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An expression that accurately represents development and splice strength as
a function of concrete cover and bar spacing is developed. The expression
is then used to establish and evaluate modifications to the bond and devel-
opment provisions of the ACI Building Code (ACI 318-89) for bars in con-
crete members that are not confined by transverse reinforcement. The ex-
pression for development and splice strength is similar in form to expres-
sions developed by Orangun, Jirsa, and Breen (1975, 1977) but is obtained
using techniques that limit the effects of unintentional bias in the test data.
The resulting expression provides a more accurate representation of devel-
opment and splice strength than do the earlier expressions, and it provides
better guidance when there is a significant difference between the concrete
cover and one-half of the clear spacing between bars. Proposals for new de-
sign criteria, including one under study by ACI Committee 318, are com-
pared. Each of the new proposals contains design criteria that are superior
to the current development length provisions (ACI 318-89); however, the
criteria differ in terms of relative safety, economy, and ease of application.
Side-by-side comparisons in design offices are recommended. In all cases,
an additional development length modification factor of 1.1 is reccommended
for reinforcing steels with specified yield strengths in excess of 60,000 psi
(414 MPa).

Keywords: bond (concrete to reinforcement); bridge specifications; building codes;
deformed reinforcement; development; lap connections; reinforcing steels; splicing;
structural engineering.

Work is underway on a large-scale study at the University
of Kansas to substantially improve the development charac-
teristics of reinforcing bars. At the initiation of the study, it
became clear that an accurate characterization of the devel-
opment and splice strength of current bars was needed to pro-
vide input for the design of test specimens and, even more
important, to establish a baseline to determine the degree of
improvement in bond strength provided by new bar geome-
tries. Such a characterization must accurately account for the
effects of concrete cover, bar spacing, and confining rein-
forcement, since these parameters play a critical role in bond
strength. This paper describes the efforts of this initial work.

The development of an accurate characterization of devel-
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opment/splice strength also offers the opportunity to simul-
taneously investigate simplifications of the development and
splice length provisions in the ACI Building Code (ACI 318-
89). This opportunity is important because changes made to
Section 12.2 in the 1989 revision of ACI 318 have raised ob-
jections from individuals in the design community because
of added complications in bond and development design,
compared to earlier versions of the ACI Building Code.

Several approaches to simplification have been proposed,
including variations on current code procedures, proposed by
the authors (and described in this paper), and new expres-
sions, under consideration by ACI Committee 318,* that give
the designer the option of using simplified procedures or a
more accurate representation of development length require-
ments.

RESEARCH SIGNIFICANCE

The research is significant because the new representation
for development and splice strength captures the effects of
development/splice length, bar size, concrete cover, bar
spacing, and steel stress more accurately than earlier repre-
sentations and because the paper provides the engineering
community with the opportunity to evaluate proposed
changes in the development length criteria in the ACI
Building Code (ACI 318-89) while they are under active con-
sideration by ACI Committee 318. Full details of the study
are presented by Darwin, McCabe, Idun, and Schoenekase
(1992).

*Balloted as proposed Code Change CB-23. Available from ACI headquarters.
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For the current effort, the effects of transverse reinforce-
ment are neglected. Even without considering transverse re-
inforcement, however, the relationships developed here are
important because, historically, the expressions for bond and
development in the ACI Building Code have been based on
test results that have de-emphasized the role of transverse re-
inforcement. The effects of transverse reinforcement will be
considered in a future paper.

DEVELOPMENT AND SPLICE STRENGTH

The goal of the first phase of the study is to establish an
accurate expression for development and splice strength. This
phase consists of first evaluating an existing expression that
provides close agreement with test data for bond and splice
strength; next, developing an improved expression using an
expanded database; and finally, demonstrating the accuracy
of the new expression.

Orangun, Jirsa, and Breen’s equation

In their well-known statistical study of the bond strength
of reinforcing bars, Orangun, Jirsa, and Breen (1975, 1977)
developed an expression for the average bond stress at failure
u, normalized with respect to the square root of the concrete
strength f’

u 122+ 3.23C + 53d,
Jr dp la

in which C = min (Cs, C»); Cs=min (one half of clear spacing,
side cover); C» = cover; dj, = bar diameter; and ls = develop-
ment length or splice length (all units in psi or in.).

Eq. (1) was based on a total of 62 test specimens. This ex-
pression was modified by rounding the coefficients to obtain
a somewhat more conservative value for u, denoted as uca

Uea _ 2+£ 50ds

=1. 2
\/707 db+ld @

)

Orangun et al. (1975, 1977) compared the bond stresses
calculated using Eq. (2) to test results obtained from a total
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of nine studies of splice and development strength for bars not
confined by transverse reinforcement. The predicted strengths
gave a close match with the test results.

The close agreemgent of the predicted strengths with the test
data is the reason that the expressions by Orangun, Jirsa, and
Breen (1975, 1977) were selected for further evaluation in
this study. In the process of evaluating the accuracy of their
predictions, Orangun et al. observed that their predicted re-
sults became progressively more conservative as the trans-
verse spacing between the reinforcing bars, normalized to the
bar diameter, increased relative to the concrete cover. They
compared the ratio of the bond strength from the test u; to the
calculated bond stress uc. with the ratio Ci/(C» db), where Cs,
Cs, and d, are defined following Eq. (1). The ratio ud/uca in-
creased as Cy/(Chrdp) increased.

The approach used in this study differs from the approach
used in the Orangun et al. study. Foremost among the changes
is a switch from bond stress to bond force as the measure of
strength. The switch is made because bond stress is usually
expressed as an average value at failure, when, in fact, bond
stress varies significantly over the length of a bar at failure
(Mains 1951). Since bond strength is a structural, rather than
material property, bond force provides a better measure of
member response than bond stress.

To help remove the effects of differences in concrete
strength, the bond force A f; (A» = bar area, f; = steel stress
at failure) is normalized with respect to the square root of the
concrete strength f.". \/f/ serves as a measure of the tensile
strength or, perhaps more appropriately, the fracture energy
of the concrete. While it is not clear that ,/f/ provides the
best measure of the tensile properties of concrete (Gettu et al.
1990), it has been used with success for many years over lim-
ited ranges of concrete strength, and, thus, is adopted here.

If Eq. (1) and (2) are modified to express bar force at failure
normalized with respect to JTJ , the following equations are
obtained

Avfs
NG
Avfs

The values of A, fi//f/ from tests are plotted versus the
strengths predicted by Eq. (3) (the more accurate of the two
expressions) in Fig. 1 for 53 of the 62 data points used by
Orangun et al. (1975) to establish Eq. (1). These 53 data
points are for No. 6, No. 8, and No. 11 bars (for clarity, test
results for two No. 3 bars, three No. 4 bars, one No. 5 bar,
one No. 14 bar, and two No. 18 bars are not shown) (each bar
size represents an increment in nominal diameter of 3.175
mm). The four lines plotted in the figure represent the indi-
vidual regression (best fit) lines for each of the three bar sizes
illustrated, as well as the best-fit line for all of the data. Fig.
1 shows that Eq. (3) does a good job of representing the
overall data—for the overall best-fit line, the slope is close to
1.0 and the intercept is close to zero. However, Fig. 1 also
shows that when the No. 6, No. 8, and No. 11 bars are con-
sidered separately, the individual best-fit lines differ signifi-
cantly from the overall trend—for No. 6, No. 8, and No. 11
bars, the slopes are 0.81, 0.59, and 0.98, and the intercepts are
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38.9,343.5, and 143.1, respectively. These differences indi-
cate that the influence of one or more of the controlling pa-
rameters is not adequately represented in Eq. (1) through (4),
and that improvements need to be made to obtain accurate
predictions of development and splice strength.

To accomplish this goal, a more detailed study is carried
out using additional data from Orangun et al. (1975). The re-
sulting expression is checked against all data for bars in mem-
bers without confining transverse reinforcement in that re-
port and more recent test results from the University of Texas
(Treece and Jirsa 1987, 1989; Hamid and Jirsa 1990) and the
University of Kansas (Choi et al. 1990, 1991; Hester et al.
1991). The recent results are from studies of the bond strength
of epoxy-coated bars; only results for uncoated bars tested in
those studies are used here.

Improved expression

Eq. (4) expresses the splice or development strength, nor-
malized with respect to /£, as the sum of two terms, 3 T Iy
(C +0.4dp) and 200 A;. In the first term, Is (C + 0.4 dy) rep-
resents an area, with Iy C representing an area of fractured
concrete. The fact that an Is dj term also appears is not sur-
prising, since measurable bond strength should be present,
even for bars with zero cover. The 200 A, term has been in-
terpreted as representing an additional fracture area at the end
of the reinforcing bar (Losberg and Olsson 1979). Under any
circumstances, the expression includes one term that depends
on the development length, cover or clear spacing, and bar
size and another term that depends solely on the bar size.

For statistically based expressions like Eq. (1) through (4)
to be fully reliable, the test data upon which they are based
must be totally unbiased with respect to other aspects that
may affect the principal dependent variable, in this case bond
strength. A study of the tests used to develop Eq. (1) through
(4) (Orangun et al. 1975, 1977; Darwin et al. 1992) shows
that this criterion may have been unintentionally violated.
The larger reinforcing bars [No. 8 and No. 11 bars tested by
Ferguson and Breen (1965)] used for the analysis had a larger
lateral spacing than the smaller bars [No. 6 bars tested by
Chinn, Ferguson, and Thompson (1955)], without an increase
in cover, which results in an increased Cy/Cj ratio. As
Orangun et al. (1975, 1977) noted, an increase in Cy/Cs should
result in an increase in the value of bond stress. This effect
was not filtered out of the data prior to carrying out the orig-
inal regression analysis that produced Eq. (1).

Bias also may have entered the analysis because of a dis-
parity in the size of the coarse aggregate used in the studies.
The No. 6 bar specimens tested by Chinn, Ferguson, and
Thompson (1955) were fabricated using a maximum aggre-
gate size of only % in. (6 mm). Small coarse aggregate is likely
to produce concrete with lower fracture energy, and thus a
lower bond strength, than concrete of the same compressive
strength containing larger aggregate (Van Mier 1991). Finally,
higher strength steel was used for the larger bars than for the
smaller bars, resulting in test specimens designed to produce
higher values of steel stress at failure for No. 8 and No. 11
bars than for No. 6 bars. Thus, it should be expected that the
statistically derived coefficients in Eq. (1) through (4) would
reflect some of these biases.

Overall, these biases cause Eq. (1) through (4) to overes-
timate bond strength when Cy/C, = 1, and to underestimate
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bond strength when C,/C; differs greatly from 1.0 (i.e., when
Cs > Cy and when C;, > C;). Not accounting for bias in the
data is the principal reason why Eq. (3) predicts higher
strengths at the higher values of bond force than predicted by
the individual trends for No. 6 and No. 8 bars in Fig. 1. In
spite of these observations, the authors do not suggest that
the form of Eq. (1) through (4) is wrong, only that the analysis
requires additional scrutiny if the effects of bias in the data
are to be minimized.

Modified equation

To help reduce the effects of bias in the data, and to isolate
the effects of development length, cover, and bar diameter, the
first approximation of bond and splice strength uses the fol-
lowing expression

As fs

N

in which f'is a factor that accounts for the portion of the bar
diameter that contributes to the bond strength along length /.
After some study, a value of 0.5 was selected for the factor f.
This value was selected for two reasons. First, f=0.5 in Eq.
(5) provides a better correlation with the data than 0.4 [as
used in Eq. (4)]. Second, from a practical point of view, C +
0.5 dp equals the smaller of one-half of the center-to-center
bar spacing or the cover measured to the center of the bar.
With f=0.5, Eq. (5) becomes

=10l (C + fd») (5)

Apfs

JF

To improve the accuracy of the analysis for bar spacing
and cover, 147 tests are used, representing both splice and de-
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Cs>Cp

(a) T

Cb>Cs

(b)
Fig. 3—Bond cracks: (a) Cs >Cp and (b) Cp > Cs

velopment tests by Chinn, Ferguson, and Thompson (1955),
Chamberlin (1956, 1958), Ferguson and Thompson (1962,
1965), Ferguson and Breen (1965), Ferguson and Briceno
(1969), and Thompson, Jirsa, Breen and Meinheit (1975),
using No. 4, No. 6, No. 7, No. 8, and No. 11 bars. Only re-
sults for specimens with a clear spacing of at least one bar di-
ameter or 1 in. (25 mm), whichever is greater, are used.
Using Eq. (6) as the “‘predicted bond strength,” the next
step is to determine the effect of Cs/Cp # 1.0. To do this, the
ratio of the test strength to the strength predicted by Eq. (6)
is plotted versus Cpa/ Cmin in Fig. 2, in which Cpax and Ciin,
respectively, equal the larger and smaller of Cs and Cs.
The results are plotted versus Cumax/Cmin, rather than versus
Cs/(Cp dp) as done by Orangun et al. (1975, 1977), because a
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study of the data shows that the statistical correlation with
the test/prediction ratio improves when 1) the bar diameter is
removed from the analysis, and 2) the two cases, C; = Cp and
Cp 2 C;, are treated separately. The results provide best-fit
expressions for Test/[10 ls (C + 0.5 dp)] versus Cumax/Cmin as
follows:

For C; 2 Cp
_Test 144400915 (7a)
1044(C +0.5d») Chin

For C» 2 C;
_ Test 538401035 (7b)
100,(C + 0.5d») Conin

The higher value of the ratio, Test/[10 l; (C + 0.5 db)] in
Eq. (7b) (C» 2 Cy), in all likelihood, reflects the greater frac-
ture surface area that is produced by cracking between bars
than by cracking between the bar and the concrete surface.
When C; > Cs, the principal bond cracks propagate from the
bar to the concrete surface [Fig. 3(a)]. Therefore, the crack
length is closely approximated by the cover. When C» > C;,
however, the principal bond cracks propagate between bars
[Fig. 3(b)]. Because cracks in concrete are not perfectly
planar, it is unlikely that cracks propagating between adja-
cent bars or splices will line up exactly. Thus, when cracks
from adjacent bars or splices coalesce, their effective half-
lengths are greater than C;. A greater half-length means that
using C = Cs, as is the case when Cj, > Cs, underestimates the
strength more than using C = Cp, when Cs > Cb.

For the next step in the analysis, the coefficients in Eq. (7a)
and (7b) are modified to provide a ratio of 1.0 when CJ/Cp =
1.0.

For Cs 2 Cp
_Test  _0923+00775= (8w
101,1(C+ O.Sdb) Cmin

For C» 2 Cs
_Test  _026+00745™  (sb)
1002(C+0.5d5) Coi

Eq. 8(a) and 8(b) are quite similar, so that a single ap-
proximation can be used when C; # Cp

Test 09240085

100:(C +0.5d») Conin

9

Combining Eq. (6) and (9) gives an expression for bond
strength corrected for bar spacing and cover

A fs

JF

A plot of the test results versus the values predicted by Eq.
(10) shows that, like the original Orangun et al. equation (Fig.
1), the overall trend in the data is closely represented by the
single expression (Darwin et al. 1992). But it also shows that,
as observed in Fig. 1, the trends obtained for individual bar
sizes do not coincide with the overall trend.

=10l;(C+0.5dy )(0.92 +0.08 g'"“" ) (10)

min
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Table 1 — Results of dummy variable analysis of

(A"" J versus Iy (C +0.5ds )(0.92 +0.08 Eﬂ"-)
test c

\/E min

Best - fit equation :

A 6731, (C + 0.5y )(0.92 + 008 CLJ + K
_\/fT Cmin
Value of intercept K, based on bar size
K X
Bar size (in.2) Ap
No. 4 60 299
No. 6 127 290
No.7 298 496
No. 8 327 414
No.11 650 417

To improve the match with the data, the results are reana-
lyzed using the technique of dummy variables (Draper and
Smith 1981). This analysis is based on the assumption that
Eq. (10) accurately represents all aspects of bond performance
except bar size. The expression obtained from the dummy
variable regression analysis is

A fs

N4

with K = 60 for No. 4 bars, 127 for No. 6 bars, 298 for No. 7
bars, 327 for No. 8 bars, and 650 for No. 11 bars.

With increasing bar size, the value of K increases more
rapidly than the bar diameter or even the bar area. However,
as shown in Table 1, K can be represented conservatively as
300 As, except for the No. 6 bars where 300 A, slightly over-
predicts the value of K (290 Ap).

As will be demonstrated in the next section, replacing the
K-term with 300 A in Eq. (11) results in an expression that
is slightly conservative overall. To simplify later calcula-
tions, the coefficient 6.73 in Eq. (11) is rounded to two-thirds
of 10, or 6.67, to give the final expression

Ab f;- Cmax

\/ﬁ min

Test results are compared to strengths predicted by Eq. (12)
in Fig. 4, which presents the individual and overall best-fit
lines. The conservative nature of Eq. (12) is demonstrated by
the slope of the best-fit line, 1.14; the intercept is —8.6. The
slopes of the individual best-fit lines are 1.17, 1.23, 1.05, 0.89
and 1.01 for No. 4, No. 6, No. 7, No. 8, and No. 11 bars, re-
spectively. The intercepts are —18, —63, 92, 173, and 171, re-
spectively. Fig. 4 shows that the trends for the individual bars
closely match the overall trend—a significant improvement
over the match obtained in Fig. 1 and an indication that Eq.
(12) does a better job than Eq. (3) of capturing the effects of
the parameters that control bond strength.

Crnax

min

=6.731s(C +0.5dp )(0.92 +0.08 ) +K (1D

=6.6714(C+0.5d» )(0.92 +0.08 ) +3004, (12)

Comparison with data

A detailed comparison of predictions obtained using Eq.
(3), (4), and (12) was made (Darwin et al. 1992) with the test
results used in the 1975 Orangun et al. paper (Chinn, Fer-
guson, and Thompson 1955; Fefguson and Breen 1965;
Chamberlin 1956, 1958; Ferguson and Krishnaswamy 1971;
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Ferguson and Briceno 1969; Thompson et al. 1975; Tepfers
1973; and Ferguson and Thompson 1962, 1965) (Appendixes
A through I).* Comparisons were also made with tests by
Hester et al. (1991), Choi et al. (1990, 1991), Treece and Jirsa
(1987, 1989), and Hamad and Jirsa (1990) (Appendix J). The
comparisons are summarized in Table 2, which presents the
mean test/prediction ratios, the maximum and minimum test
prediction ratios, and the coefficients of variation (COV) for
the 62 specimens used by Orangun et al. to develop Eq. (1)
and (2), and for each of the test series covered in Appendixes
A through J. Table 2 also presents @ summary of the results
for the 257 test specimens without transverse reinforcement
evaluated in the Orangun et al. (1975) report, a summary for
all data, and a summary that excludes the 90 specimens tested
by Tepfers (1973). The latter summary is of interest since 20
of Tepfers specimens had very low covers and bar spacings,
which do not meet current ACI Code provisions (ACI 318-
89), and are well outside the ranges used to develop Eq. (3),
(4), and (12).

As illustrated by the comparisons in Table 2, overall Eq.
(12) provides a better match with the test data than Eq. (3).
Eq. (12) produces the lowest coefficient of variation for 11
of the 14 test series, with Eq. (3) and (4) producing lower and
nearly equal COVs for the other three series.

Eq. (12) generally produces smaller ranges of the test/pre-
diction ratio. This is particularly evident for the 90 speci-
mens tested by Tepfers (1973) for which the test/prediction
ratios range from 0.634 to 2.854 for Eq. (3) versus 0.642 to
1.802 for Eq. (12). For all 290 specimens, Eq. (3), (4), and

*Because of space limitations, Appendixes A through L are not presented here but
will be kept permanently on file at ACI headquarters where photocopies will be avail-
able at cost of reproduction and handling.
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Table 2 — Test/prodiction ratios — Summary

Eq.(3) | Eq. (4) | Eq.(12) Eq.(3) | Eq. 4) | Eq.(12)
Orangun, Jirsa, and Breen (1975) MEAN | 1.006 | 1.069 1.060 Chamberlin (1956) MEAN | 1.014 | 1.074 0.964
62 specimens COV 0.142 | 0.142 | 0.129 | 23 specimens (I)* ¢ cov 0.079 | 0.079 0.106

MIN 0.720 | 0.767 | 0.753
MAX 1.460 | 1.546 | 1.398

MIN 0.817 | 0.862 0.715
MAX 1.164 | 1.228 1.119

Chinn, Ferguson, and Thompson MEAN | 0.960 | 1.020 [ 0.980
(1955) cov 0.165 | 0.164 | 0.147
35 specimens (A)* MIN 0.720 | 0.767 0.753
MAX 1.463 | 1.550 | 1.398

Hester, Salamizavaregh, MEAN | 0.950 | 1.011 0.999

Ferguson and Breen (1965) MEAN | 1.031 1.096 1.125
26 specimens (B)* cov 0.116 | 0.115 | 0.081
MIN 0.733 | 0.781 0.884
MAX 1.277 | 1.353 1.277

Chamberlin (1958) MEAN | 0977 | 1.040 | 0.989
6 specimens (C)* Ccov 0.153 | 0.153 0.127
MIN 0.819 | 0.873 | 0.855
MAX 1.141 | 1.215 1.130

Darwin, McCabe (1991) cov 0.078 | 0.078 0.069
Beams MIN 0.887 | 0.943 0919
7 specimens (J)* MAX 1.089 | 1.158 1.128
Hester, Salamizavaregh, MEAN | 0.782 | 0.834 0.861
Darwin, McCabe (1991) cov 0.090 | 0.090 0.094
Slabs MIN 0.678 | 0.724 0.737
7 specimens (J)* MAX 0.854 | 0.912 0.938
Choi, Hadje-Ghaffari, MEAN | 1.032 | 1.097 1.065
Darwin, and McCabe (1990) COV 0.157 | 0.158 0.156
8 specimens (J)* MIN 0.813 | 0.865 0.856

MAX 1.278 | 1.360 1.340

Ferguson and Krishnaswamy MEAN | 1.378 | 1.355 1.202
(1971) cov 0.261 | 0.258 | 0.097
12 specimens (D)* MIN 0928 | 0.985 | 1.048
MAX 1.947 | 2.053 | 1.459

Treece and Jirsa (1987) MEAN | 0.932 | 0.990 0.981
9 specimens (J)* Ccov 0.116 | 0.115 0.127
MIN 0.758 | 0.806 0.853
MAX 1.104 | 1.174 1.213

Ferguson and Briceno (1969) MEAN | 1.081 1.147 1.175
20 specimens (E)* Ccov 0.142 | 0.140 0.117
MIN 0.885 | 0.936 | 0.938
MAX 1.468 | 1.552 1.559

Hamad and Jirsa (1990) MEAN | 1.268 | 1.344 1.262
2 specimens (J)* Ccov 0.361 | 0.360 0.299
MIN 0.810 | 0.861 0.885
MAX 1.726 | 1.828 1.639

Thompson, Jirsa, Breen, and MEAN | 1.064 | 1.132 1.173
Meinheit (1975) cov 0.070 | 0.070 | 0.063
11 specimens (F)* MIN 0.897 | 0.952 | 1.031
MAX 1.179 | 1253 | 1.288

Summary for 257 tests — MEAN | 1.095 | 1.163 1.126
OJB (Appendixes A-I) cov 0.233 | 0.230 0.167
MIN 0.634 | 0.674 0.642
MAX 2.854 | 2.970 1.802

Tepfers (1973) MEAN | 1.133 | 1.201 1.195
90 specimens (G)* CcoVv 0.282 | 0.276 0.181
MIN 0.634 | 0.674 | 0.642
MAX 2.854 | 2.970 1.802

Summary for 290 tests — MEAN | 1.079 | 1.145 1.112
All (Appendixes A-J) Ccov 0.235 | 0.232 0.172
MIN 0.634 | 0.674 0.642
MAX 2.854 | 2.970 1.802

Ferguson and Thompson MEAN | 1.210 | 1.288 1.157
(1962, 1965) cov 0.211 | 0.209 | 0.140
34 specimens (H)* MIN 0.839 | 0.892 0.815
MAX 1.873 | 1.983 1.656

Summary for 200 tests — MEAN | 1.054 | 1.120 1.073
(Appendixes A-J) cov 0.202 | 0.201 0.154
Except Tepfers MIN 0.678 | 0.724 0.715
MAX 1.947 | 2.053 1.656

*Letter in parentheses designates Appendix containing detailed comparisons.

(12) give mean test/prediction ratios of 1.079, 1.145, and
1.112, respectively, with corresponding coefficients of vari-
ation of 0.235, 0.232, and 0.172. When the test data of Tepfers
is excluded, the remaining 200 test specimens provide mean
test/prediction ratios of 1.054, 1.120, and 1.074, for Eq. (3),
(4), and (12), with corresponding coefficients of variation of
0.202, 0.201, and 0.154. The higher mean test/prediction ra-
tios produced by Eq. (12), compared to those produced by
Eq. (3), are the result of the conservative modifications to the
best-fit equations described in the previous section. The lower
coefficients of variation produced by Eq. (12), compared to
the other equations, attest to its improved accuracy.

DEVELOPMENT LENGTH EXPRESSION
The development length design criteria in Section 12.2 of
ACI 318-89 are structured so that the selection criteria for
modification factors are expressed in terms of bar diameter.
This approach comes from the usual way of interpreting the
Orangun, Jirsa, Breen equation [Eq. (2)] for development
length

'st ]

=— 50 |d»

L —_-(_4_fc_..__ (13)
3(Cldy)+1.2

Since Eq. (13) is formulated in terms of d, the cover/bar
spacing term in the denominator is expressed in multiples of
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bar diameter C/sb. This has led to the conclusion that
cover/spacing criteria should change as a function of bar di-
ameter—a correct interpretation only if the basic expression
(i.e., without regard for cover and bar spacing) is also in terms
of bar diameter.

If Eq. (13) is modified so that the numerator includes the
area of the bar A, then the cover/bar spacing term in the de-
nominator is expressed in units of absolute length rather than
in multiples of the bar diameter

i——zoo)A 0.106( fs —200]Ab

‘TTIGCH12dy) | (C+04dy)

In this form, Eq. (14) indicates that the development length
must increase with the bar area but decrease with a number
(C + 0.4 dp) that is very close to the smaller of one-half of the
center-to-center bar spacing or the cover measured to the
center of the bar.

If the proposed equation for A fi/ «/75 , Eq. (12), also is
solved for the development length /4, an expression is ob-
tained that is similar in form to the Orangun, Jirsa, Breen
(1975, 1977) expression in Eq. (14)

fs
0.15 —300 |As
(ch' )

4 (C+0.5d5)(0.92+0.08Cmar / Coin)
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A direct comparison of Eq. (14) and (15), with C; = Cp,
shows that for f; = f, = 60,000 psi (414 MPa) and f” = 4500
psi (31 MPa), Eq. (14) provides an estimate of I, that is about
15 percent lower than that provided by Eq. (15). The two
equations provide approximately equal predictions when Cpax
=3 Crin. For Cnax> 3 Cumin, Eq. (15) provides a lower estimate
of the required development length.

Eq. (12) and (15) have several advantages over test results
as a basis for evaluating design expressions. First, the equa-
tions reflect the observed nonproportional relationship be-
tween /s and f;. Since lq is proportional to f; in most design
expressions, an equation that appears to be safe for tests with

< 60,000 psi (414 MPa) will not necessarily be safe for f; >
60,000 psi (414 MPa). This is important because the vast ma-
Jority of the test results available for comparison (Orangun et
al. 1975, Darwin et al. 1992) represent development and
splice failures with f; < 60,000 psi (414 MPa). Second, Eq.
(12) and (15) cover the full range of design variables, while
test results have gaps in the variables covered. This point is
particularly important if design criteria are discontinuous.

DESIGN CRITERIA

In the 1989 revision of ACI 318, changes were made in
Section 12.2 to reflect the fact that closely spaced bars and
bars with low cover exhibit lower bond strengths than pre-
dicted by ACI 318-83. Unlike earlier versions of ACI 318,
the current provisions require that every bar must be catego-
rized, not just the exceptions or the best and worst cases.
Also, under ACI 318-89, the spacing and cover criteria used
to select the modification factors are expressed as multiples
of bar diameter. Thus, not only must every bar be categorized,
but the spacing and cover criteria for each category change
with bar size, resulting in significant extra effort in the design
process compared to earlier codes.

The goal of the second phase of this study is to use the im-
proved expressions developed in Phase 1 to help simplify the
design rules found in ACI 318-89. To achieve this goal in a
straightforward manner, one approach, referred to as Proposal
A, is to make changes within the framework of the 1989 code
format. Another approach, proposed code change CB-23,
under study by ACI Committee 318, is to change the code
format to express the basic development length in terms of dj
rather than A,. Both approaches, along with a suggested mod-
ification to CB-23 (referred to as Proposal B), are addressed
in the following sections.

Proposal A—Changes within the framework of ACI
318-89

Using current code format, basic development length ex-
pressions similar to those used in ACI 318-89 are used in con-
junction with Eq. (15) to develop provisions that correlate
well with the test data. Under Proposal A, the basic devel-
opment lengths /4 provided in Section 12.2 of ACI 318-89
are modified as follows:

For No. 11 bars and smaller

_ 0.064sf,
NFE
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Lap (16a)

For No. 14 bars

. fe fe
For No. 18 bars
_0.175f, 0.0438As fy

(16¢)

Ly = =
db «/? \/f

in which f; = yield strength of steel. The coefficients in Eq.
(16a) through (16c) are increased about 50 percent compared
to those in ACI 318-89 because of the unconservative nature
of the current code provisions for closely spaced bars with low
cover. .

To calculate development length modification factors that
account for the effects of cover and bar spacing, the basic de-
velopment lengths calculated using Eq. (16a) through (16c)
were compared (Darwin et al. 1992) with those obtained using
Eq. (15), for f; = f, = 60,000 psi (414 MPa) and f.’= 4500 psi
(31 MPa) (Appendix K). The calculated modification factors
range from 2.32, for No. 3 bars with %-in. (19-mm) cover and
1%-in. (35-mm) center-to-center spacing, to 0.42, for No. 11
bars with 3-in. (76-mm) cover and 12-in. (305-mm) center-
to-center spacing.

Based on an analysis of these modification factors, the fol-
lowing code provisions are further suggested under Proposal
A:

1. The basic development length criteria presented in Eq.
(16a) through (16¢) should be adopted.

2. The appropriate modification factors based on cover and
bar spacing should be:

1.5 for bars with cover < 1/ in. (38 mm) or spaced lat-
erally < 3 in. (75 mm), except 2.0 for bars with center-
to-center bar spacing < 2 in. (50 mm)

0.8 for bars spaced at least 8 in. (200 mm) on center

0.9 for bars with cover of at least 3 in. (75 mm)

3. The 1.5 and 2.0 factors should be mandatory; the 0.8 and
0.9 factors would be permitted.

4. The current minimum values of l;, 0.03 d, f,/ \/f and
12 in. (305 mm), should be retained.

These provisions are compared with development lengths
calculated using Eq. (15) in Table 3 for bars with covers of
0.75, 1.5,and 3.0 in. (19, 38, and 75 mm) and center-to-center
spacings ranging from the minimum provided for flexural
members (ACI 318-89) up to 12 in. (305 mm). The compar-
isons in Table 3 have the additional condition that the min-
imum value used for /s from Eq. (15) is 12 in. (305 mm).

Discussion—The I, ratios in Table 3 show that, in all but a
few cases, Proposal A provides a close but conservative match
when compared to either Eq. (15) or a minimum development
length of 12 in. (305 mm). The proposed provisions are least
conservative for bars with minimum spacing and minimum
[%-in. (19-mm)] cover and for bars with 3-in. center-to-center
spacing and cover > 1) in. (38 mm), producing a ratio of Eq.
(15) to the proposed code provision as high as 1.14, for No.
3 bars with a %-in. (19-mm) cover and minimum spacing. The
results are most conservative for No. 7 through No. 14 bars
with a cover of 2 in. (51 mm) and center-to-center spacings
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Table 3 — Iy [Eq. (15) > 12 in.}/ls (Proposal A)

for f, = 60,000 psi and ;4500 psi"

[values greater than 1.0 (in bold) are unconservative]

Bar No. 3 |No.4] No.5 | No.6 |No.7|No.8|No.9[ No. 10 | No. 11 | No. 14 | No. 18
C-C spacing % in. cover
Minimum 1.14 | 1.07 | 0.98 091 | 085 ] 1.07 | 0.96 0.86 0.78 — —
2.50 1.00 | 1.08 | 1.02 | 097 | 093 | 0.89 | 0.88 0.87 — — —
3.00 100 | 1.05 | 1.00 | 095 | 090 | 0.86 | 0.83 0.79 0.76 — —
4.00 100 { 1.00 | 095 | 090 | 0.86 | 0.82 | 0.79 0.75 0.72 _— —
5.00 1.00 | 095 | 090 | 0.86 | 0.82 | 0.78 | 0.75 0.71 0.68 — —
6.00 1.00 | 091 | 086 | 082 | 0.78 | 0.75 | 0.71 0.68 0.65 — ——
8.00 1.00 | 1.01 | 0.99 094 | 090 | 0.86 | 0.82 0.78 0.75 — —
12.00 1.00 | 0.89 | 085 | 0.81 | 0.77 | 0.74 | 0.70 0.67 0.64 — -
1% in. cover
Minimum 102 | 095 | 0.88 | 0.82 | 0.76 | 0.95 | 0.87 0.79 0.72 1.00 0.98
2.50 100 | 085 | 085 | 0.84 | 0.83 | 0.82 | 0.81 0.79 — e —
3.00 1.00 | 0.89 | 1.08 | 1.08 | 1.07 | 1.07 | 1.06 1.04 1.03 — e
4.00 1.00 | 0.89 | 090 | 0.88 | 0.85 | 0.83 | 0.83 0.82 0.82 0.89 —-
5.00 1.00 | 0.89 | 0.88 | 0.86 | 0.83 | 0.81 | 0.79 0.76 0.74 0.76 0.90
6.00 1.00 | 0.89 | 0.86 | 0.84 | 0.81 | 0.79 | 0.77 0.74 0.72 0.74 0.85
8.00 1.00 | 0.89 | 0.81 093 | 097 | 094 | 091 0.88 0.86 0.88 1.01
12.00 100 | 089 | 0.74 | 0.85 | 0.88 | 0.86 | 0.83 0.81 0.78 0.80 0.92
3 in. cover
Minimum 1.00 | 0.88 | 0.81 0.75 | 0.70 | 0.88 | 0.81 0.75 0.69 0.98 0.99
2.50 1.00 | 085 | 0.84 | 0.82 | 0.81 | 0.79 | 0.77 0.75 — — —
3.00 1.00 | 0.89 [ 098 1.09 | 1.07 | 1.06 | 1.05 1.02 1.01 — —
4.00 1.00 | 0.89 | 0.78 | 0.86 | 0.86 | 0.85 | 0.85 0.84 0.84 0.89 —
5.00 1.00 | 0.89 | 0.72 071 | 0.71 { 0.71 | 0.71 0.70 0.70 0.75 0.92
6.00 1.00 | 089 | 0.72 | 0.61 | 0.61 | 0.61 | 0.60 0.60 0.60 0.65 0.80
8.00 1.00 | 0.89 | 0.72 | 0.60 | 0.65 | 0.65 | 0.64 0.63 0.62 0.65 0.79
12.00 1.00 | 0.89 | 0.72 | 0.60 | 0.62 | 0.62 | 0.61 0.60 0.59 0.61 0.73

1000 psi = 6.895 MPa; 1 in. = 25.4 mm.

between 4 and 8 in. (102 and 203 mm) (not shown in Table
3), and No. 7 through No. 14 bars with 3-in. (76-mm) cover
and center-to-center spacings in excess of 5 in. (127 mm).
The ratios drop as low as 0.59 for No. 11 bars with a 3-in. (76-
mm) cover and 12-in. (305-mm) center-to-center spacing.

In general, the comparisons are good, however, and Pro-
posal A has two very practical advantages over the current
provisions. First, all bars need not be categorized—only those
that have low cover or close spacing, or (if desired) high cover
or high spacing. This is a return to the philosophy used in the
1983 provisions (ACI 318-83) in that only the exceptions, not
every bar, must be categorized. Second, and probably more
important, the new criteria depend only on specific absolute
values of cover and center-to-center bar spacing; they do not
change with bar size. This last point, the use of actual cover
and bar spacing, not multiples of bar diameter, could aid
greatly the designer in selecting factors to modify the basic
development length expressions.

CB-23—Currently under consideration by ACI
Committee 318

ACI Committee 318 is currently considering a revision to
Section 12.2 of the ACI Building Code, designated as CB-23.
The revision is summarized in Table 4.

Discussion—The provisions of CB-23 effectively contain
two expressions for the basic development length L, = 0.05
ds f/[fZ in Section 12.2.2.1 and lu, = 0.04 ds f/ \[fZ in Sec-
tion 12.2.2.2, rather than three expressions, as used in the
current code and in Proposal A.

The principal changes offered by CB-23 involve the use of
expressions in which the basic development length is ex-
pressed in terms of the bar diameter (Section 12.2.2), rather
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than the bar area; the use of simplified modification factors
(1.0 and 1.5) for cover, bar spacing, and confining reinforce-
ment (Section 12.2.3.1); and the ability to use an alternate ex-
pression that more accurately accounts for the effects of cover,
bar spacing, and confining reinforcement than the basic ex-
pression and modification factors (Section 12.2.2 combined
with Section 12.2.3.2). The development of Eq. (12) and (15)
provides a useful tool for evaluating CB-23 for members
without transverse reinforcement.

CB-23 (Section 12.2.2 plus Section 12.2.3.1) is compared
to Eq. (15) in Table 5. As with Table 3, the comparisons rep-
resent the ratio of I; from Eq. (15) to the proposed s, with a
minimum value of 12 in. (305 mm) used for ls from Eq. (15).

The I, ratios in Table 5 show that CB-23 produces gener-
ally conservative results, except for No. 4 bars at minimum
spacing, No. 5 bars with %-in. (19-mm) cover at spacings of
2%, 3, and 4 in. (64, 76, and 102 mm), and No. 6 bars with %-
in. (19-mm) cover at spacings up through 6 in. (152 mm), for
which the results are quite unconservative. The highest (and
most unconservative) ratio in Table 5 is 1.28, for No. 4 bars
with %-in. (19-mm) cover and minimum spacing, and No. 6
bars with %-in. (19-mm) cover and 2.5-in. (64-mm) center-to-
center spacing. In contrast, at higher covers the provisions
become progressively more conservative, especially for bar
sizes up through No. 11. The lowest ratio is 0.37 [/s required
by Eq. (15) is just 37 percent of that required by the proposed
provisions] for No. 7 bars with 3-in. (76-mm) cover and 12-
in. (305-mm) center-to-center spacing, but the ratios for No.
4, No. 5, and No. 6 bars are also quite conservative, except
for low covers or close spacings.

The conservative comparisons for bars below No. 7 have
prompted consideration of the use of an even smaller value
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Table 4 — Proposed code change CB-23

12.0 Notation: Add:

K = the smaller of C,+ K, or C, + K, (the units of K are inches) )

Kir=An f/1500 s N but not greater than 2dj (The units of the constant are ps!. The units of A, are square inches,
of fy. are psi, and of s are inches. Thus, the units of K, are inches.)

C. = Thickness of concrete cover measured from extreme tension fiber to center of bar in. [= C, + 0.5d,].

C, = Smaller of side cover to center of outside bar measured along the line through the layer of bars or half the
center-to-center distance of adjacent bars in the layer, in. For splices, Cs shall be the smaller of the side cover to
the center of the outside bar or half the smaller center-to-center distance of the bars coming from one direction
and being spliced at the same section [= C + 0.5dp).

N = Number of bars in a layer being spliced or developed at a critical section [no change].

Replace: 12.2.2 and 12.2.3 with the following:
12.2.2 — Basic development length /4, shall be:
12.2.2.1 #7 deformed bars and larger, the basic development length shall be:

Iy
NiA

12.2.2.2 For #6 deformed bars and smaller and for deformed wire, the basic development length shall be taken
as 80 percent of Eq. 12.X.

Lo, =0.05 d»

Eq. (12.X)

12.2.3 — To account for bar spacing, amount of cover, and enclosing transverse reinforcement, the basic devel-
opment length shall be multiplied by a factor from 12.2.3.1 or 12.2.3.2.
12.2.3.1 — (a) Bars or wires with minimum clear cover not less than dj and either:
Minimum clear spacing not less than d5 and enclosed within transverse reinforcement satisfying
tie requirements of 7.10.5 or minimum stirrup requirements of 11.5.4 and 11.5.5.3 along the de-

velopment length 1.0
or
Minimum clear spacing not less than 2d;......... 1.0
(b) All other conditions 1.5
12.2.3.2  Any condition:
For #7 deformed bars and larger. 1.5 dv/K
For #6 deformed bars and smaller and for deformed wire 1.5 d/0.8K

However, K shall not be greater than 2.5 d,.

Table 5 — I, [Eq. (15) = 12 in.}/I, (CB23-sections 12.2.2 and 12.2.3.1)
for f, = 60,000 psi and f.’= 4500 psi
[values greater than 1.0 (in bold) are unconservative]

Bar | No.3|No.4| No. 5 |No.6|No.7|No.8|No.9|No.10 |No.ll INo.l4 | No. 18

C-C spacing % in. cover

Minimum | 1.02 | 1.28 | 098 | 1.07 | 093 | 1.01 | 1.02 | 1.03 1.04
2.50 089 1097 114 | 1.28 | 0.76 | 0.84 | 0.93 1.04 —
3.00 089 | 095| 111 | 1.25 | 0.74 | 0.82 | 0.88 | 0.95 1.01

089 [ 090 | 1.06 | 1.19 | 0.71 [ 0.78 | 0.84 | 0.90 0.96

089 | 086 | 1.01 | 1.13 | 0.67 | 0.74 | 0.80 | 0.86 091

089 |1 082 09 | 1.08 | 0.64 | 0.71 | 0.76 | 0.82 0.87

0.89 | 076 | 0.89 | 0.99 | 059 [ 0.65 | 0.70 | 0.75 0.79

089 | 067 | 076 | 0.86 | 0.51 [ 0.56 | 0.60 | 0.64 0.68

1% in. cover

Minimum | 092 | 1.15| 0.87 | 096 | 0.84 | 091 | 092 | 094 0.96 0.98 1.02
2.50 089 | 077 | 094 | 1.11 | 0.68 | 0.78 | 0.86 | 0.94 —
3.00 089 [ 067 | 081 [ 095 0.88 | 1.01 | 0.75 | 0.83 0.92 — —
4.00 0.89 | 067 | 068 | 0.77 | 0.70 | 0.79 { 0.88 [ 0.98 0.73 0.87 —
5.00 0.89 | 067 | 066 [ 075 | 069 | 0.77 | 0.84 | 0.92 0.98 0.75 0.94
6.00 089 | 067 | 064 | 074 | 0.67 | 0.75 | 0.82 | 0.89 0.96 0.73 0.88
8.00 089 | 067 | 061 | 070 | 0.64 [ 0.71 | 0.78 | 0.85 091 0.69 0.83

12.00 089 | 0.67 | 056 | 0.64 | 0.58 | 0.65 | 0.71 0.77 0.83 0.63 0.76

3 in. cover

Minimum | 0.89 | 095 | 0.72 | 0.80 [ 0.69 | 0.75 | 0.78 | 0.81 0.83 0.87 0.92
2.50 089 | 069 | 084 | 098 | 0.60 | 0.68 | 0.74 | 0.81 —
3.00 0.89 | 067 | 0.73 | 0.86 | 0.80 | 091 | 0.67 | 0.74 0.80 —
4.00 089 | 067 | 0.58 [ 0.68 | 0.64 [ 0.73 | 0.81 0.91 0.67 0.79 —
5.00 0.89 | 0.67 | 0.54 | 057 [ 053 | 0.61 | 0.68 | 0.76 0.84 0.66 0.86
6.00 089 [ 067 | 054 | 048 [ 045 | 0.52 | 0.58 | 0.65 0.72 0.86 0.75
8.00 0.89 | 067 | 0.54 | 045 [ 039 | 0.44 | 049 | 0.54 0.59 0.69 0.88

12.00 0.89 | 0.67 | 0.54 | 045 | 037 | 0.42 | 047 | 0.52 0.56 0.65 0.82

R ooovu s
88888
NN
FLETT

1000 psi = 6.895 MPa; 1 in. = 25.4 mm.

of I4 for the small bar sizes than is currently embodied in CB- Proposal B—Modified version of CB-23

23. The problem with reducing the value for Iz will be that With these points in mind, two modifications are recom-
the development lengths will be highly unconservative for mended for CB-23 that will improve both safety and
bars with low covers and low spacings. economy. These recommendations are to 1) use a single de-
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Table 6 — Is [Eq. (15) > 12 in.}/ls (Proposal B)

for f, = 60,000 psi and f.’ = 4500 psi

[values greater than 1.0 (in bold) are unconservative]

Bar |No.3 |No.4| No.5[No.6|No.7

|No.8 |No.9| No. 10‘| No. 11 | No. 14| No. 18

C-C spacing % in. cover
Minimum | 0.82 | 1.02 | 0.78 | 0.86 | 0.93 | 1.01 | 1.02 | 1.03 1.04 — —
2.50 072 | 078 | 091 | 1.03 [ 0.76 | 0.84 | 093 | 1.04 — — —
3.00 072 | 076 | 0.89 | 1.00 [ 0.74 | 0.82 | 0.88 | 0.95 1.01 — —
4.00 072 | 0.72 | 085 | 095 | 0.71 | 0.78 | 0.84 | 0.90 0.96 — e
5.00 072 | 069 | 0.81 | 091 | 0.67 | 0.74 | 0.80 | 0.86 0.91 — —
6.00 0.72 | 066 | 0.77 | 087 | 0.64 | 0.71 | 0.76 | 0.82 0.87 - —
8.00 0.72 | 0.60 | 0.71 0.80 | 0.59 | 0.65 | 0.70 0.75 0.79 — —
12.00 0.72 | 0.54 | 0.61 | 0.68 | 0.51 | 0.56 | 0.60 | 0.64 0.68 — —
1% in. cover

091 [ 092 | 094 0.96 0.98
0.78 | 0.86 | 0.94 —
1.01 | 0.75 | 0.83 0.92 —
0.79 | 0.88 [ 0.98 0.73 0.87 —
0.77 | 0.84 | 0.92 0.98 0.75 0.94
075 | 0.82 | 0.89 0.96 0.73 0.88
071 | 0.78 | 0.85 0.91 0.69 0.83
0.65 | 0.71 0.77 0.83 0.63 0.76

_
s

cover

Minimum 073 | 092 | 0.70 | 0.77 | 0.84
2.50 1.00 | 1.02 | 0.75 | 0.89 | 0.68
3.00 1.00 | 0.89 | 0.65 | 0.76 | 0.88
4.00 1.00 | 0.89 | 090 | 1.03 | 0.70
5.00 1.00 | 0.89 | 0.88 | 1.01 | 0.69
6.00 1.00 | 0.89 | 0.86 | 0.98 | 0.67
8.00 1.00 | 089 [ 0.81 | 093 | 0.64

12.00 1.00 | 0.89 | 0.74 | 0.85 [ 0.58
3im.

Minimum | 0.72 | 0.76 | 0.58 | 0.64 | 0.69
2.50 1.00 | 092 | 0.67 | 0.78 [ 0.60
3.00 1.00 | 0.89 | 0.59 | 0.69 | 0.80
4.00 1.00 | 0.89 | 0.78 | 091 | 0.64
5.00 1.00 | 0.89 | 0.72 | 0.75 | 0.88
6.00 1.00 | 0.89 | 0.72 | 0.64 [ 0.75
8.00 1.00 | 0.89 | 0.72 [ 0.60 | 0.65

12.00 1.00 | 0.89 | 0.72 | 0.60 | 0.62

0.75 | 0.78 | 0.81 0.83 0.87 0.92
0.68 | 0.74 | 0.81 —
091 | 067 | 0.74 0.80 —
0.73 | 0.81 091 0.67 0.79 —
1.01 | 0.68 | 0.76 0.84 0.66 0.86
0.86 | 0.96 | 0.65 0.72 0.86 0.75
0.74 | 0.82 | 091 0.98 0.69 0.88
0.70 | 0.78 | 0.86 0.94 0.65 0.82

1000 psi = 6.895 MPa; 1 in. = 25.4 mm.

velopment length expression for all bar sizes, i.e., that given
in Code Change CB-23 in Eq. (12.X) (Table 4), with no spe-
cial provisions (Section 12.2.2.2) for smaller bar sizes; and
2) add an additional modification factor of 0.6 for bars with
cover 2 2d, and clear spacing > 4dj.

Discussion—The adoption of Proposal B as a modification
to CB-23 results in a reduction in basic development length
equations from two to one, and an increase in modification
factors from two (1.0 and 1.5) to three (0.60, 1.0, and 1.5).
In addition, only a single criterion is needed in Section
12.2.3.2. Proposal B is compared to Eq. (15) in Table 6. The
14 ratios, which range from 1.04 to 0.51, show that the mod-
ified recommendations are generally more conservative for
the smaller bars with low covers and close spacings and more
economical for all bars with at least a 2-bar diameter cover
and a 4-bar diameter clear spacing.

Ease of application

Both CB-23 and Proposal B have a major advantage over
the current provisions (ACI 318-89) and Proposal A in that
basic development lengths can be expressed as multiples of
the bar diameter. This is appealing to many engineers, since
the basic provisions can be remembered easily and, in most
cases, depend only on the concrete strength, since Grade 60
steel is the standard for most applications. CB-23 and Pro-
posal B, however, also retain one of the disadvantages of the
current code (ACI 318-89), in that the cover and bar spacing
criteria depend upon multiples of bar diameter, not on the
cover or bar spacing expressed in inches. Thus, the designer
is faced with cover and spacing criteria that change with bar
size.
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The complications involved in having to evaluate cover
and bar spacing criteria in terms of bar diameters must be bal-
anced with the reduced number of rules necessary to describe
the development length provisions. CB-23 has two basic de-
velopment length criteria and two cover/bar spacing modifi-
cation factors. Proposal B has a single development length
equation and three modification factors. In contrast, Proposal
A has three development length equations and four modifi-
cation factors. CB-23 and Proposal B require that every bar
be categorized, whereas Proposal A requires only the excep-
tions—Dbars with low covers and close spacings or high covers
and high spacings—to be categorized. Any of the new rec-
ommendations provide advantages over the current code (ACI
318-89). In deciding which of the new recommendations to
use, it would seem wise to conduct a series of side-by-side
comparisons in design and detailing offices to ascertain which
of the methods is easiest to use.

More on CB-23

To complete the evaluation of CB-23, the development
lengths obtained from Eq. (15) were compared to those ob-
tained from Sections 12.2.2 and 12.2.3.2 (Appendix L). The
purpose of the combination of these two sections is to pro-
vide the designer with development length criteria that are
more accurate than those obtained with the use of Sections
12.2.2 and 12.2.3.1. The comparison shows that the more
exact procedures provide a good, generally conservative
match with experimental data. The highest, and least conser-
vative ratio is 1.06. The lowest ratio is 0.60. The proposed
code revisions are slightly unconservative when C» = Cs and
become progressively more conservative as the difference be-
tween Cp and C; increases.

ACI Structural Journal / November-December 1992



Effect of steel strength

As described earlier in this paper, Eq. (14) and (15) show
the widely known fact that development length must increase
more rapidly than the steel stress f; (Orangun et al. 1975,
1977).

A comparison of Eq. (14) and (15) with the design equa-
tions [Eq. (16a) through (c) and Eq. (12.X) in Table 4] shows
that the design equations become successively less conserv-
ative as the steel stress increases, since they provide for an
increase in I, that is proportional to f;. ACI 318-83 included
amodification factor 2-60,000/f, (f; in psi), based on Eq. (14),
to account for the use of reinforcement with £, > 60,000 psi
(414 MPa). ACI 318-89 and Code Change CB-23 include no
factor to account for £, > 60,000 psi (414 MPa). The current
analysis shows that the term used in ACI 318-83 is somewhat
overconservative. For f’ =4500 psi (31 MPa), the factor ob-
tained using Eq. (15) for application with Eq. (16) or (12.X)
(Table 4) is 1.5-30,000/f, (f; in psi) or 1.1 for Grade 75 (517
MPa) steel (ASTM A 615-91). If a Grade 80 steel were used
[although Grade 80 (552 MPa) steel is not presently a stan-
dard grade], the calculated factor would go up to only 1.125,
not enough of a change from 1.1 to be of concern.

Thus, it is recommended that a factor of 1.1 be applied to
basic development length expressions in the form given in
Eq. (16) or (12.X) (Table 4) for specified steel strengths in ex-
cess of Grade 60 (414 MPa) to account for the fact that the
required development length increases more rapidly than the
stress in the bar being developed. The extra 10 percent in de-
velopment length required by a Grade 75 (517 MPa) bar
should not be ignored.

Meaning of /, ratios
The I, ratios presented in Tables 3, 5, and 6 represent fac-
tors needed to modify the design provisions to produce I from
Eq. (15) [or 12 in. (305 mm), whichever is greater]. There-
fore, they do not represent the inverse of strength ratios based
~on Eq. (12). A strength ratio can be calculated only by sub-
stituting the “code value” of /; into Eq. (12) and determining
the corresponding bar force. For example, for f, = 60,000 psi
(414 MPa) and f. = 4500 psi (31 MPa), an I, ratio of 1.1 rep-
resents a strength ratio of 0.940, rather than 1/1.1 = 0.909.
Likewise, an /s ratio of 0.9 represents a strength ratio of 1.074
rather than 1/0.9 = 1.111. The highest /; ratio, 1.28 in Table
5, corresponds to an unconservative strength ratio of 0.85 (but
not as bad as indicated by 1/1.28 = 0.78). Thus, the strength
ratios represented by ; ratios # 1.0 are always closer to 1.0
than would be suggested by the inverse of the I, ratio.

CONCLUSIONS AND RECOMMENDATIONS

The study described in this paper is aimed at: 1) estab-
lishing an expression that accurately represents development
and splice strength as a function of development/splice length,
bar size, concrete strength, concrete cover, and bar spacing;
and 2) using that expression to establish and evaluate sim-
plified criteria for use with the bond and development provi-
sions of the ACI Building Code (ACI 318-89) for bars without
transverse reinforcement. The conclusions and recommen-
dations that follow are based on this work.
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Conclusions

1. Eq. (12) provides a more accurate representation of de-
velopment and splice strength than the Orangun, Jirsa, and
Breen (1975, 1977) equation, and inherently provides better
guidance when there is a significant difference between one-
half of the clear spacing between bars C;, and the concrete
cover Cy. Eq. (12) indicates that bar force increases in a linear
but nonproportional manner with development length and bar
area and in a nearly linear manner with concrete cover and
spacing between bars.

2. The new expression is obtained primarily by recognizing
and limiting the effects of unintentional bias in the test data.

3. Each of three new proposals for modifying the devel-
opment length criteria in ACI 318-89, Proposal A, Proposal
B, and CB-23 provide significant advantages over the cur-
rent provisions.

4. The criteria presented under Proposals A and B and
under combined Sections 12.2.2 and 12.2.3.2 of CB-23 are
generally conservative and economical.

5. The criteria presented under combined Sections 12.2.2
and 12.2.3.1 of CB-23 provide both the least conservative de-
velopment lengths (for No. 4 through No. 6 bars with min-
imum covers) and the least economical development lengths
(for No. 3 through No. 11 bars with higher covers) of the pro-
visions considered.

6. The observed nonproportional relationship between bar
force and development length means that the required devel-
opment length must increase more rapidly than the steel stress
Js. Development length increases an extra 10 percent as f; in-
creases from 60,000 to 75,000 psi (414 to 517 MPa).

Recommendations

1. Due to the nonproportional relationship between bar
force and development length, Eq. (12) and (15), or future
improvements to Eq. (12) and (15), should be used as the
basis for evaluating the safety and economy of development
length criteria. .

2. Proposals A and B and CB-23 should be evaluated in de-
sign offices to determine relative ease of application.

3. If proposed code change CB-23 is adopted by ACI Com-
mittee 318, modifications should be made, such as those pre-
sented in Proposal B, to improve the relative safety of devel-
opment lengths for No. 4 through No. 6 bars with low covers
and the relative economy of development lengths for No. 3
through No. 11 bars with higher covers.

4. An additional development length modification factor of
1.1 should be used for steels with specified yield strengths in
excess of 60,000 psi (414 MPa). Without this modification
factor, development and splice lengths provided for Grade 75
(517 MPa) bars will be 10 percent under length.
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NOTATION

Ap =bararea
C = Cuin=min (Cs, Cp)

C», =cover
C. =seeTable4
Cma.x = (Cs, Cb)

C. = min (one half of clear spacing, side cover)
C, =seeTable4
dy = bar diameter

f" = concrete compressive strength

fi =yield strength of steel

ls = development length or splice length

lay = basic development length

u = average bond stress at failure

ucar = calculated average bond stress at failure

u, = experimental average bond stress at failure
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