percentage decrease in splice strength caused by epoxy coating is in-
dependent of the degree of confining reinforcement, which provides approximately the same per-
centage increase in the strength of splices of both coated and uncoated reinforcement. A develop-
ment length modification factor of 1.35 is applicable for design with epoxy-coated reinforcement.
An alternate factor of 1.20 is applicable for epoxy-coated bars with a minimum amount of
transverse reinforcement, if the positive effects of that transverse reinforcement are not already
taken into account in the design provisions. The 1.20 factor is, thus, not applicable to the ACI
Building Code but is applicable to the AASHTO Bridge Specifications. This report is the third in a
continuing series describing research at the University of Kansas to gain a better understanding and
develop accurate design procedures that reflect the changes in bond strength caused by the use of

epoxy coating on reinforcing bars.



INTRODUCTION

The 1989 AASHTO Bridge Specification and 1989 ACI Building Code (ACI 318-89)
provisions for development length require the use of considerably longer development lengths for
epoxy-coated reinforcement than for uncoated steel. The newly adopted development length
modification factors are 1.5 for coated bars with less than 3 bar diameters of concrete cover or less
than 6 bar diameters of clear spacing between bars and 1.15 (AASHTO 1989) or 1.2 (ACT 1989)
for bars with 3 bar diameters or more of concrete cover and 6 bar diameters or more of clear
spacing between bars. Therefore, for a 2 in. cover, No. 6 and larger coated bars require a 50 per-
cent increase in development length compared to uncoated bars. This requirement impacts both
cost and constructability. The new provisions include no recommendation to account for the ef-
fects of transverse reinforcement on the bond strength reduction caused by epoxy coating.

The test results, upon which the 1.5 development length modification factor is based, con-
sist of only 21 specimens, of which 12 contained epoxy-coated reinforcement and none contained
transverse steel (Treece and Jirsa 1987, 1989). The pattern used for these tests is no longer used
for epoxy-coated bars because of difficulties in coating applicationl. More recent tests at the
University of Kansas using beam-end specimens (Darwin, McCabe, Choi, and Hadje-Ghaffari
1990a) indicate that epoxy-coated bars with transverse steel have a higher bond strength than
epoxy-coated bars without transverse steel. A higher bond strength means that a lower increase in
development length may be needed if transverse steel is present.

This report is the third in a continuing series describing research at the University of Kan-
sas to gain a better understanding and develop accurate design procedures that reflect the changes
in bond strength caused by the use of epoxy coating on reinforcing bars. Earlier research
elsewhere (Johnston and Zia 1982, Treece and Jirsa 1987, 1989) and at the University of Kansas
(Chot et al. 1990a, 1990b, 1991, Darwin et al. 1990a, 1990b) have demonstrated that epoxy

coatings significantly reduce bond strength. Work at the University of Kansas has shown that the

1Florida Steel Corporation, personal communication.
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extent of the reduction is less than that reflected by the development length modification fact_ors in
the ACI Building Code (1989) and the AASHTO Bridge Specifications (1989). Coating thickness
has been shown to have little effect on the amount of bond reduction for No. 6 bars and larger.
However for smaller bars, bond strength reduction appears to increase with coating thickness. For
No. 5 bars and larger, the reduction in bond strength caused by epoxy coating increases with bar
size. The magnitude of the reduction depends on the deformation pattern: bars with relatively
large rib bearing areas are affected less by the coating than bars with smaller bearing areas.
Increased concrete cover reduces the effect of the epoxy coating, but not to the extent reflected in
the design provisions.

This report describes research to characterize the strength of splices in members containing
epoxy-coated reinforcement. The key test parameters are the bar surface condition and the degree
of confinement provided by transverse reinforcement. The tests used two bar sizes and three
deformation patterns, but the study was not extensive enough to evaluate the effects of either
deformation pattern or bar size on splice strength. New development length modification factors

for epoxy-coated bars are recommended.
EXPERIMENTAL PROGRAM

The experimental program described in this report consisted of 65 beam and slab splice
spcciinens. The specimens were cast and tested in 15 groups, of two to six specimens each. The
key test parameters were the bar surface condition (epoxy-coated or uncoated) and the degree of
confinement provided by transverse reinforcement.

The specimens contained No. 6 or No. 8 reinforcing bars. The epoxy-coated bars had
average coating thicknesses within the splice regions ranging from 6.1 to 11.4 mils (1 mil = 0.001
in.). All but one group of specimens contained Class B ACI/Class C AASHTO splices (ACI
1989, AASHTO 1989). Three deformation patterns, shown in Fig. 1, were used.



3

As part of the study, a single group of beam-end specimens containing No. 3 bars was

tested. The results of those tests are reported in Appendix A.

Test Specimens

Two types of test specimens, beam and slab splice specimens, were used. The specimens
were simply supported and loaded to produce a 4 ft constant moment region, as illustrated in Figs.
2 and 3. All specimens were 13 ft long and contained splices that were centered in the constant
moment region.

Beam specimens-The beam specimens, shown in Fig. 2, were similar to those tested by
Treece and Jirsa (1987, 1989) and Choi et al. (1990a, 1991). The beams were 16 in. wide by 15
or 16 in. deep and contained 2 or 3 No. 8 bar splices. Actual member dimensions are given in
Table B1. A splice length of 16-in. was used, except in group B6 which used a 223/4 in. splice
length. All bars were bottom cast with a 2 in. nominal concrete cover, except for two specimens in
group B3 which had a 1 in. cover. The clear spacing between splices was equal to 3 in., except in
the group B7 beams which contained two splices and had a clear spacing of 8 in. The side cover
on the longitudinal bars was equal to 2 in. for all beam specimens. Specimens contained 0, 1, 2,
3, or 4 No. 3 bar stirrups within the splice region. In groups B1-B3, the stirrups were placed
closer to the center of the splice (Fig. 2), while in groups B4-B7, the outer stirrups were centered
11/4 in. from the ends of the splice. As will be noted later, stirrup placement did not appear to have
an effect on splice strength.

Slab specimens—-The slab specimens were similar to those tested by Cleary and Ramirez
(1989, 1991). The slabs were 24 in. wide by 8 in. deep and had a nominal cover of 2 in. (Fig. 3).
Actual member dimensions are given in Table B2. The specimens contained top-cast No. 6
{groups S1-34, 87, $8) or No. 8 (groups S5 and S6) bars and used No. 3 (groups S1-S3) or No.
5 (groups S4-S8) bars as transverse reinforcement. Zero, 2 or 4 closed stirrups were used within

the splice regions. The outer stirrups were placed 1 or 2 in. from the ends of the splices, as shown
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in Fig. 3. Splice lengths were 10 in. for No. 6 bars and 16 in. for No. 8 bars. Groups S1
through 56 contained three splices. Group S7 contained a single splice with two continuous bars
through the splice region. Group S8 contained two splices with a single continuous bar through
the splice region. Specimens with No. 6 bars had a side cover of 31/4 in. and a clear spacing of
61/2 in. between splices. Specimens with No. 8 bars had a side cover of 3 in. with a clear spacing
of 6 in. between splices. The vertical legs of the stirrups had a side cover of 1 in. As illustrated in
Fig. 3, the specimens were detailed so that the transverse reinforcement provided confinement only

for vertical, not horizontal, splitting.

Materials

Reinforcing Steel-ASTM A 615 (1989), Grade 60, No. 6 and No. 8 bars were used.
Grade 40 and Grade 60 No. 3 bars and Grade 60 No. 5 bars were used for transverse reinfor-
cement. Bars with three deformation patterns, designated S, C, and N, were tested (Fig. 1).
Deformation pattern S 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. Deforma-
tion pattern N consisted of diagonal ribs inclined at an angle of 70° with respect to the axis of the
bar. Bars of each size and deformation pattern were taken from the sarne heat of steel. All reinfor-
cement, longitudinal and transverse, within a specimen had the same deformation pattern and sur-
face properties. Yield strengths and deformation properties are shown in Table 1.

Epoxy coatings were applied in accordance with ASTM A 775 (1989) and ranged in thick-
ness from 7.5 to 11.4 mils for the beam specimens and from 6.1 to 10.9 mils for the slab
specimens, as measured by a pull-off type thickness gauge. Readings were taken at 6 points
around the circumference of the bar between each set of deformations within the splice length.
Average readings within the splice length are reported.

Concrete~Non-air-entrained concrete was supplied by a local ready mix plant. Air-

entrained concrete was not used, to reduce the number of variables in the concrete placement and
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because no evidence exists to show that the use of entrained air effects bond strength. Evidence
does exist (De Vries, Moehle and Hester 1991) that limiting the amount of bleeding (one of the
advantages of air-entrained concrete) does not effect bond strength. Type I portland cement and 3/4
in, nominal maximum size coarse aggregate were used. Water-cement ratios ranged from 0.37 to
0.46 and produced concretes with nominal strengths of 5500 or 6000 psi. Mix proportions are

shown in Table 2. Concrete properties for the individual test groups are given in Table 3.

Placement Procedure

The concrete was placed in two lifts in the beam specimens The first lift was placed in all
specimens in a group before any specimen received a second lift. The splice region of the beams
was placed last during the first lift and first during the second lift to insure that all test regions
would receive similar concrete. Each lift was vibrated on each side of the beams at staggered 1 ft
intervals.

The slab specimens were cast and consolidated in a single lift. The splice regions were cast
from the middle portion of the concrete batch. The specimens were vibrated at 3 points across the
width, 6 in. into the slab from each side and in the middle of the section, at 1 ft intervals.

Standard 6 x 12 in. test cylinders were cast in steel molds and cured in the same manner as
the test specimens. Forms were stripped after the concrete had reached a compressive strength of

about 4000 psi. The specimens were covered with plastic until the forms were stripped and then

allowed to dry.

Test Procedure

The specimens were tested at nominal concrete compressive strengths of 5500 or 6000 psi.
The beam specimens were inverted, and both types of specimens were tested as inverted simply
| supported beams, as illustrated in Figs. 2 and 3. Loads were placed on the ends of the cantilever
regions, resulting in a constant moment region between the two supports. Specimens were loaded

monotonically. Crack locations and widths were recorded during the tests of beams in groups Bl
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and B2. Crack measurement ceased at a load below the expected failure load to insure that the
balance of the test would not be interrupted and would provide a consistent measure of member
strength. These tests lasted 20 to 25 minutes. Crack locations and widths were not recorded on
the remaining beams. The balance of the beam tests were completed in 3 to 5 minutes. Slab
specimens were loaded at about 1 kip per minute, resulting in tests that lasted from 10 to 20

minutes.

Results and Observations

Load-deflection curves for the specimens are shown in Figs. 4 through 18. With a single
exception (see Fig. 9), the load-deflection curves for all beams within a test group were virtually
identical up to the point of failure. Most slabs exhibited similar behavior. However, in three cases
the slabs containing epoxy-coated bars exhibited a lower cracking load than the slabs with uncoated
steel (see Figs. 11 and 16). Specimens containing epoxy-coated bars consistently failed at a lower
load than those containing uncoated bars. As a general rule, splices confined by transverse rein-
forcement exhibited higher strengths than splices without transverse reinforcement. However, this
was not universal.

Specimens without stirrups failed in a brittle manner, with the load dropping immediately
after the specimen attained the peak load. In contrast, beams with stirrups behaved in a ductile
manner, with the load dropping slowly as additional deflection was applied.

For the bearns in groups B1 and B2, crack widths were measured at working loads within
aregion spanning 12 in. on each side of the splice. The maximum crack widths and the number of
cracks are summarized in Table 4. As a general observation, the number of cracks increased and
the crack widths decreased as the degree of confinement increased. However, the beam with
epoxy-coated bars and stirrups in group B2 had fewer cracks than the matching specimen without
stirrups. As observed by Choi et al. (1990a, 1991), the width and number of cracks showed no

clear dependence on the presence or absence of epoxy coating.
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The ratio of the strength of specimens containing epoxy-coated bars to similar specimens
containing uncoated bars, C/U, ranged from 0.61 to 0.86 for the beam specimens and from 0.64 to
0.93 for the slab specimens. All of the tests in the current study resulted in a splitting failure.
However, the nature of the failure was different in the beamn and slab specimens.

In the beam specimens, failure was accompanied by extensive longitudinal and transverse
cracking in the region of the splices. Following failure, a horizontal crack through the plane of the
spliced bars, extending the length of the splice region, was evident, as shown schematically in Fig.
19a. The concrete cover was easily removed with a hammer, exposing a nearly horizontal crack
running the full width of the beam in the plane of the splices, as observed in earlier tests (Treece
and Jirsa 1987, 1989, Choi et al., 1990a, 1991). Transverse cracking occurred at the end of the
splices, when no stirrups were included within the splice region, and at the end of the splices and
at the stirrup locations, when transverse reinforcement was used.

In the slab specimens, where the bars were separated by a minimum of 6 bar diameters,
little horizontal cracking was evident. Rather, cracks propagated from the spliced bars at about 45°
with the horizontal, as shown schematically in Fig. 19b. For specimens without transverse reinfor-
cement, this resulted in intact regions of concrete between the splices, i.e., little cover was lost
between the splices. For specimens with transverse reinforcement, these regions of intact concrete
were more shallow; that is, more cover concrete was lost. Like the beam specimens without
transverse reinforcement, transverse cracking occurred mainly at the ends of the splices for the slab
specimens without transverse reinforcement. For specimens with transverse reinforcement,
transverse cracking occurred both at the ends of the splices and at the stirrup locations.

On all specimens, the test bars appeared to pivot within the splice region at failure, causing
the ends of the bars to lift up. This was most evident in specimens without transverse reinfor-
cement and in specimens with transverse reinforcement in groups B1-B3, which had the stirrups
located significantly away from the ends of the splices (Fig. 2). Moving the stirrups toward the

ends of the splices helped reduce the degree of uplift in the ends of the bars, but did not appear to



have an effect on splice strength.

As observed in earlier studies (Johnston and Zia 1982, Treece and Jirsa 1987, 1989, Choi
et al. 1990a, 1990b, 1991), concrete exhibited good adhesion to the uncoated bars and virtually no
adhesion to the epoxy-coated bars. The epoxy-coated bars were clean, with no concrete residue
left on the bars, while the concrete in contact with the epoxy-coated bars had a smooth, glassy
surface. This is in contrast to the uncoated bars which had particles of cement paste and mortar on
the shaft and side of the deformations following failure. In a few cases, bars in beam specimens
showed signs of the epoxy coating being crushed against the concrete, but, in general, the epoxy

was undamaged. For the slab specimens, no damage to the epoxy was observed.

EVALUATION OF EXPERIMENTAL RESULTS

The principal goals of this project are to evaluate the effects of transverse reinforcement on
the strength of spliced epoxy-coated reinforcement and to develop suitable development length
modification factors for use in design to account for the effects of epoxy coating.

To help compare the test results obtained from the different groups of specimens, the test
results are expressed in terms of steel stress at failure, f;. The steel stresses are normalized with
respect to a nominal concrete strength of 5500 psi using the assumption that, within the concrete
strength range used, splice strength is proportional to the square root of the concrete compressive
strength. Thus, steel stresses at failure are multiplied by (5500/f)1/2 to obtain the final modified
values. Both the original and modified values of steel stress are summarized in Tables 5 and 6.

In addition to the 65 specimens tested in the current study, the results of the 21 beam splice
tests by Treece and Jirsa (1987, 1989), 15 splice tests by Choi et al. (1990a, 1991), and 12 splice
tests by Hamad and Jirsa (1990) are used for the overall evaluation (see Table 7). Recent tests by
DeVries et al. (1991) also could have been included, but were not, because uncoated stirrups were

used for specimens containing coated, as well as uncoated, longitudinal bars. Coated and uncoated
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bars should not be combined in practice, placing the usefulness of the De Vries test data in doubt.
In the following sections, the points of specific interest include the effect of transverse
reinforcement on the relative strengths of similar specimens containing coated and uncoated rein-
forcement, C/U; the relative strength of members with coated bars and transverse reinforcement
compared to members with coated bars without transverse reinforcement, C/Cy; the relative
strength of members with uncoated bars and transverse reinforcement compared to members with
uncoated bars without transverse reinforcement, U/Uy; and the relative strength of members with
coated bars, both with and without transverse reinforcement, compared to members with uncoated
bars without transverse reinforcement, C/Uy. In addition to these comparisons, some comments
will be made on the effect of the number of bars spliced in a region and the effect of splice length
on the reduction in strength caused by epoxy coating.,
Effect of Transverse Reinforcement on Splice Strength
of Coated Bars Relative to Uncoated Bars
The first comparisons involve the effect of transverse reinforcement on the value of C/U for
specimens that, except for the surface of the reinforcement, are essentially identical. The values of
C/U are listed in Tables 5 and 6 and plotted in Fig. 20 as a function of the size, yield strength and
spacing of the transverse reinforcement, expressed as the variable Ky (Orangun, Jirsa and Breen

1977).

Ay £,
Ko = X 0t

500 s dy M

in which
Ay = area of transverse reinforcement normal to the plane of splitting per

developed/spliced bar (see Fig. 19), sq. in.;

i

£y yield strength of transverse reinforcement, psi;

s = spacing of transverse reinforcement, center to center; or development/splice length
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divided by the number of stirrups, in.;

dp = diameter of developed/spliced bars, in.

Fig. 20 includes the results obtained from the beams and slabs tested in the current study.
Each data point represents the ratio of the bar stress at failure for a member containing epoxy-
coated bars to the bar stress in a similar member in the same test group with uncoated bars. Values
of C/U from the same test group are connected by straight line segments. As illustrated, C/U
increases with increasing transverse reinforcement for some test groups and decreases for others.

To obtain a better picture of the overall effect of Ky on C/U, the technique of dummy
variables (Draper and Smith 1981) is used to establish best fit lines for the data. Using the techni-
que, the best fit lines for each test group are obtained (Fig. 21) using the assumptions that there
may be differences in the value of C/U due to deformation pattern and member configuration, but
that the change in C/U due to transverse reinforcement is the same in all cases.

Fig. 21 illustrates that, for the current study, the value of C/U is nearly independent of
transverse reinforcement. The slope of the best fit lines is — 0.002, resulting in a change in the
value of C/U of only —0.02 as K increases from 0 to 10. This insensitivity is expected based on
the finite element analyses of Choi, Darwin, and McCabe (1990b) and the experimental bond study
of bars subjected to a confining force by Hamad and Jirsa (1990). However, the results illustrated
in Fig. 21 differ from the splice tests of Hamad and Jirsa (1990) which show a marked increase in
C/U with increasing K. However, when the six data points from Hamad and Jirsa are added to
the current data, the slope, at — 0.001, remains quite flat, as illustrated in Fig. 22.

In the original formulation by Orangun, Jirsa and Breen (1977), the maximum effective
value of K was set at 3.0, If the results illustrated in Fig. 22 are analyzed for members with Ky
< 3, the slope remains flat at 0.001.

This analysis strongly suggests that a single epoxy-coated bar development length

modification factor could be used, whether transverse reinforcement is used or not, if other aspects
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affecting bond are accounted for properly. The mean value of the intercepts of the best fit lines at
Ki = 01is 0.74 in Figs. 20-22. The results of the dummy variable analyses for this and the fol-
lowing sections are summarized in Table 8.
Effect of Transverse Reinforcement on Splice Strength
of Bars with Same-Surface Properties

Fig. 23 illustrates the effect of transverse reinforcement on the strength of splices for bars
that have the same surface properties. In this figure, each data point represents the ratio of a
specimen with transverse reinforcement to a similar specimen from the same test group without
transverse reinforcement (C/C,, for coated bar specimens and U/U,, for uncoated bar specimens).
The plots include the results of Hamad and Jirsa (1990). The data is quite scattered. However,
overall trends can be obtained using best fit lines passing through the point 1.0 at a value of Ky =
0. Fig. 23 illustrates that transverse reinforcement has a significant effect on the strength of the
bars. The slopes of the C/C,, and U/U, lines are within 10 percent of each other, at 0.0181 and
0.0204, respectively. Fig. 24 shows the results for members with Ky £ 3. Here, the slopes of the
C/C, and U/Uy, lines are nearly identical, at 0.0655 and 0.0654, respectively. The higher slope for
the specimens with lower values of K, supports the observations by Orangun et al. (1977) that,
above Ky = 3.0, additional transverse reinforcement is not particularly effective. The similarity in
the effect of transverse reinforcement on the splice strength of coated and uncoated reinforcement is
expected, based on the insensitivity of C/U to K observed in Figs. 20-22. Thus, the percentage
increase in splice strength with the addition of transverse reinforcement is about the same for
coated and uncoated bars.
Effect of Transverse Reinforcement on Splice Strength of Coated Bars
Reiative to Uncoated Bars without Transverse Reinforcement

The ratios of the splice strengths of specimens containing epoxy-coated bars, both with and
without transverse reinforcement, to the splice strengths of specimens with uncoated reinforcement

and no transverse reinforcement in the same test group, C/U,, are compared to K in Figs. 25 and
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26 using the technique of dummy variables. Both figures include the results of Hamad and Jirsa
(1990). Fig. 25 covers all values of Ky, while Fig. 26 covers members with Xy € 3. The figures
illustrate, as does Fig. 24, that transverse reinforcement can have a significant effect on the useful
splice capacity of epoxy-coated bars. For the specimens without transverse reinforcement (K =
0), the average value of C/Uy is 0.75 in Fig. 25 and 0.74 in Fig. 26 (see Table 8 for a tabulation of
C/U, as a function of Ky). These ratios match the average value of 0.74 at Ky, = 0 obtained from
Fig. 22. Considering only members with K < 3 (Fig. 26), the average value of C/U,, rises to
0.87 at K = 3.

Based on these figures, the splice length of a coated bar without transverse reinforcement
should be 1/0.74 = 1.35 times longer than an uncoated bar without transverse reinforcement, while
the splice length of a similar coated bar with transverse reinforcement and Ky, = 3 could be as low
as 1/0.87 = 1.15 times longer than an uncoated bar without transverse reinforcement. The latter
number is significant for bridge design since the 1989 AASHTO Bridge Specifications do not take
advantage of the higher bond strength obtained with transverse reinforcement.

A note of caution is necessary. As shown in Table 8, if the results of Hamad and Jirsa are
excluded from the analysis for Ky €3, C/U; at K = 3 is only 0.82, which translates to a
development length modification factor of 1.22. Thus, without running additional tests, it would

be prudent to use a development length modification factor that is closer to 1.22 than to 1.15.

Effect of Splice Length and Class

The results of two test groups in this study indicate that C/U may (1) decrease with splice
length and (2) increase when Class A splices are used in place of Class B ACI/Class C AASHTO
splices.

Group B6 used splice lengths of 223/; in. instead of 16 in., as used for the rest of the
beams. The splices in Group B6 produced C/U ratios ranging from 0.63 to 0.69, compared to

values of 0.75 to 0.86 for other beam specimens with C-pattern No. § bars. Since splice strengths
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tend to exhibit a great deal of scatter, it is not clear whether these results represent a trend.

The effect of splicing less than 50 percent of the reinforcement at one section is illus‘trated
by the four slabs in Group S7, in which only one of three bars was spliced. In this case, the
values of C/U for the specimens without and with stirrups are 0.83 and 0.85, respectively, com-
pared to average values of 0.79 and 0.75 for No. 6 bar specimens containing C-pattern bars with
more than 50 percent of the bars spliced within the test region (groups S1, S2, $4 and S8). The
higher values of C/U obtained in Group S7 suggest that the detrimental effects of epoxy coating on
bond strength may be reduced if fewer than 50 percent of the bars are spliced in one region.

It should be emphasized that the comparisons made in this section represent only a small
number of tests. Considering the high variability of bond strength, additional tests will be neces-
sary before these trends can be verified.

In the next section, the test results are compared to values obtained from predictive

equations.

Comparison with Predictive Equations

Predictive Equations-The test results from the current study, along with the results of
splice tests by Hamad and Jirsa (1990), Treece and Jirsa (1987, 1989), and Choi et al. (1990a,
1991), are compared with the design equations in the AASHTO Bridge Specifications (1989),
which coincide with those of the 1983 ACI Building Code, the provisions of ACI 318-89, and the
predictive equations of Orangun, Jirsa, and Breen (1977). For the purposes of comparison, epoxy-
coated bar factors (AASHTO 1989, ACI 1989) are not used in these calculations.

The expression for the basic development length is the same in the AASHTO Bridge

Specifications (1989) and ACI 318-89. The basic development length, I in inches, is given by

_0.04 Ay £,

@
Vr.

l4
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in which
Ay = area of an individual bar, sq. in.;
fy = yield strength of reinforcement, psi;

V¢ = square root of concrete compressive strength, psi.

Substituting the splice length, 1, for 14, and the bar stress, f;, for the yield strength, fy, and

solving for f; provides an expression for the predicted bar stress at failure.

LVE.  251,4f,

fs=0.04A;,“ An

()

The AASHTO (1989) design provisions provide that the basic development length in Eq. 2
may be decreased by 20 percent for reinforcement that is spaced laterally at least 6 in. on center and
has at least 3 in. of cover measured in the direction of the spacing. ACI 318-89 uses the same fac-
tor, but with the 6 in. and 3 in. criteria replaced with 5 and 21/, bar diameter clear spacing re-
quirements. A 20 percent reduction in 14 (or 1) means that the stress, f;, in Eq. 3 should be
modified by a factor of 1/0.8 = 1.25. This factor applies to all of the slabs tested in this study
(groups S1-S7).

Under the AASHTO (1989) provisions, an additional factor of 1/1.7 is applied to f; for
most tests evaluated to account for the use of AASHTO Class C splices (more than 50 percent of
the reinforcement spliced within the lap length). The 1/1.7 factor is not used to modify the values
of f; from group §7, since those slabs contained Class A splices.

Under the provisions of ACI 318-89, f; is modified by 1/1.3 to account for the use of ACI
Class B splices. Like the AASHTO Class C splice provision, this provision applies to all
specimens evaluated, except those in group 87. Under the provisions of section 12.2.3 of ACI

318-89, an additional modification factor, 1/2.0, is applied to {5 for two beams in group B3 be-
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cause of low cover (less than two bar diameters). Factors of 1/2.0 or 1/1.4 for low cover (see sec-
tion 12.2.3 of ACI 318-89) are also applied for a number of other tests (Treece and Jirsa 1987,
1989, Choi et al. 19902, 1991, Hamad and Jirsa 1990) that are analyzed in this report.

Both the AASHTO (1989) and ACI (1989) provisions include factors for top reinforcement
{horizontal reinforcement so placed that more than 12 in. of fresh concrete is cast in the member
below the reinforcement). These factors, 1.4 and 1.3, respectively, are included in the current
analysis. The top-reinforcement or "top-bar” factor must be applied to the tests by Treece and Jirsa
(1987, 1989) and Hamad and Jirsa (1990).

The expression used by Orangun, Jirsa, and Breen (1977) to predict splice strength is

given in Eq. 4 in terms of steel stress at failure.

fs = 1.2+3mg~.+50db+ Atrfyt Td.}sz\/f’c @
S do ,  500sdsl dp

in which

C = smaller of bottom (top) cover or one-half of clear spacing between splices.
The Orangun et al. predictions include no provision for top reinforccmént.

Comparisons—The results of the comparisons of the predictive equations with the tests
from the current study, plus the tests by Treece and Jirsa (1987, 1989), Choi et al. (1990a, 1991),
and Hamad and Jirsa (1990), are listed in Tables 9-11 and summarized in Table 12. As stated
earlier, the comparisons do not include the AASHTO or ACI epoxy-coated bar factors.

The comparisons indicate that, on the average, the experimental splice strengths exceed
those predicted by the design expressions (AASHTO 1989, ACI 1989) for both coated and un-
coated bars. The opposite is true for the predictions provided by the Orangun et al. (1977)
equation, except for the members with uncoated bars and no transverse reinforcement, which

produce a test/prediction ratio of about 1.0. The relative values produced by the three procedures
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are not totally unexpected; the design equations are deliberately conservative, while the Orangun et
al. equation is a best fit of data. Overall, the ratios of test strength to predicted strength obtained
from the Orangun, Jirsa, Breen equation are more consistent and exhibit significantly less scatter
than do similar ratios obtained from the AASHTO and ACI provisions. A detailed comparison fol-
lows.

Tables 12a, b, and ¢ contain summaries of the comparisons with test results for the
AASHTO (1989), ACI (1989), and Orangun, Jirsa, Breen (1977) predictions. The results are
grouped by bar surface (coated and uncoated), the use of transverse reinforcement {no stirrups or
stirrups within the splice length), and test series (B1-B7, S1-S8, Hamad and Jirsa, Treece and
Jirsa, Choi et al.). In addition to comparisons based on individual test series, the comparisons for
the three groups that include transverse reinforcement, B1-B7 and S 1~S8 from the current study
and the beams tested by Hamad and Jirsa (1990), are combined. Overall comparisons for all test
specimens are also included. For each category, comparisons are made baséd on the mean value of
the ratio of the test strength to the predicted strength and the coefficient of variation (COV). The
number of specimens in each category is indicated. Tables 12a, b, and c also include a summary
of the values of C/U based on the mean test/prediction ratios for each category. The overall com-
parison involves 113 splice specimens, 65 of which are from the current study.

The ACI (1989) provisions, on the average, provide less conservative estimates of splice
strength than do the AASHTO (1989) provisions. However, comparisons with the AASHTO
provisions exhibit less scatter, as demonstrated by generally lower coefficients of variation. For
example, for all uncoated-bar specimens, the ACI provisions produce a mean test/prediction ratio
of 1.87 and a COV of 0.439, compared to a mean test/prediction ratio of 2.04 and a COV of 0.303
for AASHTO.

The highest test/prediction ratios for the two sets of design provisions are obtained from the
tests by Hamad and Jirsa (1990) and Treece and Jirsa (1987, 1989). All of the specimens tested

by Hamad and most of those tested by Treece contained top reinforcement. Thus, application of
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the 1/1.4 (AASHTO 1989) and the 1/1.3 (ACT 1989) factors to calculate f; has a significant impact
on reducing the predicted splice strength. These specimens also had low covers and/or bar
spacings which require the use of additional factors, under the provisions of section 12.2.3 of ACI
318-89, that further reduce the predicted strength.

The lowest test/prediction ratios based on the AASHTO and ACI provisions, 1.514 and
1.197 for uncoated bars, respectively, are obtained for the specimens in groups S1-S8. This may
be due to the fact that, although these specimens did not contain "top reinforcement,” they did con-
tain top-cast (upper surface) reinforcement. As demonstrated by Brettmann, Darwin, and Donahey
(1986), significantly reduced bond strength can occur for upper surface bars, even if less than 12
in. of fresh concrete is placed below the bars.

Selected comparisons provide an understanding of the relationship between the test results
and the predicted strengths.

AASHTO-For the combined (B1-B7, S1-88, Hamad and Jirsa) results, the mean
test/prediction ratios for the AASHTO (1989) provisions for members with coated reinforcement
are 1.30 for members without stirrups and 1.53 for members with stirrups. Adding the results of
Treece and Jirsa (1987, 1989) and Choi et al. (1990a, 1991), the ratio is 1.50 for all coated-bar
splices without stirrups (Treece and Jirsa and Choi et al. did not test beams with stirrups). These
values compare to mean test/prediction ratios for the combined results (B1-B7, S1-S8, Hamad and
Jirsa) for splices with uncoated bars, 1.78 for members without no stirrups and 2.0 for members
with stirrups. The average for all specimens §vith uncoated bars and no stirrups is 2.03.

ACI-The test/prediction ratios for the ACI 318-89 provisions for bars with coated reinfor-
cement are 1.15 and 1.40 for the combined (B1-B7, $1-S8, Hamad and Jirsa) results for members
without and with stirrups, respectively. For uncoated bars, the ratios are 1.51 and 1.81 for mem-
bers without and with stirrups, respectively. For all specimens without stirrups, the ratios for
coated and uncoated bars are 1.42 and 1.91, respectively.

Orangun, Jirsa, Breen—Of the three procedures, the Orangun, Jirsa, Breen (1977) equation
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consistently provides the most accurate predictions for the uncoated bar specimens without stir-
rups, exhibiting strength ratios close to 1.0. However, Eq. 4 significantly over predicts the
strength provided by transverse reinforcement for the specimens analyzed in this study. For the
combined (B1-B7, S1-88, Hamad and Jirsa) results, the mean test/prediction ratios for coated bar
specimens are 0.73 and 0.68, for members without and with stirrups, respectively. For members
with uncoated bars, the corresponding ratios are 0.99 and 0.90, respectively. Adding the results
from Treece and Jirsa (1987, 1989) and Choi et al. (1990a, 1991), the ratios for members without
stirrups are 0.75 and 1.02 for coated and uncoated bar specimens, respectively.

C/U Ratios—The test/prediction ratios in Tables 12a, b, and ¢ for coated and uncoated
bars are combined to obtain C/U ratios that are also presented in those tables.

The C/U ratios presented in Table 12¢, based on comparison with the Orangun, Jirsa,
Breen equation, are theoretically the most useful, since for uncoated bars, Eq. 4 gives a far better
prediction of splice strength than do the design equations. However for application to design, it
makes more sense to consider the C/U ratios calculated from the test/prediction ratios obtained with
the design equations, assuming that the safety and accuracy of the design equations for uncoated
bar splices are considered satisfactory. From a practical point of view, a choice is not necessary,
since the values of C/U obtained from the mean test/prediction ratios in Tables 12a, b, and ¢ are
nearly identical for each category of comparison.

For comparison with the AASHTO (1989) provisions, the results of the current study, com-
bined with those of Hamad and Jirsa (1990}, provide C/U values of 0.73 and (.75 for members
without and with stirrups, respectively. For comparison with the ACI (1989) provisions, the
respective values are 0.76 and 0.78, while, in comparison to the Orangun, Jirsa, Breen (1977)
equation, the respective values are 0.74 and 0.76. Adding the results of Treece and Jirsa (1987,
1989) and Choi et al. (1990a, 1991) to the other studies provides C/U values of 0.74, 0.75, and
0.74, respectively, for the AASHTO, ACI, and Orangun et al. comparisons for members without

stirrups. These values differ significantly from the value of 0.66 that led Treece and Jirsa (1987,
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1989) to recommend the 1.5 epoxy-coated bar development length modification factor now is use
in the 1989 AASHTO Bridge Specifications and ACI 318-89. The higher values of C/U obtained
in the current analysis represent over five times the number of test results used to develop the

original recommendations,
DESIGN RECOMMENDATIONS

The test results and analyses presented in this report demonstrate that (1) transverse rein-
forcement increases the splice strength of coated as well as uncoated bars and that (2) the current
provisions for epoxy-coated reinforcement are overconservative for most applications. When
combined with the earlier work at the University of Kansas (Choi et al. 1990a, 1991, Darwin et al.
1990a), a picture develops which shows that the values of the current epoxy-coated bar develop-
ment length modification factors do not accurately reflect the bond strength of members containing
epoxy-coated bars. The earlier work shows that increased cover reduces the deleterious effects of
epoxy coating. However, the positive effects of increased cover do not justify the large changes in
the epoxy-coated bar factors used in the 1989 AASHTO Bridge Specifications and the 1989 ACI
Building Code. A factor of 1.5 is too high for bars with as little as two bar diameters of cover, and
factors of 1.15 and 1.2 are too low for bars with a minimum of three bar diameters of cover.

The analysis presented in the previous section illustrates that a C/U ratio of 0.74 conser-
vatively represents the effect of epoxy coating on splice strength, Thus, it may be reasoned that the
inverse of 0.74, 1.35, could serve as a conservative epoxy-coated bar development length
modification factor, whether the anchored bar is confined with transverse reinforcement or not.
The questions might be asked: Why not use the minimum value of C/U obtained in tests rather
than an average value? Isn't the minimum value needed for safety? The answer is that the bond
strengths provided by epoxy-coated bars exhibit no greater scatter than those provided by uncoated

bars. Thus, if the engineering community can accept the scatter that is inherent in the bond
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strength of uncoated bars, comparisons should be made based on average strengths rather than
minimum ratios of coated to uncoated bar-bond strengths.

The provisions of ACI 318-89 and the Orangun, Jirsa, Breen (1977) equation account for
improvements in bond strength provided by transverse reinforcement. Thus, when using either the
ACT 318-89 provisions or the Orangun et al. equation, a single development length modification
factor is satisfactory in all cases. The AASHTO Bridge Specifications, however, do not take ad-
vantage of improvements in bond strength provided by transverse reinforcement. Therefore, it
would be possible to allow the use of a reduced development length modification factor in conjunc-
tion with the AASHTO Bridge Specifications as they are currently framed without resulting in
designs that are any less safe than are provided by uncoated bars without transverse reinforcement.
Based on the analysis of Fig. 26, it appears that a2 modification factor of 1.20 would be reasonable
for members with transverse reinforcement providing a K, value of at least 3.0. As mentioned
earlier, the analysis of Fig. 26 showed that a development length modification factor of 1.15 could
be justified at Ky = 3.0, but that a more conservative value appears to be justified without some
additional test results. Presumably, development length modification factors between 1.35 and 1.2
could be used for values of Ky, between 0 and 3.0. However, it is highly doubtful that a variable
factor would be practical, based on the extra design effort required. If adopted, the 1.20 develop-
ment length modification factor would be most effectively applied to the inner layer of reinforcing
bars in slabs and walls.

For the purposes of calculating the value of Ky, the definitions presented with Eq. 1 and
illustrated in Fig. 19 for Ay should be used. To determine when the transverse reinforcement
intercepts a crack plane, as indicated in Fig. 19a, or an individual set of cracks, as indicated in Fig.
19b, the definition shown in Fig. 19b should be used for bars with a lateral center-to-center
spacing of 6 in. or greater. The definition should in Fig. 19a applies for closer spacings.

The application of the proposed provisions is demonstrated in Tables 13a, band c. In

Tables 13a and b, the AASHTO (1989) and ACI (1989) provisions are modified to include the
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recommended epoxy-coated bar modification factors. A 1.35 factor is applied in all cases for ACI
318-89 and to all comparisons, except groups $1-S8, for the AASHTO provisions; a factor of
1.20 is used for S1-S8. As can be seen, the test/prediction ratios for specimens containing coated
bars increase to values which are very close to those produced by the uncoated bars. For example,
for the modified AASHTO (1989) provisions, the test/theory ratio for splices with coated bars
without stirrups increases to 2.02, compared to a value of 2.03 for splices with uncoated bars
without stirrups. For splices with stirrups, the ratio increases to 2.01 for coated bars compared to
2.03 for uncoated bars. Similar improvements are made for ACI 318-89.

The application of the 1.35 factor with the Orangun, Jirsa, Breen equation (Table 13c),

produces values of test/prediction ratios which are also very similar for coated and uncoated bars.
CONCLUSIONS

Based on tests of 65 beam and slab splice specimens and the analysis of those specimens
plus an additional 48 specimens from earlier studies, it may be concluded that:

1. Epoxy coatings significantly reduce the splice strerigth of deformed reinforcing bars in con-
crete. However, the extent of the reduction is less than used to select the development length
modification factors in the 1989 AASHTO Bridge Specifications and 1989 ACI Building Code.

2. The percentage decrease in splice strength caused by epoxy coatings is independent of the
degree of transverse reinforcement.

3. Transverse reinforcement improves the strength of splices containing both coated and uncoated
bars. The percentage increase in strength is approximately the same for both coated and un-
coated bars for equal amounts of transverse reinforcement.

4. The added strength provided by transverse reinforcement allows the use of a reduced epoxy-
coated bar development length modification factor, if adequate transverse reinforcement is

provided and the provisions do not otherwise take into account the beneficial effect of
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transverse reinforcement on development and splice length.

5. A single epoxy-coated bar development length modification factor, 1,335, is applicable for ﬁse in
the ACI Building Code. A factor of 1.35 is also applicable for use in the AASHTO Bridge
Specifications for bars with transverse reinforcement providing values of Kiy < 3.0. A factor of
1.20 is applicable for use with the AASHTO Bridge Specifications for bars with transverse

reinforcement providing values of K 2 3.0
FUTURE WORK

Two observations made during the current study, combined with the limited range of bar
sizes used in the tests, strongly suggest three areas of needed research.

1. The current study suggests that an increased splice length may result in a reduced value of C/U.
However, very little information exists on the effect of epoxy coatings as a function of develop-
ment or splice length. A series of test specimens designed specifically to evaluate the effect of
development and splice length on the relative strengths of coated and uncoated bars appears to
be highly desirable.

2. Tests of splices have normally produced C/U ratios that are below those observed for beam-end
specimens. This lower strength may result from the combined effect of multiple bars slipping
in the splice specimens, as well as statistical effects based on "weakest link" behavior. The
observation that the values of C/U may be considerably higher for Class A splices than for
Class B/Class C splices suggests that additional study would be worthwhile to better un-
derstand this behavior as a function of the number of bars that are spliced or developed.
Reductions in development length modification factors are possible,

3. The study by Choi, Hadje-Ghaffari, Darwin, and McCabe (1990a, 1991), which included 630
beam-end specimens, demonstrated that the effect of epoxy coating is a function of deformation

pattern and bar size. The 113 splice tests that have been carried out to date have not specifically
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addressed the effect of either deformation pattern or bar size. The statistical nature of bond and
splice strength requires that a large number of specimens be evaluated to observe significant
trends. While tests on the scale of those used in the earlier University of Kansas study (Choiet
al. 1990a, 1990b, 1991) will not be necessary, additional effort is justified to improve the un-

derstanding of the effects of both deformation pattern and bar size on splice strength.
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Table 1 Average Test Bar Data

Bar Def. Yield Def. Def Def. Def, Bearing Related Bearing
Size Pattern stx. sSpacing Helght & Gap Angle Area Rib Area
per Area + Ratio **
Inch *
{ksi) (in.} (in.} {in.} (deg. ) {in.) {in.-1)
3 s 68.9 0.245 0.017 0.088 90 0.058 0.049 0.526
3 o] 54.1 0.249 ¢.019 0.087 60 0.058 0.04¢ 0.533
3 N 77.3 0.244 ¢.019 0.100 70 0.066% 0.059 0.630
g C 72.3 0.413 0.042 G.116 60 0.151 0.077 G0.48¢
& 3 £9.5 0.484 0.042 G.125 g0 0.165 0.07¢ 9.375
[ < 72.4 0.47% 0.049 G.168 60 0.17% 0.076 0.406
8 35 7i.1 0.667 0.055% 0.145 340 0.21% G.07C 0.277
8 c 69.0 0¢.654 0.062 ¢.163 60 0.222 ¢.071 0.281
8 N 63.8 0.604 0.060 0,100 10 0.245 G.078 0.311

& Per ASTM A 615

* Bearing area of the deformations divided by the spacing of the deformations.
Bearing area based on closely spaced measurements of ribs.

+ The ratic of the bearing area of the deformations to the shearing area
between the deformations (bearing area divided by the nominal perimeter of
the bar).

$ The ratic of the bearing area of the deformations to rthe area of the bar
{(bearing area divided by the nominal area of the bar:.
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Table 2 Concrete Mixture Proportions
(Cubic Yard Batch Weights)

Group Neminal w/C Cament Water Aggregate
Strength Ratio Fines+ Coarse®*
(psi)

{(ib) {1b} (1k} {ib}
B1-83 6000 0.37 765 281 1264 1642
B4 6000 0.36 787 2789 1267 16458
B5-B& 5500 0.45 615 278 1421 1620
B7,81-87 5560 0.46 eCo 275 1481 1575
58 5500 0.40 611 242 1512 1607

+ Kansas River 8Sand - Lawrence Sand Co., Lawrence, KS, bulk specific
gravity = 2.62, absorpticn = 0.5%, finenes modulus = 3.0.

* Crushed limestone - Hamm’s Quarry, Perryv, KS, bulk specific gravity =
2,52, absorption = 3.5%, maximum size = 3/4 in., unit weigth = 97.2
Ib/cubic ft.

Note: Air volume ranged from 1.5% to 2.0%
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Table 3 Concrete Properties

Group Slump Concrete Age at Average Compressive
Temperature Tast Strength

(in.} (F) (days) (psi)
Bl 3 3/4 62 8 535¢
B2 4 1/2 70 7 6200
B3 1 3/4 71 4 6020
B4 3 83 6 5450
BE 3 3/4 84 il 5490
B6 3 1/4 87 g 5850
B7 5 1/4 a8 10 5240
sl 4 88 i2 5040
82 4 77 i0 5370
&3 4 1/4 72 S 5030
54 3 66 5 5290
55 3 3/4 67 8 5100
S6 5 59 & 5410
s7 6 47 5 5400
88 3 1/4 47 5 5440

Group Specimen Average No. of Widest Bar Stress

No. Label * Coating Cracks Crack for Crack

Thickness Comparison
{mils) " {mils} (ksi)

B1 EN3~16-G-U 0.0 7 5 27.7
8N3-16-2-U 0.0 10 5 27.7
8N2-16-1-C 7.5 6 7 27.7
8N3-16-2-C 9.6 12 5 27.7

B2 8C3-16-0-U 0.0 6 7 25.0
8C3-16-2-T. 0.0 8 5 25.0
8c3-16~0~C 11.2 8 7 25.0
8C3-16-2-C 8.7 5 5 25.0

* Specimen Label : #DS-L-N-B
# = bar size N = number of stirrups
D = deformation pattern : C,N B = U - uncoated kars
8 = stirrup bar size C - coated bars
L = splice length
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Table S5 Current Study : B1—B7 Splice Tests
Groupy Specimen No. of  Avg. Aveg. Jit. Ui, Norm. Relative **
Na. Labei * Splices Coat. Cover  Mcment Stress §tress Strengths
Thek . R T -
(mils) (im.) (k-in.) (ksi} {ksi) 4] tn Cn Un
BL BN3~16-2-U 3 0.0 2.00 1433 50.4 48.3 - 1.00 - -—
SN3w16w21 3 G.0 2.00 1804 58.5 54.1 - 1.12 - -
BM3I-L5-1~C 3 7.5 2.¢00 1088 38.2 6.5 — - - 0.78
8NZ-15-2-C 3 9.6 2.00 1214 42.7 40.9  0.78 - - 0.35
B2 8C3-14-9-0 3 0.¢ 1.84 1376 46.5 43.8 - 1.00 - -
3C2-16-2-U 3 0.0 1.83 1305 44.2 41.8 - 8.95% -- -—
8Ci-16-1-C 3 11.2 1.75 1146 28.5 36.3 0.83 - 1.00 ©0.33
BCI~L6~-2-C 3 .7 1.78 1124 38.0¢ 35.8 Q.86 - 0.99% 90.32
23 383-18~0-U 3 0.0 2.04 1361 47 .0 45.0 - 1.00 - -
£53-15~-2-0 3 0.0 2.08 1348 46.8 44.3 e 0.99 - -—
853-16-0-C 3 9.9 2.08 911 30.39 28.5 0.s88 --  L.00 0.5§
852-18-2-C 3 9.8 2.07 921 3z2.0 30.5 (.89 -~ 1.04 0.33
853-15-0-C 3 10.3 1.04 759 26.5 25.4 -— - 1.00 -~
BE3w18-2~C 3 5.8 1.05 871 30.2 29.0 - - 1.1 -
B4 883-16-0-U 3 0.0 2.10 1228 42.7 38.5 - 1.00 - -
883~15-2-17 3 0.0 2.04 1384 47 .4 43.8 - 1.11 - -
853-16~-3-17 3 8.0 2.10 1458 0.4 45.6 1.18 e -
883~15~0~C 3 10.7 2.11 884 30.8 28.4 0.72 - 1.90 0.72
883-16-2-C 3 5.8 2.00 9312 32.1 29.6 0.68 - 1.04 9.78
833-16-3-C 3 8.9 2.03 887 3¢.3 28.4 0.81 e 1.66 0.72
BS 8C3~15-0-7 3 0.0 2.08 1158 33.7 39.8 - 1.00 - -
8C3-18-2~7 3 6.0 2.06 1387 46.6 46.6 -- 1.17 - e
8C3-16=-3-1 3 0.0 2.086 1244 43.2 43 .3 - 1.08 -— -
8C3~15-0-C 3 8.8 2.01 831 3i.8 it.e  0.80 -~ 1.00 0.80
8C3-16-3-C 3 8.0 2.08 1024 34.7 34.7 0.80 - 1.09 0.87
B6 8C3-22 3/4-0-U 3 0.0 2.15 1489 51.6 50.0 - 1.00 - -
8C3-22 31/4-3-U 3 0.0 2.17 1620 56.2 54.5 - 1.05 -— -
8C3-22 3/4-4~U 3 0.0 2.16 1595 55.6 53.9 - 1.08 - -
8C3-22 3/4-0-C 3 8.0 2.G0 952 33.4 32.3 0.65 - 1.60 0§.85
8C2-22 3/4-3-C 3 8.5 2.13 1027 35.6 34.6 §.83 - 1.07 ©.8%
8C3-22 3/4-4-Cc 3 9.9 2.18 1112 8.5 37.4  ¢.89 -- 1.16 §.75
B7 8C3-16-0-U 2 0.9 2.12 885 45.2 46.3 —-— 1.00 - -
8C3-18-3-U 2 0.0 2.03 1019 51.5 52.7 e 1.14 -~ -
8Ci-16-0-C 2 11.4 2.12 759 8.7 39.7 0.4¢ -~ 1.00 0.86
8C3-15-3-C 2 %.2 2.08 759 38.7 39.7 0.75 -~ 1.00 0.88
* Specimen Label : #DS-L-N-B Mean = 9.72 1.65 1.¢3 0.7%

har size

splice length

I S [ ||

C - coated bars

** Helabive Strengths

o 3] [ C
U Un , Cn , Un
= uncoated bars

= ¢oated bars

g 0 -
E

number of stirrups .
= U - uncoated bars

deformaticn pattern : S,C,N
stirrup bar size Note:

1 mii = 0.001 in.

1.} all bars bottom-cast

2.) Norm.Stress = Ult.Stress(5500/£/c)"1/2
3.

4.}

Nominal cover listed for Bl becausa

cover was not measured for group 81.

Cs min (side cover,
1.5 in. foxr Bl1-Bé

2.0 in. for B7

B W

no stirrups within splice length

1/2 clear spacing)
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Table 6 Current Study : S1—-S8 Splice Tests

Group Specimen No. of Avyg . Avyg. Ulie. Ule. Norm, Relative **
No. Label * &Splices Coat Cover  Moment Shkress Stress Strangths
Thek.- =T SR« -
{mils) (in.} {k-in.} (ksi} {ksi) U Ur <n Un
g1 6C3-10-0-T 3 9.0 2.36 285 44.1 46.0 - 1.60 R -~
6C3-10=0=2 3 2.9 2.39 227 34.¢ 315.5 0.77 - 1.00 0.77
52 8C3-10-0-T 3 .0 2.19 317 47.4 48.0 -— 1.00 - —
5C3-10-2~0 3 0.0 2.18 342 51.0 51.7 - 1.08 - -
6C3-10-3-C 3 5.1 2.19 245 36.7 37.1 0.77 - i.00 0.77
8C3-10-2-C 3 5.4 2.09% 227 34.0 34.4 ¢.87 - 0.83 0.72
s3 653~10-9-U 3 0.0 2.18 g8 46.3 48.4 —— 1.00 - -—
683-10-2-7 3 0.0 2.21 348 52.1 54.5 - 1.13 - -
683-10-3~C 3 8.4 2.04 237 35.5 37.1 Q.77 - 1.00 .77
£33-10-2-C 3 g.1 2.08 227 35.5 37.2 0.88 - 1.0¢ ¢.77
54 8CS~10=0=l] 3 .0 2.07 314 46.9 47.3 - 1.00 - -
6C5-10-2-~1 3 ¢.0 1.%8 349 52.1 53.2 - 1.11 - -
ECS~10~0=C 3 g.9 2.10 214 32.0 32.8 0.68 - 1.00 §.58
4CS-10-2-C 3 8.3 1.98 262 39.1 3%.9 0.75% - 1.22 .33
85 8C5-16-0-17 3 a.0 2.09 486 43.1 44.83 - 1.00 - -
8CE~16-2-1 3 0.¢ 2.0% 434 38.6 40.1 o 0.89 -— -
8¢5-L6-0-C 3 10.3 2.09% 338 30.0 31.1 0.70 - 1.00 4.7¢
8C5-16-2-C 3 0.1 2.05 318 28.3 29.3 .73 - 0.94 0.58
S6 8CS-16-0-17 3 .0 2.08 408 15.0 36.3 - 1.890 - —
8C5~16~4~U 3 0.0 2.15 451 40.9 41.2 - 1.14 - -
acs-16-0-C 3 9.5 2.08 281 23.1 23.3 .84 - 1.00 0.54
8C5~16~4~C 3 2.8 2.84 307 7.2 27 .4 0.67 - 1.18 0.78
s7 6C5-10-0-8 1 0.¢ 2.19 458 68.4 £9.0 - 1.00 -— -
8C5~10~2-0 1 0.¢ 2.10 451 87.4 63.0 -— 0.98 - -
8C5-10~-0-C 1 2.2 2.14 381 S6.9 57.4 0.33 - 1.00 0.82
6C5~10-2~C 1 7.2 2.08 184 57.3 57.8 0.85 - 1.01 .34
s8 6C5~L0~0-0 2 ¢.0 2.03 250 37.3 37.8 - 1.00 - -—
6C5-10-2-17 2 ag.o0 2.11 i5s 53.2 53.5 - 1.43 - -
6C5-10~0~C 2 19.9 2.86 233 34.8 35.0 .93 - 1.00 0.93
8CS~-16-2~C 2 8.2 2.85 294 44.0 44.2 .83 -— 1.26 1.18
* Specimen Label #DS-L-N-B Mearn = 9.75 1.05 1.04 0.7%
# = bar size
D = deformation pattern : §,C
8§ = stirzup bar size Nota 1.) all bars top-cast
L = splice length 2.) Norm.Stress = Ult.Stress (5500/f'c)™1l/2
N = number of stirrups 3. 1 mil = 0.001 in.
B = U -~ uncoated bars
€ - coated bars Cs min (side cover, 1/2 clear spacing:

** palative Strengths

L u C
Un , Cn ., Un
= uncoated bars

8]

890 g-
i

]

C

= coated bars
no stirrups within

splice length

LI I

3.25 in.
3 in.

for S1-54,57,58
for §5, §%
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Table 7 Other Studies

Group Specimen No. of Avg. Ule. Nerm. Relative **

No. Labei * Splices Ceat. Cover Stress Stress Strength

Thek. c
(mils) (in.) {ksi) {ksi) U
R R R R R R S R N R S R S S S N S TN R T S DM e e s oy Ty e P Y P

1 sD0-12-0-C 3 i0.5 2 33.¢C 37.58 0.82
D0-12-0-C 3 4.8 2 46.2 52.6 0.87
ED0~1240-T k) ¢.0 2 53.1 50.4 -

2 5D0~24-0-C 3 8.9 7/8 44.8 §53.85 0.71
600-24-0-C 3 4.5 3/4 47 .9 57.2 0.76
6D0-24-2-U 3 J.4a 1 63.3 75.5 -

3 L1D0~38~0~C 3 9.1. 2 28.3 29.3 0.55
11D0~38-0~C 3 5.3 2 30.4 31.38 0.70
11D0~36~0~1F 3 0.0 2 43.3 45.3

4 11D0-35-0-C 3 11.0 2 24.5 28.2 0.54
1100-36~0-U 3 0.0 2 45.¢ 52.0 -

5 6D0~16-0~C 3 14.0 3/4 35.0 29.0 0.55

6D0-16-0-TF 3 0.0 7/8 63.3 52.4 -

& 12D0-18-0-C 3 7.4 2 1/4 25.3 20.¢ .82
11D0-18-0-0 3 0.0 2.1/8 40.32 32.9 -

7 ED0~16-0-C 3 10.3 5/8 41.1 27.2 0.85

8D0-16-0-U 3 a.0 3/¢ 63.3 41.8 ——

g8 1lDpe-18-0-C 3 9.7 2 33.8 24.5 0.72
11D0~18-0~U 3 0.0 2 46.9 33.8 -

9 11D0-18-G-C 3 8.7 2 27.5 20.8 0.64
11D0=-18-0-U 3 6.0 2 43.90 32.86 -

Note: All groups were top-cast Mean = 0.87

except for group 4 and 9 which
were bottom-cast.

Cs = min (side cover, 1l/2 clear spacing) = 2 in. for all members.

Group Specimen No, of Avg.  Nomin. ult. Ule. Norm. Relative **
No. Label * Splices Coat. Cover  Moment Stress Siress Strength
Thek. L.
{mils) {in.) {k~in.) (ksi} {ksi) U
1 SNO-12-G-U 2 0.¢ 1 521 62.5 63.3 -
ENG-12-0-U 3 6.¢ 1 813 65.3 68.2 -
SNDO=-12«0~C 3 9.5 1 609 49.0 49 .9 0.75
2 850-12-90-U 2 0.0 1 543 45.8 43 .8 -
£80-12-0~C 2 8.3 1 511 43.1 41.2 0.94
6C0-12-0~U 2 0.¢ 1 610 51.4 49.2 e
6C0~-12-0-~C 2 8.8 1 458 1%.3 37.86 ¢.76
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Table 7 Other Studies (continued)

3 880~16~0-U

2 0.0 1.5 854 43.1 41.3 -

880~16=0~C 2 9.4 1.5 768 38.7 37.2 0.90
ANG-16-0-0 2 G.0 1.5 858 43.3 41._5 -
8N0-16-0-C 2 9.5 1.5 737 37.2 35.7 0.86

¢ 1150-24-0-U 2 0.0 2 14539 40.2 29.0 EEs
150-24-C-C 2 9.3 2 1053 25.0 28.1 g.72
11Cc0-24-0-7 2 c.0 2 1372 37.8 36.7 —
11C0—24ﬁQ~C 2 10.3 2 1128 31.1 0.1 0.82

Notz: all bars were bottom-cast Maan = 0.82

Cs ='‘min (side cover, 1/2 clear spacing) = 2 in. for all members

Group Specimen MNo. of Nomin. Neomin. Uilg. Norm. Relative **
Ne. Label * Splices Coat. Cover Stress Stress Strengths
Thek. R - -
{mils) (in.) {k=i} (ksi) u Un cn Un
I 11p3-3Q-0-U 2 6.0 2 34.8 42.5 - 1.90 - -
1ip3-3¢-0-C 2 8.0 2 25.4 31.2 ¢.74 - 1.00 0.74
11P3-30-3-T 2 c.¢ 2 37.7 46.0 - 1.08 - -
11E3~30-3~C 2 8.0 2 30.% 37.2 0.81 -— 1.18 (.88
L1iP3-30-6-U 2 9.9 2 41.5 48.7 - 1.158 - -
11P2-30~6~C 2 8.9 2 34.8 40.8 0.84 —— 1.31 0.86
2 11p3-30-6-U 3 ¢.0 2 33.90 38.7 -— - - —
11p3-30-8-C 3 8.0 2 28.2 33.0 0.85 - - -
3 6P3~18-0~U 3 0.0 2 62.2 75.5 - 1.00 - -
6P3-18-0-C 3 3.0 2 41.7 50.6 0.67 - 1.00 0.87
6P3=-18-3-U 3 0.0 2 8.8 33.4 - 1.10 - -
6P3-18-3-C 3 2.0 2 51.1 61.53 0.74 - 1.22 6.82
Note: ail bars top-cast Mean = 0.78 1.07 1.14 0.8%
* Specimen Label : #DS-L-N-B . Note:
# = bar size i.} Norm.Stress = Ulb.Straess(5500/f'c)~i/2
D = deformation patterm : 2.} 1mil = 0.001 in.
5,C,N, P (parallel}, .
D {diamond} ** Relative Strengths
S = stirrup bar size L g < c
. = splice length g, Ua, Cn ,Tﬁ;
N = number of stirrups J = uncoated bars
B = U - uncoated bars c coated bars
n

C ~ coated bars = no stirrups within splice leangth

Cs

i

min (side cover, 1/2 clear spacing)
2 in. for Group Ne. 1

1..41 in. for Group No. 2

0.625 in. for Group No. 3

[ ]
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Table 8 Data for Best Fit Analyses of Relative Bond Strengths versué Kir

All Ky
“Ratio  No. of  Sleps  Stamd.  Coef.  Mean  Mean  Meam | Mamm
Specimens Dev. of Corr. at 0.0 at 3.0 at 5.0 at 10.90
c/U 26 -0.002 9.077 d.802 0.743 0.737 G6.733 0.723
G/Un 29 ¢.02¢C —— 0.558 1.0G¢ 1.0%5% 1.0%8 1.1%6
C/Cn 286 0.016 - 0.738 1.000 1.048 1.078% 1.158
C/Un 28 0.013 0.059 0.9%9% G.750 ¢.788 0.813 6.875
For Current Study and Hamad & Jirsa:
c/u 31 -0.001 g.e72 0.888 0.742 0.739 0.737 3.732
U/Un 34 0.020 -—- 0.538 1.¢000 1.061 i.102 1.204
c/Cn 31 £.018 -—— 0.512 1.000 1.054 1.091 1.181
C/Un 33 9.014 0.4085 ¢.%30 0.752 0.794 0.821 0.8%0
Ky < 3.0
xEz{atio Ne. of “ﬂmglope*==;;;;;. ;;;;T _____ ;;an *M;::;=2=
Specimens Dav. cf Corr. at 0.¢ at 3.0
For Curzent Study: T ) )
c/U 14 -0.022  0.083 0.939 0,750 0.694
U/Un 17 0.0867 -— 0.735 1.000 1.201
C/Cn 14 0.02% - 06.37¢ 1.000 1.087
C/Un 16 0.021 9.074 0.946 ¢.757 0.819
For Current Study and Hamad & Jirsa:
c/u 19 0.001 ¢.074 0.83%4 0.743 0.746
U/un 22 0.065 - 0.775 1.000 1.1%85
c/Cn 12 0.085 - 0.5858 1.000 1.196
C/Un 21 0.044 0.0869 0.914 0.741 0.873
U = uncoated bars n = no stirrups within splice length
€ = coatad bars
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Table 9 Test/Prediction Ratios for B1—B7 Splice Tests

Group Specimen Average Norm. AASHTO ACI QJB Test/Prediction
No. Label * Ceating Stress Stress Stress Stress
Thickness
(mils) (k=i) (ksi) (ksi) {ksi) AASHTO ACI 0JB

BL 8N3-16~0-U 48.33 22.08 28.88 41.89 2.189 1.67 1.15

0.0
8N3-16-2-T 0.0 54.10 22.08 28.88 48.61 2.45 1.87 1.1i1
aN3-lg-1-C 7.5 38.63 22.09 28.88 45.25 1.88 1.27 0.81
BN3-16-2-C 9.6 40.9% 22.0¢9 28.88 48.561 1.35 1.42 0.84
B2 8C3~16-0-U ¢.o 43.75% 22.99 28.38 41.8% 1.28 1.82 1.05
g§C3-16-2-U .0 41.85 22.09 28.38 46.589 1.89 1.44 0.85
8C3-16~0-C 11.2 36.28 22.09 28.88 41.8% 1.584 1.286 0.87
8C3-16-2-C 8.7 35.79 22.09 28.88 46.52 1.82 1.24 0.77

B2 853-16~06-U .G 44.9% 22.09 28.88 41.89 2.04 1.58 1.07
853-16-2-T7 0.0 44 .51 22.09 28.a8 47.88 2.02 1.54 0.93
853-16-0-C 9.9 29.45% 22.09 28.88 41.89% 1.34 1.62 0.70
883-16-2-C 9.8 30.57 22.09 28.88 47 .88 1.38 1.06 0.64
833-16-0-C 10.3 25.37 22.09 14.44 35.48 1.18 1.78 0.72
853-18-2-C 9.8 28.95 22.09 14.44 40.90 1.31 2.01 0.71

B4 8353-16-0-T 39.47 22.09 28.88 - 41.89 1.79 1.37 Q.94

0.9
853-16-2-U 6.0 43.81 22.09 28.88 47 .88 1.88 1.82 .92
853-16-3-U ¢.0 46.58 22.0%9 28.88 50.88 2.11 1.s51 0.92
883-16-0-C 10.7 28.44 22.0% 28.88 41.89 1.29 0.9% Q.68
883-16-2-C 9.8 29,51 22.08 28.88 47 .88 1.34 1.03 0.82
853-16-3~C 8.2 28.45% 22.09 28.88 50.88 1.29 0.9% Q.56
BE 8C3-16-0~U 0.0 3i9.78 22.09 28.88 41.8% 1.80 1.38 0.95
8C3-16-2~U 0.0 46.61 22.09 28.88 46.59% 2.11 1.81 1.00
8C3-16-3-U 6.0 43.26 22.09 28.88 48.95 1.95 1.50 0.88
8C3-16~0-C 8.5 31.97 22.99 28.88 41.89 1.44 1.1¢0 .76
8Cc3-16-3-C 8.0 34.69 22.09 28.88 48.95 1.57 1.2¢ 0.71

B6 8C3-22 3/4-0-TU 0.0 50.02 31.41 41.97 53.30 1.59 1.22 0.94
8C3-22 3/4-3~0 0.0 54.46 31.4% 41,407 60.36 1.73 1.33  '0.9%0
8¢3-22 3/4-4-U 0.0 53.83 31.41 41.07 62.72 1.72 1.31 0.86
8C3-22 3/4-0-C 9.9 32.34 31.41 41.a7 53.30 1.03 0.7% 9.861
8C3-22 3/4-3-C 8.6 34.56 31.41 41.07 60.358 1.1¢0 0.84 0.57

9.9

8C3-22 3/4-4-C 37,38 31.41 41.07 62.72 1.19 .91 0.60

B7 8C3-16-0-U g.0 46,32  22.09% 28.88 49.01 2.10  1.80 0.95
8C3-16-3-U G.0 52.73 22.90% 28.88 60.04 2.3% 1.83 0.88
8C31-16-0-C 11.4 35.88  22.09 28.88 49.01 1.80 1.37 0.81
8C3-16~-3~-C 9.9 39.65 22.09 28.88 60.68 1.80 1.37 0.65

* Specimen Label : #DS-L-N-B
# = bar sizs N = number of stirrups
D = deformatien patterm : §,,N B = U - uncoated bars
§ = stirrup bar size C -~ coated bars
L = splice length
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Table 10 Test/Prediction Ratios for S1—S8 Splice Tests

Group Specimen  Average Norm. AASHTO ACT 0JB Test/Predictiocon
No. Label * Coating Stress Stress Stress Stress
Thickness
(mils) {ksi} (ksi} {ksi) {ksi) AASHTO ACT 0JB

81 6C3-10-0-U 6.0 . .
6C3-10-0~C 8.0 35.45 30.98 40.52 57.38 1.14 0.87 .62

82 6C3~10-0-T 6.0 47.95 19.98 40.52 £4.23 1.55 1.18 0.88
6C3-10-2-U 0.0 51.65 30.98 40.52 65.62 1.67 1.27 0.79
6C3-10-0-C 5.1 37.10 30.98 40.52 54.23 1.20 0.92 0.68
6C3-10-2-C 5.4 34.37 30.98 40.52 64.51 1.11 0.85 0.53

83 683-10-0~T G.0 48.40 30.98 40.52 54.07 1.58 1.18 0.20
653-10-2-T 6.0 54.53 3C¢.958 40.52 66.41 1.78 1.35 0.82
683-10-0-C 6.4 37.12 30.58 40.52 51.8% 1.20 0.92 0.72
683-10-2-C 6.1 37.17 3G.58 40.52 64.35 1.20 0.92 0.58

sS4 6C5-10-0-U 0.0 47.87 30.98 40.52 52.33 1.5 1.18 0.91
6C5-10-2-U 0.0 53.18 30.98 4¢.52 62.446 1.72 1.31 0.8%
6C5-10-0-C 8.9 32.64 30.58 40.582 22.80 1 G.81 0.62
6C5-10-2~C 8.3 39.89 30.98 40.52 62.77 1.29 .28 0.64

85 8C5-16-0~U G.0 44.78 27.61 36.11 50.29 1.82 i.24 0.89
8C5-16-2-U C.0 40.05 z27.61 36.11 64.53 1.45 1.11 0.62
8C5-16-0-C 16.3 31.13 27.61 36.11 50.29 1.13 .88 .62
8C5-16-2-C 10.1 29.34 27.861 3e.11 63.96 1.06 G.81 0.46

56 8C5-16~0-U .o 36.25 27.61 36.11 50.15 1.31 1.00 0.72
8C5-16~4~U .0 41.20 27.61 36.11 65,39 1.49 1.14 0.63
8C5-16-0-C 5.5 23.32 27.61 36.11 50.15% 0.84 .65 0.47
8C5-16-4-C 9.8 27.42 27.61 36.11 63.82 0.99 G.76 0.43

87 6C5-10-0-U G.o 69.02 52.67 52.67 52.80 1.31 1.31 1.31
6C5-10-2-U .0 67.97 52.867 52.87 64.67 1.29 1.29 1.05
6C5-10-0-C 8.2 57.38 52.67 52.87 53.44 1.09 1.09 1.07
6C5-10-2-C 7.2 57.80 52.67 52.67 64.04 1.10 1.10 ¢.90

S8 6C5-10-0-U 6.0 37.48 30.98 40.52 51.69 1.21 G.92 0.73
6C5-10-2-T G.0 53.48 3c.98 40.52 64.83 1.73 1.32 0.82
6C5-10-0-C 10.9 34.99 30.98 40.52 52.17 1.13 C.86 0.67
6C5~-10-2-C g.2 44.18 30.98 40.52 63.88 1.43 1.09 0.69

# = bar size N = number of stirrups
D = deformation pattern : 8,C B = U - uncoated bars
8 = stirrup bar size C - coated bars

L = splice length

N = number of stirrups
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Table 11 Test/Prediction Ratios for Other Studies

Treece & Jirsa (1987, 1989)

Group Specimen Average Norm. AASHTC  ACI oJB Test/Prediction
No. Label * Coating Stress Stress Stresg Stress
Thickness

{mils) {ksi) {ksi) {ksi) (ksi) AASHTO  ACT CJB

1 6D0~12~0~C 10.6 37 .54 21.25 37.40 58.50 1.77 1.C0 0.64
&D0-12-0-C 4.8 52.56 21.25 37.40 58.50 2.47 1.41 0.%0
6D0-12-0-U 0.0 60.41 21.25 37.40 58.50 2.84 1.62 1.03

2 6D0-24-0-C .0 53.48 42 .49 29.92 59.45 1.26 1.79 0.90
6D0-24-0-C 4.5 57.18 42.49 25.92 54.70 1.35 1.91 1.05
6D0-24-0-U 0.0 75.56 42.49 29.92 64.18 1.78 2.83 1.18

3 1iD0~36-0-C 9.1 29.59 17.58 18.08 B5.15 1.65% 1.64 0.53
1iD0~-36-0-C 5.8 31.78 17.58 18.08 56.15 1.77 1.76 .57
11DC~36-0-U 8.0 45.28 17.98 18.08 56.15 2.52 2.50 0.81

4 11D0-36-0-C 11.0 28.19 17.98 18.08 56.15 1.57 1.56 0.50
11D0-36-0-U 0.0 51.87 17.98 18.08 56.15 2.8% 2.87 0.93

5 6D0-16-0-C 14.0 28.95 28.33 19.95 41.41 1.02 1.45 0.70
6D0-16-0-U 0.0 52.35 28.33 19.95% 44.58 1.85% 2.62 1.17

& 11D0-18-0-C 7.4 20.62 8.99 9.04 35.49 2.2% 2.28 0.58
11D0-18-G-U 0.0 32.85 g.99 9.04 35.48 3.65 3.63 G.23

7 6D0-~-16-0-C 10.3 27 .15 28.33 19.95 38.25 0.96 1.36 0.71

6D0-16-0-U 0.0 41.82 28.33 19.95 41.41 1.48 2.10 1.01
8 11D0-18-0-C 9.7 24 .45 8.99 9.04 35.49 2.72 2.70 §.69
1iD0~18~0~1 0.0 33.983 8.99 9.04 35.48 3.77 3.75 0.56
9 11D0-18-0-C 8.7 20.82 8.99 9.04 35.49 2.32 2.30 0.59
11DC-18-0-U 0.0 32.55% §.9% 9.04 35.48% 3.62 3.60 0.92
Choi et al. (1990a, 1991)
Group Specimen Nominal Norm. AASHTO ACI OJB Test/Prediction
NG. Label *# Coating Stress Stress Stress Stress
Thickness

{mils) {ksi) {ksgi) (ksi) (ksi) AASHTO ACIK OJB

1 SNO~12-0-U 0.¢ 63.3 42.22 45.29 49.01 1.50 1.28 1.28%
EN0-12-0-U 0.0 66.2 42.22 4%.29 49.01 1.57 1.34 1.35
9.5

5NO-12-0~C . 45.6 42.22 45.25 49.01 1.17 1.01 1.01
2 £50~12-0-U 0.0 43.8 28.74 24.73 39.51 1.47 1.26 1.11
650-12-0-C 8.3 41.2 29.74 34.73 39,51 1.3% 1.19 1.04
6C0-12-0-U Q.0 49.2 29.74 34.73 39.51 1.63 1.42 1.25%
6C0-12-0-C 8.8 37.6 25.74 34.73 39.51 1.26 1.08  0.95
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Table 11 Test/Prediction Ratios for Other Studies (continued)

3 850-16-0-17
850-18-0-~C
aNg~-16-0-U
8NQ-16-0-C

4 1150-24-0-T Q.
1180-24-0-C 2.
11C0-24-0-UT g

¢

Group Specimen Neminal Norm. AASHTO ACI QJIB Test/Prediction
No. Label ~* Coating Stress Stress Stress Stress
Thickness
{mils) {ksi} {ksi) (ksi} {ksi) AASHTO ACT CIB

1 1iP3-30-0-U 0.0

1ip3-30~0-C 8.0

11p3~30-3-U 0.0
11P3~30-3-C 8.9 37.16 14.98 15.07 55.70 2.48 2.47 0.87

11P3-30-6-U 9.0

8.9

11P3-30-6-C . 40.75 14.58 15.07 632.14 2.72 2.70 0.586
2 i11P3-30-6-U 2.0 38.87 14.88 10.55 40.46 2.58 3.67 0.96
11P3-30-6-C 8.0 33.03 14.58 10.55 40.46 2.20 3.13 0.82
3 EP3-18~0-U Q.40 75.48 31.87 22 .44 41.317 2.37 3.36 1.83
EP3~-18-0-C 8.0 50.61 31.87 22.44 41.17 1.59 2.286 1.23
6P3-18-3-U 0.0 83.38 31.87 22.44 56.34 2.62 3.72 1.48
6P3-18-3-C 8.0 61.92 31.87 22.44 56.34 i.94 2.78 1.10

* Specimen Labsl : #DS-L-N-B

# = bar zize N = number of stirrups

D = deformation pattern : §,C,N, B = U - uncoated bars
P {parallel), D {(diamzcnd) C - coated bars

8 = stirrup bar size ’
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Table 12a Test/Prediction Ratios ~ AASHTO

Lo dus by

Current Study Hamad B1-~-B7 Treece Choil ALl
& Jirsa 51-~88 & Jirsa et al. Specimens
Hamad
B1-B7 51-88 & Jirsa
Cit
Mean 1.383 1.098 1.835 1.302 1.783 1.511 1.496
cov 0.154 0.105 ¢.189 0.243 0.328 0.157 0.301
No 7 2 2 17 12 7 38
Cs
Mean 1.465 1.169 2.335 1.829 semen e 1.529
cov ¢.17¢ 0.128 0.145 0.308 ——— —— 0.308
No. 11 7 4 22 -- - 22
C-all
Mean 1.433 1.131 Z.1683 1.430 1.763 1.511 1.508
cov 0.178 $.118 0.184 0.285 0.328 0.157 g.301
No. 18 15 6 3g 12 7 58
Tn
Mean 1.826 1.450 2.6865% 1.782 Z.711 1.808 2.034
cov 0.108 0.104 0.128 0.239 0.32¢0 0.176 ‘0.335
No. 7 8 2 17 9 8 34
Us
Mean 2.035 1.887 2.880 2.047 0 e e 2.047
cov 0.119 0.113 0.115 0.252 ——— ———— 0.252
No. 19 7 4 21 e - 21
U-all
Mean 1.9%0 1.514 2.788 1.928 2.711 1.806 2.03¢9
cov 0.115 8.115 0.118 0.254 0.320 0.176 0.303
No. 17 15 & 38 9 8 55
Cn{mean)
Un {mean) 0.718 0.757 0.704 0.731 0.650 0.837 0.736
Cs (mean)
Us (mean) 0.720 0.737 ¢.811 0.747  =eees e 0.747
C-all (mean)
U-all(mean) 0.720 ¢.747 0.778 0.742 0.650 0.837 0.740

Z
Q
[ I 1}

coeficlent of variation
number of specimens

coatad bars

unceated bars
ne stirrups within splice length
stirrups within splice length
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Table 12b Test/Prediction Ratics — ACI

Current Study

B1-B7 g1-58
cn
Mean 1.183 0.873
cov 0.267 0.141
No. 7 3
Cs
Mean 1.211 0.929
cov 0.268 0.143
No. 11 7
C-all
Mean 1.200 0.899
cov 0.259 §.141
Na. 18 15
Un
Mean 1.473 1.145%
cov 0.%108 0.111
No. 7 g
Us
Mean 1.556 1.256
cov g.119 0.074
No 10 7
U-all
Mean 1.522 1.1%7
cov g.115 0.102
Ne 17 i5
Cn {mean)
Un {mean) 0.803 0.762
Cs {mean)
Us (mean} 0.778 0.740
C-all{mean)
U-all{mean) ¢.788 0.751

&
It it H

coeficient of variation

nunber of specimens
coated bars

oo

Hamad B1-B7 Treecea Chei All
& Jirsa 51-53 & Jirsa et al. Specimens
Hamad
& Jirsa
2.165 1.153 1.763 1.503 1.424
G.062 0.400 0.269 .280 0.365
2 17 12 7 38
2.765 1.404 mmewe e 1.404
G.099 0.510 ——-—— ———— 0.510
4 22 - - 22
2.565 1.285 1.783 1.503 1.417
G.148 0.482 0.269 0.269 0.421
6 39 12 7 58
3.09¢0 1.509 2.802 1.768 1.5812
0.124 0.422 2.262 G.284 3.433
2 17 9 8 34
3.418 1,811  —==-= e 1.811
0.096 0.459 i ———— 0.459
4 21 - -— 21
3.308 1.6876 2.802 1.768 1.873
0.106 0.451 0.262 0.284 0.439
6 38 9 8 55
¢.701 0.764 0.629 0.850 0.745
0.809 0.77% —===r=  cewe-- 0.775
9.775 0.773 0.6822 0.85%0 0.757

uncecated bars
no stirrups within splice length
stirrups within gplice length
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Table 12¢ Test/Prediction Ratios — Orangun, Jirsa, & Breen

Current Study Hamad B1-B7 Treece Choil All
& Jirsa  81-88 & Jirsa e al Specimens
Hamad
Bi-B7 S1-58 & Jirsa
Cn
Mean 0.736 ¢.683 0.930 0.733 0.697 (.873 0.748
Cov 0.117 0.257 0.456 $.254Q 0.244 0.166 0.240
No 7 8 2 17 12 7 3e
Cs
Mean 0.680 ¢.604 0.813 0.680  ~-eme e 0.68C
cov 0.141 0.266 (0.253 0.223 -—— ——— 0.223
No. 11 7 4 22 -- - 22
C-all
Mean 0.702 0.646 0.852 0.743 0.697 0.873 0.722
cov G.134 0.260 0.299 0.236 0.244 0.166 0.237
No. 18 i5 6 39 12 7 58
Un
Mean 1.007 4.893 1.345 0.993 G.993 3.0886 1.017
ooV ¢.083 0.2086 0.510 0.261 0.121 0.168 0.208
No . 7 8 2 17 9 8 34
Us
Mean 0.928 4.798 1.013 0.901 ~-=-m e G.501
cov 0.08¢ 0.147 0.317 0.185 - - 0.195
No. 10 7 4 21 - e 21
U-all
Mean 0.961 0.848 1.123 0.942 0.993 1.098 0.973
COov ¢.089 0.199 0.383 0.233 0.121 G.166 0.211
Ne 17 is [ 38 9 g 55
Cn (mean)
Un (mean) 0.730 0.764 0.691 0.739% c.701 0.7%96 0.73¢
Cs (mean)
Us {mean} 0.732 0.757 0.802 0.75%  —=--- eeee- 0.755
C-all (mean)
U-all (mean) G.730 0.761 0.758 0.746 0.701 0.756 0.742
COV = ceoeficient of variation U = uncoated bars
No. = number of specimens n = no stirrups within splice length

C = gopated bars g = stirrups within splice length
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Table 13a Test/Prediction Ratios with Epoxy—Coated Bar Development
Length Modification Factors* — AASHTO

currant Study Hamad B1-87 Trazece Choi All

& Jirsa  S1-58 & Jirsa et al. Specimens
Hamad
BL-B7 51-58 & Jirsa
<n
Mean 1.889 1.481 2.475 1.757 2.37% 2.043 2.020
cov 0.195 0.104 0.191 G.242 0.328 G.158 0.301
Ne. 7 8 2 17 12 7 38
Cs
Maan ] 1.978 1.401 3,155 2.008 s—mem e 2.008
cov 0.15% 0.126 0.144 0.340 e ~——- 0.340
No. 11 7 4 22 - - 22
C-all
Mean 1.936 1.444 2.528 1.89% 2.378 2.043 2.015
cov 0.178 0.114 0.185 0.311 0.228 0.156 0.313
Ne. 13 15 & 3% 12 7 58
Cn {mean)
Un (mean) 0.970 1.021 0.850 0.986 0.8738 1.131 0.983
Cs (mean)
Us (mean) 0.972 0.883 1.085 0.981  semas eeee- 0.981
C-all (mean)
U~-all(mean} 4.573 9.954 1.050 0.985 0.878 1.131 0.589
COV = coeficient of wariation U = uncoated bars
Noc. = number of specimens n = no stirrups within splice length
c = coated bars s = stirrups within splice length

* Modification Facteor = 1.20 for Ktr > 3.0 , = 1.35 otherwise

Note: see Table.l2a for uncoated bar data
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Table 13b Test/Prediction Ratios with Epoxy—Coated Bar Development
Length Medification Factors* — ACl

o o e s e o e it s e oo s g o o i it e e s i o s s o e o

Current Study Hamad B1-87 Treeca Choi All

& Jirsa 51-88 & Jirsa et al. Specimens
Hamad
B1-B7 51-58 & Jirsa
Cn
Mean 1.589 1.178 2.928 1.556 2.382 2.02% 1.923
coV 4.287 0.142 0.080 0.401 0.269 0.261 0.258
No. 7 8 2 17 12 7 36
Cs
Mean 1.835 1.257 3.735% 1.897 e e - 1.897
cov 0.268 0.141 0.160 0.510 ——— —-—— 6.510
No. i1 7 4 22 - - 22
C-all
Mean 1.621 1.215 3.465 1.748 2.382 2-028 1.913
cOov 0.253 0.141 0.148 0.482 0.262 0.261 0.421
Mo 1 i5 & 39 12 7
C1 {mean}
Un (mean} 1.08é 1.029 0.547 1.031 G.850 1.148 1.008
Cs (mean} '
Us (mean} 1.051 1.001 1.093 1.047 | wwmme e 1.047
C-all (mean}
U~all (mean) 1.065 1.015 1.047 1.043 0.8%0 1.148 1.021
COV = e¢oeficient of variation U = uncecated bars
No. = number of specimens n = no stirrups within splice length
C = coated bars g = stirrups within splice length

* Modification Factor = 1.3%5

Note: see Table.l2b for uncecated bar data
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Table 13c Test/Prediction Ratios with Epoxy—Coated Bar Development
Length Modification Factors* — Orangun, Jirsa, & Breen

Hamad

& Jirsa

Treece
& Jirsa

0.921
0.223
22

0.g18
0.223
22

B1-R7 81-88
Cn
Mean 0.994 0.922
cov 0.117 0.257
No. 7 8
Cs
Mezn 0.918 0.815
cov 0.141 0.266
No. 11 7
C-all
Mean 0.548 0.872
COV 0.134 0.260
No 18 15
Cn{mean)
Un{mean) 0.586 1.031
Cs (mean}
Us {mean) 0.988 1.022
C~all {(mean}
U-all {mean) 0.986 1.027

1.083

1.019

1.007

0.94¢6

1.019

* Modification Factory = 1.35

Note:

coeficient of variatjion

number cf specimens

coated bars

see Table.il2c¢c for unceated bhar

= yncoated bars

no stirrups within splice length
stirrups within splice length

data
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Fig. 1 Reinforcing Bar Deformation Patterns
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Groups Bl & B2

[~— 6 in. scch— A o 6 in. each—]
S S—
N~ —y s ] =
N Plan View
ot
J7P - 18 in, i-— %7?
)
4 . 4 1, 4 ft,
g in. & in
N Side View
o/
46 Bars—— [ 18 i 2 3/8 in
!
16 in 13 1/2 in. L — #3 Stirrups
) /—-— #8 Bors
E 2 in.

||

2 1/2 in-e ‘—- ._I L‘35ﬂ?

~  Section A—A

o/

Fig. 2 Beam Splice Specimens
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Groups B3, B4, B3, & B7

& 3/4 in. each 6 3/4 in. each
fo & in. each —=1 —A —2& in. eoch —=
S
T,
~ f-  63/810n A o 838 -
3 in. ~___ Plan View S in.

= -

~ed 18 in. o

J7P

4 )
4 ft. 4 ft. 4 fi,
g in. . . § in
N Side View
N
# Bars— [ 16 in.— [23/8 10 §6 Bors— 16 in, e [23/8 0.
t VY t
. 131/2 in — §3 13 1/2 in, L 43
16 in. / Stimps 16 in. - Stiﬂ’ups
2 in. 2 in.
— _Eorl? in. - ._E
2 1/2 in— t—- -I i-v- 3 in? 21/2 in.——l I‘“ -! L—-J irt.t

~  Section A-A

/" Grouop B3 & B4

16 in.

~ Section A-~A

N Group BS

% Bcrs——\ r2 3/8 in.
% 1
e 131/2 L §#3 Stirrups
18 in. 48 Bars
r 2 in.

|
t— 2 in. - 1

N Section A—A

o/

Group B7

Fig. 2 Beamn Splice Specimens {(continued)
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Group B6
€ 3/8 in—= jo- —~ -8 3/8 In.
be— & in. each —= —A & in. each —=|
—
~ ~ b A ~ |-
5 in, § 3/4 in. each 8 3/4 in. each 5 in.
N Plan View
N
J7P 22 3/4 in.-—‘ (LP
)
4 ft. 4 ft. 4 ft
6 in, 6 in
N\ Side View
/
#6 Bars— [~ 16 in.— [23/80n
T
16 1 13 1/2 n. —— #3 Stirrups
- Yo #8 Bors
| E 2 in.

~  Section A—A

Fig. 2 Beam Splice Specimens (continued)
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Spacing for 16 in. Spolice Lenagth:

l-w in.-—‘ / ‘-—16 rm—-i y

(T 7 ST

/ /
/ !.75_;.__;_1 / 1 1/4 m—-]-— u-}——{t/% in.

g 3/4 in. each

Cne Stirrup : Group B!
Three Stirrups : Groups B4, BE, & B7

// l—— 186 in.-—l / / t___ 18 iﬂ‘i-i /

z /

) . /)

/

/ 4 5/8 iﬂ.F—‘—-——L—Jd. 5/8 in. 1 1/4 lﬂ e "'*l~_4 1/4 in.

& 3/4 in.

13 1/2 in.

Two Stirrups : Groups Bl, B2, & B3
. Two Stirrups : Groups B4, BS, & B7

Spacing for 22 3/4 in. Splice Length:

r-—zz 3/4 En.——-t / - ]—-— 22 3/4 s'n.——1 w

L /.

) x /“ )

/ 7
/ ‘ / ,
1 1/4 ine—ed jo— i 1 /4 1 1/4 in. — — 11/4 in

10 1/8 in. ecch 6 3/4 In. edch
Three Stirrups : Group B6

Four Stirrupos : Group B6

Fig. 2 Beam Splice Specimens (continued)
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Slab Specimens

[-*-A

e

—y

N Plan View
o/

47?.’ l Ig 4713
4 )]
4 it 4 ft. 4 f,
6 in. i 6 f. | 6 in.
N Side View
-/
A B B . A
LE 2 in.
]
3;"- [_. . Tr1 1/2 in.
1 in, -~ }"‘ 1 in. —-] [ ,
24 in.

~\ Section A—A
o/

Spacing for 10 in. Splice Length:

T L N A s B
//2&1.-[}—6?:.-!1‘—2&1./ / !in.-—-H—-B ir:.—-”-*—1in./

Two Stirrups : Group S2, 5S4, 57, & S8 Two Stirrups : Group 53

Fig. 3 Slab Splice Specimens
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Spacing for 18 in. Splice Length:

/ I"—— 16 in. = / / papmemene 185 1), e— /
/ ] ' / / 7
[2in —=] =12 in. == }=—2'in. /2 in o] foedeeoed [ 27,
. 4 in. each
Tweo Stirrups : Group S35 Four Stirrups : Group S8
Group Bar Stirrup No. of A B
Numbers Size Bar Splices
Size {in.) {in.)
St #6 #3 3 31/4 6§ 1/2
S2 #6 #3 3 31/4 6 1/2
3 #6 #3 3 31/4 6 1/2
sS4 #6 #5 3 31/4 6 1/2
S5 48 #5 3 3 6
S6 #8 #5 3 3 6
S7 #5 #5 1 31/4 61/2
S8 #6 #5 2 31/4 & 7/8

Note: Group S7 had one splice with two continuous bars on each side of
the splice.
Group S8 had two splices with one continugus bar in the center.

Fig. 3 Slab Splice Specimens (continued)
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Fig. 5 Load—Deflection Curves for Group B2
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APPENDIX A
BEAM-END TESTS FOR NO. 3 BARS

Seven beam-end specimens (4 with uncoated bars and 3 with coated bars) were fabricated
and tested in accordance with the procedure used by Choi et al. (1990a, 1990b, 1991). The
specimens contained bottom-cast S-pattern No. 3 bars, were 9 in. wide by 24 in. long, and had a
161/g in. depth, which provided 15 in. of concrete above the bars and 2 bar diameters of cover
below the bars.

The bars projected 22 in. out from the face of the test specimen. Two polyvinyl chloride
(PVC) pipes were used as bond beakers to limit the bonded length of the test bars and to prevent a
cone type failure on the front face. The inside diameter of the PVC pipe matched the diameter of
the test bar. A bonded length of 2 in. was selected to insure that the bars did not yield before bond
failure occurred. The length of bond breaking PV C pipe at the front of the bar (lead length) was
/5 in.

The test data are presented in Table Al. The C/U ratio for the tests is 0.79, which is lower
than the value of C/U obtained for any group of No. 5 or No. 6 bars tested by Choi et al. (1990a,
1990b, 1991). This reverses the trend observed by Choi that C/U increases as bar diameter
decreases. The greater reduction in strength for the No. 3 bars may have occurred because the
bond strength of epoxy-coated bars becomes more sensitive to coating thickness as bar diameter

decreases (Choi et al. 1990a, 1990b, 1991). Thus, the lower value of C/U is not unexpected.



Table A1 Beam—end Tests

Specimen Average Cover Ultimate

Label * Coating Bond
Thickness Force

{mils) {in.) {1b}

389-2-U 0.0 0.78 3¢00
358-2~U 0.0 .84 3550
389-2-U 0.0 0.78 3830
388~2-U .0 0.75 3480
389-2-C 10.7 .75 2480
389-2-C 10.3 6.75 3050
388-2-C 10.2 0.75 2650

Average for Uncoated Bars = 3470 lbs.
Average for Coated Bars = 2730 1lbs.
C/U Ratio = 0.75

* Specimen Label : #DT-L-B

= bar size

deformation pattern : S
bonded length in inches
U - unceocated bars

¢ - coated hars

oo I w
Ho#

H

Note: 1.) concrete strength = 59860 psi.
.} lead length = 1/2 in.

b
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Table B1 Actual Dimensions for Groups Bi1--B7
Groun Specimen Cover EfL. Depth of Width of
No. Label * Depth Beam Beam

(in.) {in.) {in.) {in.}
Bl 8N3-16-0-T 2.00 13.350 16.00 16.00
8N3-16-2-U 2.00 13.50 16.00 16.049
aN3-16-1-C 2.00 13.50 l6.00 16.00
8N3-l6-2~C 2.00 13.50 1s.00 16.00
B2 8C3-16-0-U 1.84 13.99 16.33 16.00
BC3-16-2-T 1.83 13.95 16.28 16.00
8C3-16~0~C 1.75 i4.14 16.39 16.00
8Cc3-16-2-C 1.78 14.03 18.31 16.00
B3 833-16-0-U 2.04 13.49 16.23 15.0%
853-16-2-0 2.08 13.66 16.24 16.08
883~16-90-C 2.06 13.97 16.53 16.09
8583 -16-2~C 2.07 13.861 16.18 14.09
883-16-0-C 1.04 13.59 15.13 16.08
833-~16~2-C 1.05 13.61 15.16 16.12
B4 8383-~16-0-U 2,10 13.62 16.22 15.08
8531-16-2~U 2,04 13.82 16.38 15.09
853-16-3-U 2.10 13.68 16.28 16.09
853-16-0-C 2.11 13.81 16.22 16.05
883-16-2-C 2.00 13.77 16.27 16.05
453-16-3-C 2.03 13.85 156.18 16.03
BS 8C3~16~0~1F 2.05, 12.72 15.27 16.09
8C3~16-2-0 2.086 13.886 15.42 16.10
8Ci-16-3-U 2.06 13.56 16.12 16.09
8C3-16-~0-C 2.01 13.77 16.28 16.08
8C3~-16-3~-C 2.086 13.88 16.44 15.906
B6 BC3-22 3/4-0-U 2.15 13.54 16.19% 16.06
8C3-22 3/4-3-U 2.17 13.53 18.20 15.086
8C3-22 3/4-4-U 2.16 13.51 i6.17 16.03
8C3-~22 3/4-0-C 2.00 13.86 16.16 16.08
8C3-22 3/4~3-C 2.13 13.82 16.25 16.08
8C3-22 3/4-4-C 2.18 13.54 15.22 16.09
B7 8C3~16~0~T 2.12 13.88 16.20 16.03
8C3-16-3-~U 2.03 13.77 16.30 16.00
8C3-16-0-C 2.12 13.60 16.22 16.00
8C3~16~3-C 2.408 13.62 16.20 16.00

* Specimen Label : #DS-L-N-B

= bar size
= deformation pattern : §,C,N
= stirrup bar size

= splice length

o
Hon

number of stirrups
T -~ uncocatad bars
C - coated bars

Actual dimensions were not taken for group Bl and actual
width measurements were ncot taken for group B2.
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Table B2 Actual Dimensions for Groups S1-S8

Group Specimen Cover
No. Lakel *

(in.}

s1 6C3-10-0-U 2.38
6C3-~10-0-C 2.39

52 6C3~10-0-T 2.19
6C3-10~2-T 2.16
6C3-19~-0-C 2.18
6C3-10-2-C 2.90%

s3 £33-10-0-0 2.18
633-10-2-U 2.21
653-10-C-C 2.04
653-10-2-C 2.08

54 605~10-0~U 2.07
6C5-10-2-T 1.28
6C5~10-0~C 2.19
acs~10-2-C 1.88

85 acs~16~-0-U 2.99
8C5-16-2-U 2.0%
8C5-16-0-C 2.09
8Cs-16-2-C 2.05

56 8C5-16-0-~T 2.08
8C5-16-4-T 2.15
8C5-16-0-C 2.08
8C5~-16~4-C 2.04

s7 6C5-10-0-T 2.19
aCcs~10~2-U 2.10
6C5-10-9-C 2.14
6CS-10-2-C 2.06

58 8C5~10~-0-U 2.03
6C5-10~2~U 2.11
6C5-10-0-C 2.086
6C5~-10-2-C 2.05

* Specimen Label : #DS-L-N-B

bar size

daformation pattern :
stirrup bar size
splice length

Eff. Depth of Width of
Depth Baam Beanm
{in.) {in.) {in.}
5.50 8.23 24.00
5.44 8.2C 23.%4
5.63 8.18 24.00
5.77 8§.30 24.00
5.60 8.17 23.91
5.80 8.27 23.97
5.73 8.28 24.03
5.469 8.27 24.00
5.84 8.25 24.00
5.72 8.17 23.97
5.67 8.1 24.0¢
5.79 8.13 24.03
5.82 8.30 24 .00
5.72 8.08 24.0C
5.59 8.1% 24.09
5.58 §.17 24.00
5.61 8.20 24 .00
5.60 8.16 24.09
5.51 §.09 24.00
5.50 8.14 24.00
5.45 8.03 24.00
5.65 8.19 24.08
5.58 8.45 24.00
5.62 8.09 24.09
5.74 8.25 24.03
5.7¢0 8.13 24.903
5.70 §.10 24.03
5.64 8.12 24.08
5.65 8.09 24.00
5.78 §.29 24.03
N = pumber of stirrups
s8,¢C B = U -~ uncoated bars

C - coated bars



