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Development Length Criteria for Conventional and High
Relative Rib Area Reinforcing Bars

by David Darwin, Jun Zuo, Michael L. Tholen, and Emmanuel K. Idun

Satistical analyses of 133 splice and development specimens in which the bars
are not confined by transver se reinforcement and 166 specimens in which the
bars are confined by transverse reinforcement are used to develop an expres-
sion for the bond force at failure as a function of concrete strength, cover, bar
spacing, development/splice length, transver se reinforcement, and the geomet-
ric properties of the developed/spliced bars. Results are used to formulate de-
sign criteria that incorporate a reliability-based strength reduction (f) factor
that allows the calculation of a single value for both development and splice
length for given material properties and member geometry.

Aswith earlier studies, the analyses demonstrate that the relationship be-
tween bond force and development or splice length | islinear but not pro-
portional. Thus, to increase the bond force (or bar stress) by a given
percentage requires more than the percentage increasein | . fgﬂz does not
provide an accurate representation of the effect of concrete strength on
bond strength over the full range of concrete strengths in use today; devel-
opment/splice strengths are underestimated for low-strength concretes and
overestimated for high-strength concretes. fg:”4 provides an accurate rep-
resentation of the effect of concrete strength on bond strength for concretes
with compressive strengths between 2500 and 16,000 psi (17 and 110 MPa).
The most accurate representation of the effect of transverse reinforcement
on bond strength obtained in the current analysis includes parameters that
account for the number of transverse reinforcing bars that cross the devel-
oped/spliced bar, the area of the transverse reinforcement, the number of
bars developed or spliced at one location, therelative rib area of the devel-
oped/spliced bar, and the size of the developed/spliced bar. The yield
strength of transver se reinforcement does not play arolein the effectiveness
of the transverse reinforcement in improving development/splice strength.
Depending on the design expression selected, for conventional and high rel-
ativerib area barsthat are not confined by transver se reinforcement, devel-
opment lengths average 2 to 14 percent higher and splice lengths 12 to 22
percent lower than those obtained using ACI 318-95. For conventional re-
inforcing bars confined by transverse reinforcement, development lengths
average 5 percent lower to 16 percent higher than those obtained using ACI
318-95, while splice lengths average 11 to 27 percent lower than those ob-
tained using ACI 318-95. For high relative rib area reinforcing bars con-
fined by transverse reinforcement, development lengths average 3 to 17
percent lower than those obtained using ACI 318-95, while splice lengths
average 25 to 36 percent lower than those obtained using ACI 318-95.
When confined by transverse reinforcement, high relative rib area barsre-
quire development and splice lengths that are 13 to 16 percent lower than
required by conventional bars.

Keywords: bond (concrete to reinforcement); bridge specifications; build-
ing codes; deformed reinforcement; development; lap connections; rein-
forcing steels; relative rib area; reliability; splicing; structural engineering.
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The provisions in Chapter 12 of the 1995 ACI Building
Code (ACI 318-95) will make the design process easier and
reflect development and splice strength better than any pre-
vious code procedures. The new expressions are based, in
part, on a statistical analysis carried out over 20 years ago
(Orangun, Jirsa, and Breen 1975) and on recommendations
based on that analysis provided by ACI Committee 408
(1990). As with previous versions of the ACI Code, the cal-
culated development/splice lengths are proportional to the
bar stress (the actual relationship is linear but not propor-
tional), and most splice lengths are 30 percent greater than
the corresponding development lengths.

Over the past 20 years, additional data has become avail-
able, and analyses of the expanded database (presented in
this paper) have exposed a number of shortcomings in the
ability of both the code expressions and the original statisti-
cally-based expressions to accurately represent the develop-
ment and splice strength of reinforcing bars, as used in
current practice. Specifically, the analyses demonstrate that
the sgquare root of the concrete compressive strength f ¢ does
not accurately characterize the effect of concrete strength on
bond strength for the full range of concrete strengths in use
today, and the yield strength of transverse reinforcement fy,
plays no measurable role in the contribution of confining
steel to bond strength. In addition, the study by Orangun et
al. (1975, 1977) and amore recent study by Darwin, McCabe,
Idun, and Schoenekase (19923, 1992b) have the drawback of
inadvertently including top-cast and side-cast bar specimens
in analyses representing bottom-cast reinforcement. Only
bottom-cast bars are considered in the current study.

The current analyses were carried out in conjunction with
alarge-scal e experimental study to improve the devel opment
characteristics of reinforcing bars (Darwin and Graham
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19933, 1993b, Darwin, Tholen, Idun, and Zuo 1995a, 1996a)
and have several advantages over the earlier studies: 1) the
database is larger (Chinn et a. 1955, Chamberlin 1956,
1958, Mathey and Watstein 1961, Ferguson and Thompson
1965, Ferguson and Breen 1965, Thompson et al. 1975,
Zekany et a. 1981, Choi et al. 1990, 1991, DeVries et al.
1991, Hester et al. 1991, 1993, Rezansoff et al. 1991, 1993,
Azizinamini et al. 1993, 1995, Darwin et al. 1995a, 1996a),
including 133 splice and development specimens in which
the bars are not confined by transverse reinforcement and
166 specimens in which the bars are confined by transverse
reinforcement; 2) the concrete strengths cover a broader
range than used in the earlier studies; and 3) data includes
bars with a wide range of relative rib area (ratio of bearing
area of ribs to shearing area between ribs) R,, a parameter
that has been demonstrated to significantly affect the added
bond strength provided by transverse reinforcement (Darwin
and Graham 1993a, 1993b, Darwin et al. 1995a, 1996a).
This paper describes the development of a statistically-
based expression that accurately represents the devel opment
and splice strength of reinforcing bars, both with and without
confining reinforcement, for values of f¢ between 2500 and
16,000 psi (17 and 110 MPa). In addition to transverse rein-
forcement and concrete strength, the expression takes into
account cover, bar spacing, development/splice length, and
the geometric properties of the developed/spliced bars. The
expression is used to formulate design criteria that incorpo-
rate areliability-based strength reduction (f ) factor (Darwin,
Idun, Zuo, and Tholen 1995c, 1996b) that allows the calcu-
lation of a single value for both splice and development
length for given material properties and member geometry.
Compared to current design practice (ACI 318-95, AASHTO
Highway 1992), the new design criteria permit major reduc-
tionsin the development lengths of high relativerib areabars
confined by transverse reinforcement and in the splice
lengths of conventional and high relative rib area bars under
al conditions of confinement. Additional details of the study
are presented by Darwin, Zuo, Tholen and Idun (1995b).

2

OVERVIEW

The statistical analyses and development of design criteria
that are described in this paper are based on amodel in which
the maximum bond force in a developed or spliced bar T, is
expressed as the sum of a* concrete contribution” T, which
isafunction of concrete strength, member geometry, and bar
size, and a*“ steel contribution” T, whichisafunction of con-
crete strength, the geometric properties of the developed/
spliced bar, and the geometry of the confining reinforcement
in the devel opment/splice region

T, =T . +T, D

Eq. (1) serves asthe basis of the analysis that, when com-
plete, isused to formulate design expressionsthat are used to
calculate development/splice length | 4.

The calculation of the concrete contribution T, builds on
earlier work (Orangun et al. 1975, 1977, Darwin et al. 19923,
1992b). The analysis initially proceeds by determining the
best statistical match between the total bond force for bars
not confined by transverse reinforcement T, = Af, in which
A, = bar areaand fs = bar stress at development or splice fail-
ure, and the product of 4, the development or splice length,
and ¢, + 0.5 dy, the smaller of the cover to the center of the
bar (g, + 0.5dy) or half the center-to-center bar spacing (cs+
0.5dy), inwhich ¢, = cover, cs= one-half of the clear spacing
between bars, and dy, = bar diameter. Next, adjustments are
made to take into account the fact that bond strength increas-
eswith respect to the product I (¢, + 0.5 d,) as the difference
between c, and c increases.

The initial analysis is carried out using (as is traditional)
f¢Y2 to represent the effect of concrete strength on bond
strength. The resulting expression is tested for f ¢ between
2610 and 15,120 psi (18 and 104 MPa), and the power of f ¢
is adjusted to provide an improved representation for bond
strength. The new expression for T, is then used to calculate
the steel contribution T, in development/splice tests for
members containing confining reinforcement. This is done
by subtracting the calculated value of the concrete contri-
bution from the experimental bond force T,

Ts = Tb_Tc (2)

T, is correlated with the concrete strength, the geometric
properties of the transverse reinforcement, and the geometric
properties of the devel oped/spliced barsto obtain an accurate
representation of the increase in bond strength provided by
the confining steel. The evaluation includes the establish-
ment of limits within which the expressions give conserva-
tive predictions of strength.

The resulting expressions for bond force for developed/
spliced bars, both with and without confining reinforcement,
are then combined with areliability-based strength reduction
(f) factor (Darwin et al. 1995c, 1996b) to obtain design ex-
pressionsfor | .. The expressionsinclude the effect of relative
rib area R,, and thus, can be used to take advantage of thein-
creased bond strength obtainable with high R, bars. The de-
velopment and splice lengths obtained with the new
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expressions are then compared to those obtained using
ACI 318-95.

Test specimens used in the analyses are limited to splice
and development specimens for which concrete properties
are characterized by the compressive strength of standard
cylinders (ASTM C 39).

EXPRESSIONS FOR DEVELOPMENT/SPLICE
STRENGTH

Bars without confining reinforcement
The work reported herein represents the final results of

a series of analyses using 133 development and splice
specimens containing bottom-cast bars.

Using f¢Y2 to represent the effect of concrete compres-
sive strength on bond strength produces the following ex-
pression for total bond force for bars not confined by
transverse reinforcement

Tc — Abfs —
e e [8.76l Gy + 0.5d,) @)

N 187Ab]g%.14z—“' +0.86
m

inwhich

Cw Gy = Minimum and maximum value of ¢, or ¢, (C,/C, £
3.5),inin.

Cs =min (¢ +0.25in,, cy), in.

¢y =one-half of clear spacing between bars, in.

Cs» C, = Side cover and bottom cover of reinforcing bars, in.
T.isinlb, Ajisinin.2 and f, f¢ andf ¢¥2 arein psi.

Eq. (3) is obtained following the procedures of Darwin et
al. (1992a, 1992b). A best-fit is obtained between T./f¢Y2
and the product l4(G, + 0.5 dy) using adummy variable anal -
ysis (Draper and Smith, 1981) in which the data are separat-
ed based on bar size. Theresults of the analysis are then used
to improve the fit by including a weighted average coeffi-
cient to represent the area of the bar A,. Unlike the earlier
analysis (Darwin et a. 1992a, 1992b), the effects of the dif-
ferences in ¢, and ¢y are evaluated after the coefficient for
A, is obtained.

The term (0.14 ¢,,/c,, + 0.86) is obtained based on a best-
fit analysis comparing the test/prediction ratios [ obtained us-
ing thetermin brackets on theright side of Eq. (3) asthe pre-
dicted strength] with the ratio c,/c,. The term takes into
account the increased strength observed in the tests when c,,
L &,. When determining ¢, 0.25in. (6 mm) is added to cg,
one-half of the clear spacing between the bars, because the
extra 0.25 in. (6 mm) gives an improved match with the test
data. The fact that the effective value of cg is slightly larger
than one-half of the clear spacing is likely due to the longer
effective crack lengths that occur when concrete splits be-
tween the bars rather than through the cover (Darwin et a.
19923, 1992b).

When the test results used to develop Eq. (3) are re-evalu-
ated based on categories of concrete strength, the specimens
with the lowest strength concretes produce the highest rela-
tive strengths, as shown in Fig. 1. For the categories of
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concrete strengths evaluated, from below 3000 to over
10,000 psi (21 to 69 MPa), the intercepts on the vertical axis
decrease as the concrete strength increases. The line repre-
senting concrete with compressive strengths above 10,000
psi (69 MPa) is significantly below that of the rest of the da-
ta. The comparisons show that f ¢¥2 gives a good represen-
tation for concrete strengths between 4500 and 7500 psi (31
and 52 MPa). Outside of this range, f¢Y? does not give a
good representation.

Based on this observation, a series of reanalyses were car-
ried out to determine the power of f¢ that would minimize
the spread in the data. The reanalyses showed that f¢ to the
0.24 power provided the best match. For obvious reasons of
convenience, the /s power was selected for further analysis.

Using the 7. power, the best-fit equation is

Tc — Abfs
R

fe f¢

= [63l4(c, +0.5d,) + 2130A,]  (4)

C as
B1M4+0.F
e Cn [4]

inwhich f ¢¥* isin psi.

Asillustrated in Fig. 2, Eq. (4) produces significantly less
scatter as a function of compressive strength than Eq. (3).
The best-fit lines for all categories of concrete strength nearly
coincide, with the exception of the specimens with concrete
strengths in excess of 10,000 psi (69 MPa). Thisdeviationis
largely the result of the limited amount of data for develop-
ment/splice tests using high-strength concrete. Two relative-
ly low splice strengths have a dominant effect on the results
for this category. If those two tests are removed, al strength
categories produce nearly coincident best-fit lines (Darwin
et al. 1995h).

Table 1 provides a summary of the test/prediction ratios
for the 133 specimens used to develop Eq. (3) and (4). As
shown in the table, the mean test/prediction ratio for the 133
specimens without transverse reinforcement is 1.00 using
both the */> [Eq. (3)] and the Y. [Eq. (4)] power of f¢ witha
coefficient of variation (COV) of 0.138 using the /- power of
f¢ and a COV of 0.107 using the /s power. The individual
comparisons are presented by Darwin et a. (1995b) and in
Appendix A."

Bars with confining reinforcement

Eq. (2) is used to determine the additional bond strength
provided by transverse reinforcement T, The concrete con-
tribution to bond strength T, given in Eq. (4), is subtracted
from the experimental bond force T,. The results for 166
specimens in which the developed/spliced bars were con-
fined by transverse reinforcement wereinitially used for this
analysis. During the course of the analysis, it was established
that especially low strengths, with respect to any predictive
equations, were exhibited by specimens with 1,/d, < 16.
Therefore, 32 specimens with | ;/d, < 16 have been removed

*The Appendix is available in xerographic or similar form from ACI headquarters,
whereit will be kept permanently on file, at a charge equal to the cost of reproduction
plus handling at time of request.
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from the analysis, leaving 134 specimens for the following
analysis. The removal of these specimens does not hurt the
overall evaluation, since members with such low values of
[4/d, are not used in practice.

Correlations of T, with several combinations of potential
controlling parameters are evaluated. Principal among these
parameters are the yield strength of the transverse reinforce-
ment f, and the effective area of transverse reinforcement
per developed/spliced bar NA,/n, in which N = the number
of transversereinforcing bars (stirrups or ties) crossing | ;; A,
= area of each stirrup or tie crossing the potential plane of
splitting adjacent to the reinforcement being developed or
spliced, and n = number of bars being developed or spliced
along the plane of splitting. The value of n is determined by
the smaller of ¢, or c. If ¢, controls, the plane of splitting
passes through the cover and n = 1. If ¢, controls, the plane
of splitting intersects all of the bars and n = the total number
of bars spliced or developed at onelocation. Alsoincludedin
the analysis are parameters t, and t,, representing the effects
of the relative rib area and bar size, respectively, of the de-
veloped/spliced bar on T,

t, = 9.6R +0.28 (5)
t, = 0.72d, +0.28 (6)

Eg. (5) and (6) are based on an analysis of test results for
70 splice specimens containing No. 5, No. 8, and No. 11 (16,
25, 36-mm) bars confined by transverse reinforcement with
relativerib areas R ranging from 0.065 to 0.14. Details of the
development of Eq. (5) and (6) are presented by Darwin et
al. (1995a, 1996a). For conventional reinforcement, t, typi-

caly ranges from 0.82 to 1.11 (for R, from 0.056 to 0.086),
with an average value of 0.98 [for the average value of R, =
0.0727 (Darwin et a. 1995b)]; t, = 0.73, 1.00, and 1.295 for
No. 5, No. 8, and No. 11 (16, 25, 36-mm) bars, respectively.

To determine the principal controlling parameters, T, is
compared to four combinations of the parameters; NA,f,/n,
NA,/n, tNA,/n, and tt;NA,/n. The first of these variables,
NA,f,./n, isincorporated in ACI 318-95 to represent the effect
of confining reinforcement on bond strength (in ACI 318-95,
N =14/s, inwhich s= spacing of transverse reinforcement).

In carrying out the analyses, distinct differences are ob-
served in the test results for different investigators. For ex-
ample, the bond strengths obtained by Rezansoff et al. (1991,
1993) are consistently higher than those obtained by Choi et
al. (1990, 1991), Hester et al. (1991, 1993), and Darwin et al.
(19954, 19964). The differences, in al likelihood, are dueto
differences in concrete properties and, perhaps, testing pro-
cedures. The effect of concrete properties on bond strength
is demonstrated by Darwin et al. (1995a, 1996a), who ob-
served 35 to 45 percent changesin the effectiveness of trans-
verse reinforcement with a change in coarse aggregate. To
remove the variation caused by differencesin concrete prop-
erties or other differences between test sites, the study usesa
dummy variables analysis in which the data is separated
based on test site and bar size.

Of the 134 specimens used in the analysis, the value of R,
isknown for 85 specimens, based on measurements made on
the bars or based on data provided in the original papers. For
the balance of the bars, the mean values of R, for bars of that
size are used. The mean values, 0.0752 for No. 5 (16-mm)
bars, 0.0748 for No. 6 (19-mm) bars, 0.0731 for No. 8 (25-
mm) bars, and 0.0674 for No. 11 (36-mm) bars, are based on
bar samples measured in studies dating to 1987 (Choi et al.

Table 1—Summary of test/prediction ratios for developed and spliced bars

Coeffi-
Number of | Power of f¢ Standard | cient of
Specimen type specimens (Eq.) Minimum [ Maximum| Mean deviation | variation
Without transverse 133 Y2 [Eq. (3)] 0.509 1.325 1.000 0.138 0.138
reinforcement Y4 [Eq. (4)] 0.716 1.290 1.003 0.107 0.107
Without transverse 1 Y2 [Eq. (3)] 0.783 1.213 0.968 0.112 0.115
reinforcement, fs> f,, Y4 [Eq. (4)] 0.854 1.275 0.992 0.107 0.107
With transverse 1
reinforcement 166 14 [EQ. (17)] 0.571 1.387 0.979 0.138 0.141
With transverse
reinforcement, 134 Y4 [Eq. (17)] 0.664 1.352 0.989 0.135 0.137
l4/dy, SSSSSE® 16
With transverse rein-
forcement, | 4/d
3888 md(lctl 119" | Ya[Eq.(17)] | 0.770 1.352 1.010 0.127 0.125
Ki)/dp £4”
With transverse rein-
forcement, f. > f,
| /d, 555558 15 20 | weq@7n) | oest | 1352 | 1153 | 0154 | 0134
€+ Ky)ldp £ 47
With transverse rein-
forcement, f > f,
| d/dbggggg;-s 16, 99 Y4 [Eq. (17)] 0.770 1.261 0.981 0.098 0.100
(c+Ky)dy £ 4

*Based onK;, = 35.3tt A /sn.
fincludes two specimens with (¢ + Ky )/dy, > 4: @) (¢ + Ky )/dy = 4.004, test/prediction = 0.843; b) (c + Ky)/d, = 4.023, test/

prediction = 0.901.
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1990, 1991, Hester et al. 1991, 1993, Darwin et al. 1995a),
including bar samples provided by other researchers (Rezansoff
etal. 1991, 1993, Azizinamini et al. 1995). The overall aver-
age value of R;, 0.0727, represents No. 5 and larger bars. R
=0.0727 isused for bar sizes other than No. 5, No. 6, No. 8,
and No. 11 (16, 19, 25, 36 mm), if individual data is not
available. For “metric bars’ (Rezansoff et a. 1991, 1993),
nominal metric sizes are converted exactly to customary
unitsfor the analysis. For the analysis, T,isin Ib, f,, f¢ and
f¢Y4 arein psi, and A, isin in.2 The database includes speci-
mens with concrete strengths between 1820 and 15,760 psi
(13 and 109 MPa) and bars with relative rib areas between
0.059 and 0.14.

Based on the dummy variables analyses and using the
weighted mean intercepts at T¢/f ¢4 = O, the best-fit ex-
pressions for the four combinations are

T NA, f
—2e = 26.7%& 355 (7

f@liﬂ

with a coefficient of determination r 2= 0.757.

T N
e = 2301NA 4 gg ®)
f¢ n
with r2 = 0.787.
T NA
= = 2003t — + 110 9)
n
fg
with r2 = 0.840.
T NA
= = 1867t tq n“+ 177 (10)
f¢
with r2 = 0.839.

The closer the coefficient of determination r2isto 1.0, the
better the correlation between T/f ¢V* and the selected com-
bination of parameters. r? islowest (0.757) when NAf,/nis
used to represent the effect of transverse reinforcement on
bond strength [Eq. (7)]. Removal of f,; from the controlling
variable [Eq. (8)] improvesr 2 to 0.787. The fact that such an
improvement would occur makes sense, since it has been
demonstrated that transverse reinforcement rarely yields
during a splice or development failure (Maeda et al. 1991,
Sakurada et al. 1993, Azizinamini et al. 1995). The addition
of t, to the analysis[Eg. (9)], as supported by the experimen-
tal work of Darwin et al. (1995a, 1996d), improves r? to
0.840, while the addition of t4 [EQ. (10)], also supported by
Darwin et al. (19953, 1996a), dropsr 2 slightly to 0.839. For
reasonsthat will be clear shortly, Eq. (10) isused for the next
step in the analysis.

Combining Eq. (4) and Eq. (10), replacing N by 14/s, drop-
ping the mean intercept of 177, and solving for the develop-
ment/splice length |4 gives

6

fg c o
ADL i —21302%.10—“" + o.ng

o = - (11)

Cwm 5  29.6t 1A,
63[(cm 4 o.wb)g%.lc—m +0.9 + T}

Modifying Eq. (11) to express |, in terms of bar diameter
d, gives

s C_M .
1[‘4—21303%).1 +O.98)

Cc
cITd _ I¢ - Ktm (12)
b 10
80,2858

in whichc =(c,+ 0.5d)(0.1 ¢,/c, + 0.9) andK,, = 29.6
tty AL /on.

(c + K/d, in the denominator of Eq. (12) is a measure of
the assistance provided by concrete cover, bar spacing, and
transverse reinforcement (ACI 318-95), increases that result
in an increase in bond strength. Increasesin (¢ +K,,)/d,, how-
ever, will eventually cause the mode of bond failure to
switch from splitting to pullout, with bond strength limited
by the strength of the concrete between the ribs of the bar
rather than the clamping forces provided by surrounding
concrete and steel. When this happens, bond strengths will
drop in relation to the predicted strength.

Test/prediction ratios, based on the sum of Eg. (4) and
(10), are compared with (c + K;)/d, for the 134 tests with 14/
dy 3 16inFig. 3. Thefigure shows that the test/prediction ra-
tios are consistently below 1.0 for values of (c + K;)/d, >
3.75. Based on this observation, areanalysis was carried out
using specimens with (c+ Ky)/d, £ 3.75.

Based on the dummy variables analysis for the remaining
119 specimens and using the weighted mean intercepts at T,/
f ¢4 =0, the best-fit expressions for the four combinations are

T NA,, f
s = 30.3— X'+ 430 (13)
14
f¢
with r2 = 0.758.
T NA
S_ = 2521—Y +148 (14)
f@l o4 n
with r 2=0.783.
T N
s_ = 2412trﬁ +71 (15)
fgl o4 n
with r2 = 0.853.
T NA
S_ = 2226t t,— + 66 (16)
f 9104 n
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with r2 = 0.857

In this case, t, t;NA,/n[Eg. (16)] provides the best coeffi-
cient of determination and the lowest intercept. Combining
Eqg. (16) with Eq. (4) givesthe final expression for T,

T T+T f
1bn4 = _¢ 1ms = Abli = [63l4(c,, + 0.5d,) (17)
f¢ f¢ f¢

5 N
+2130A,] g@.lz—“" +0.9+ 2226trtd—:“ +66
m

Dropping the intercept 66 and solving for |y interms of A,
and d, gives, respectively,

f, c .
Achg}m—213CJ(§5%).1E:-”1 +o.9§J
ly = (18)

o3[ (e + 0.5 P12 + 0.9+ BIleAr)
m

fs Cu
2 —213@%.1; +o.s§

lg _ 1€ i (19)
d, &t Ktr@
80'2é
d, 2

inwhichc = (c, + 0.5 d))(0.1 ¢,/c,, + 0.9) and K,, = 35.3
t, t,A,/sn. Eq. (19) and (12) are identical, except for the co-
efficientin K,,.

A reanalysis of the data versus (c + K,,)/d, using Eq. (17)
and the new definition of K, is shown in Fig. 4, illustrating
that Eq. (17) through (19) provide accurate predictions for
specimens with (c + K,,)/d, £ 4.0. A summary of the test/pre-
diction ratios for all 166 specimens with transverse rein-
forcement in the database (c/d, = 1.33 to 4.46, K,,/d, = 0.12
t0 3.24) are presented in Table 1. For the 119 specimens used
to develop Eq. (17) (c/d, = 1.33 to 2.64, K,,/d, = 0.12 to
2.55), the mean test/prediction ratio is 1.01, with a COV of
0.125; two of the specimens have (c + K,,)/d,, > 4.0 (see Table
1). A comparison of the test results with the values predicted
using Eq. (17) for the 117 specimenswith |,/d, ® 16 and (c +
Ki)/d, £ 4.0 (using K, = 35.3 t, t A, /sn) is shown in Fig. 5
(for completeness, it is noted that c/d, ranges from 1.33 to
3.44 for the specimens without confining reinforcement
summarized in 1). Dataon theindividual comparisonsispre-
sented by Darwin et al. (1995b) and in Appendix A

Effect of bar stress on development/splice
strength
Concern has been expressed that yielding of developed/

spliced bars will result in a reduction in bond strength
(Orangun et al. 1975, Harajli 1994). An evaluation of the
test results used in the current study shows that the con-
cern is unwarranted.

Of the 133 test specimens without confining reinforce-
ment, barsyielded in 11 specimens prior to bond failure. As
shown in Table 1, the mean test/prediction ratio based on

*The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanently on file, at a charge equal to the cost of reproduction
plus handling at time of request.
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Eq. (4) for the 11 testsis0.99, witha COV of 0.107, compar-
ing favorably to the mean of 1.00 and COV of 0.107 for the
full set of data. Of the 119 bars used to develop Eq. (17), bars
yielded in 20 specimens prior to bond failure. For those tests,
the mean test/prediction ratio is 1.15, with a COV of 0.134,
comparing very favorably with the mean of 1.01 and COV of
0.125 for the full set of 119 specimens. For the 99 tests with
bars confined by transverse reinforcement that did not yield,
the mean test/prediction ratio using Eq. (17) is 0.98, with a
COV of 0.100.

Overall, the data indicates that, if the development/splice
length is long enough to cause the bar to yield, yielding has
no effect on the bond strength of bars not confined by trans-
verse reinforcement, and results in an increase in bond
strength for bars that are confined by transverse reinforce-
ment. The increase for bars with confining reinforcement
may result from amore uniform state of bond stressalong the
length of the bar due to greater slip that accompanies yield-
ing. This greater slip mobilizes clamping stresses in the
transverse reinforcement along a greater length of the bar.

DESIGN EXPRESSIONS FOR DEVELOPMENT/
SPLICE LENGTH

Strength reduction (f) factor

Eq. (17) through (19) serve as the basis for design ex-
pressions for development/splice length. Eqg. (18) and (19)
cannot be used directly in design to calculate |, because they
are based on the best-fit (average) expression, Eq. (17). If
used as presented, bond strength would be below the value
predicted by Eq. (17) 50 percent of the time. Procedures ex-
ist, however, for insuring an adequate level of safety through
the selection of a strength reduction factor (f ) based on the
desired level of reliability.

Following the procedures of Ellingwood, Galambos,
MacGregor, and Cornell (1980), Mirza and MacGregor
(1986), and Lundberg (1993), a(f ) factor of 0.9 for devel op-
ment and splice strength has been obtained using areliability
index b of 3.5 (Darwin et al. 1995c, 1996b). This gives an
overall probability of bond failure equal to about one-fifth of
the probability of aflexural failure, for which b = 3.0 is nor-
mally obtained (Ellingwood et al. 1980). f = 0.9 is obtained
using Eqg. (17) without the final term 66 as the design
strength and Eq. (17) with the final term (if transverse rein-
forcement is used) as the predicted strength. Additional sim-
plifications of Eq. (17), setting c,, = ¢, and dropping 0.25in.
fromthe definition of c,, produce higher values of f (Darwin
et al. 1995c, 1996b).

f = 0.9 for bond is applied in addition to the f factor for
the main load effect (e.g., 0.9 for flexure or 0.7 for tied col-
umns) that is used to select the area and strength of the steel.
Therefore, the total f factor against a primary mode of fail-
urein bond isthe product of 0.9 and thef factor for the main
load effect.

In addition to allowing the selection of a desired relative
probability of failure, using a reliability-based f factor pro-
vides another important benefit. Since 87 percent of the tests
in the database used to calculate f are splice tests in which
al of the bars are spliced at one location (aClass B splicein
ACI 318-95 and a Class C splice in AASHTO Highway
1992), f =0.9 and Eq. (17) through (19) are already calibrated
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based on splice strength. Therefore, values of |, calculated
using f = 0.9 apply directly to spliced bars, removing the re-
quirement to multiply development length by 1.3 to obtain
the length of a Class B splice (ACI 318-95) or by 1.7 to ob-
tain the length of aClass C splice (AASHTO Highway 1992).
The process of obtaining the design expressionsthat are pre-
sented in the following starts with theincorporation of f onthe
right side of Eq. (17) (without the final term 66) and the sub-
stitution of the bar yield strengthf, for fs on the |eft side

f i
%}4 = f% [63l4(c,, + 0.5d,) + 2130A,] (20)

c ! NA,,
.14 + 0.9 + 2206t t, 1
e Co, [4]

n b
Design expressions
Using the formul ation shown in Eq. (20), adetailed design
expression in the form of Eq. (19) becomes

N 13091 0.9

1o
Iy _ffg Cm -
dy &t Kug
80.2¢
e d, 9

inwhich
¢ =(cy+05d,)(0.1¢cy/cy, + 0.9) and ¢y, Cy, Cs, Csi, Cso, N
G, are defined following Eq. (3).
K = Ky (conv.) =34.5t4 A, /sn =34.5(0.72 dy, + 0.28) A,/sn
for conventional bars (average R, = 0.0727)
K, = Ky(new) =53 t,A,/sn = 53 (0.72 d,, + 0.28) A,/sn for
high relativerib areabars (average R, = 0.1275)
(c+K,)/d, £4.0

Incorporating f = 0.9 into Eq. (21) and conservatively
rounding the coefficients gives

f c

Y- 19003%.1—“" +o.s§

ld _ f@ Cm (22)
e d @

b

Eq. (22) is the prototype for design equations based on Eq.

(20). Different degrees of simplification are possible, depend-

ing on the application and the level of simplification desired.
One such simplification can be obtained by settingc,,/c,, = 1

f
i’m—1900
AL
e d o

inwhichc=(c,+ 0.5d,).

In applying Eq. (23) to design, it would seem prudent to
change the definition of c to the smaller of the cover to the
center of the bar or one-half of the center-to-center bar spac-
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ing. The only change that this entails is dropping 0.25 in.
from the definition of c, that follows Eq. (3). The definitions
of K,, following Eq. (21) remain unchanged.

Following the lead of ACI 318-95, an alternate simplifi-
cation of Eq. (22), for the case in which the clear spacing be-
tween bars being developed or spliced is not less than 2 dy
and the cover isnot lessthan d [i.e., (c + K)/d, 3 1.5], isob-
tained by setting (c + Ky)/d, = 1.5.

This gives

S (24)

Since, except for shells, the minimum cover ¢, for cast-in-
place concrete is 0.75 in. (19 mm) and the minimum clear
spacing 2 ¢ is 1in. (25 mm) (ACI 318-95), Eq. (24) pro-
vides the maximum value of |4 for No. 6 and smaller bars.

For bars with a cover not less than d, and a clear spacing
not lessthan 7 d,, (principally slabs), Eq. (22) can be conser-
vatively simplified to

SIS (25)

Iqfrom Eq. (25) is 80 percent of |4 calculated using Eq. (24).
Because of the simplified format, neither Eq. (24) nor Eq.
(25) takes advantage of the higher value of K, provided by
high relativerib areabars. Like the simplified format in ACI
318-95 (discussed in the next section), each of the two
equations provides a single value of 14/d, for each combina-
tion of f, and f ¢.

Comparison with current design criteria
Toillustrate the effects on devel opment and splice lengths

of both the newly proposed expressions and high relativerib
areabars, values of |, obtained with Eg. (22) through (25) are
compared with development and splice lengths calculated
under the provisions of ACI 318-95. Comparisons are limit-
ed to uncoated bottom-cast bars.

Eq. (22) through (25) differ from current design criteriain
several important respects.

1. The relationship between |4 and the steel stressf; or f,
islinear but nonproportional, rather than proportional, asin
current design expressions. The more accurate representa-
tion provided by Eq. (22) through (25) results in values of
lq that are relatively shorter for f, < 60 ksi (414 MPa) and
relatively longer for f, > 60 ksi (414 MPa) than obtained
with ACI 318-95. Eq. (22) through (25) automatically ac-
count for the fact that, when f, is increased by 25 percent
from 60 to 75 ksi (414 to 517 MPa), |y must be increased by
more than 25 percent.

2. The effect of concrete strength on bond strength is repre-
sented by f¢¥4 rather than f¢¥2. The impact of this change is
greatest for high-strength concrete. The proposed expressions
apply up to at least 16,000 psi (110 MPa); the devel opment

10

length expressionsin ACI 318-95 limit f¢Y2 to 100 psi (0.69
MPa), corresponding to f¢ = 10,000 psi (69 MPa).

3. Using Eq. (22) through (25), splice length and develop-
ment length are identical, removing the requirement to mul-
tiply I, by 1.3 (ACI) or 1.7 (AASHTO) to obtain the length
of most splices.

The key aspects of the development/splice length criteria
of ACI 318-95 are summarized next.

ACI 318-95—Under the provisions of ACI 318-95, two
options are available for selecting development length. One
involves a chart with selected expressions for 1,/d,, and the
other involvesthe use of amore detailed expression for | ,/d,.
Under Section 12.2.2 for bottom-cast uncoated reinforce-
ment, 1,/d, = f,/(25 f¢*2) for No. 6 and smaller bars and
f,/(20 f ¢V2) for No. 7 and larger barsif the bars have a clear
spacing between bars ® d,, cover ® d, and transverse rein-
forcement is not less than the code minimums, or clear spac-
ing between bars? 2 d, and cover3 d,. For all other cases, |/
d, = 31,/(50f¢"?) for No. 6 and smaller bars and 3 f,/(40 f¢Y2)
for No. 7 and larger bars.

Under Section 12.2.3

lq 3 f

L A 26

db 4Of 1 +Ktr(’) ( )
S d, @

in which K, =Af,,/(1500 sn), (c + K,,)/d, £ 2.5. Although
K, is the same symbol as used in this study to represent the
effect of transverse reinforcement, the value includes f,, and
does not correspond to the value in Eqg. (21) through (23).

When 50 percent or less of the reinforcement is spliced at
one location and the area of steel provided is equal to or
greater than twicethe arearequired, the splice length isequal
to 1.3 1,.

Bars not confined by transver se reinforcement—For bars
not confined by transverse reinforcement, it is appropriate to
compare the simplified expressionsin ACI 318-95 with the
development and splice lengths obtained using Eq. (24) and
(25). For No. 7 (22-mm) bars and larger with clear spacing 3
2 d, and cover 3 d, and 4000 psi (28 MPa) concrete, |,/d, is
47.4 for developed bars and 61.7 for Class B splices, under
the provisions of ACI 318-95, and 52.26 using Eq. (24) for
both developed and spliced bars. Thus, using the proposed
expression, the development length is 10 percent greater
than under the provisions of ACI 318-95, while the splice
lengthis 18 percent lower. The same percentages hold for the
conditions under which Eq. (25) is applied. Overall, for nor-
mal-strength concretes, Eq. (24) and (25) result in greater de-
velopment lengths and shorter splice lengths than do the
provisions of Section 12.2.2 of ACI 318-95. Theincreasesin
development length are more than matched by the reductions
in splice length.

Comparisons of development and splice lengths obtained
using Eq. (22) and (23) with the more detailed provisions
of ACI 318-95 [Eq. (26)] are summarized in Table 2 for the
35 beam configurations used by Darwin et al. (1995c,
1996b) to develop the reliability-based f factor [the de-
tailed comparisons are presented by Darwin et al. (1995b)
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andin Appendix B]." Thetablescover concrete compressive
strengths of 3000, 4000, and 6000 psi (21, 28, and 41 MPa)
for developed or spliced No. 6, No. 8, No. 10, and No. 11
(29, 25, 32, and 36-mm) bars. Comparisons show that devel-
opment lengths obtained with Eq. (23) (the more simplified
of the two new expressions) are, on average, 114 percent of
those obtained with ACI 318-95. Development lengths ob-
tained with Eq. (22) are, on average, 102 percent of those ob-
tained with the Code. The splice lengths obtained with Eq.
(23) average 88 percent of those obtained with ACI 318-95,
while those obtained with Eq. (22) average 78 percent of
those obtained with the Code. These comparisons show that
Eq. (22) and (23) result in a small increase in development
length and a substantial reduction in splice length compared
to values obtained under the provisions of ACI 318-95.

Bars confined by transver se rei nfor cement—Comparisons
of development and splice lengths obtained using Eq. (22)
and (23) with those obtained under the provisions of ACI
318-95 are summarized in Table 2 for the 140 beams with
transverse reinforcement used to develop f = 0.9 (Darwin et
al. 1995c, 1996b) [the detailed comparisons are presented by
Darwin et al. (1995b) and in Appendix B]." Comparisonsin-
clude development lengths obtained with both conventional
and high relative rib area reinforcement. Results in Table 2
show the following.

Effect of relativerib area. Limiting consideration to the ef-
fect of using high relative rib area bars (a savings not avail-
able under ACI 318-95), the average ratios of |, for high
relativerib areabarsto I, for conventional bars are 0.87 and
0.84 using Eq. (22) and (23), respectively. Therefore, de-
pending on the expression used for the design, average re-
ductionsof 13to 16 percent in development and splicelength
can be expected with the use of high relative rib area bars.

Comparisons with ACI 318-95. For conventional rein-
forcement, the development lengths average 95 and 116 per-
cent for EQ. (22) and (23), respectively, of those obtained
using ACI 318-95; the splice lengths average 73 and 89 per-
cent, respectively. For high relative rib area bars, the devel-
opment lengths obtained with Eq. (22) and (23) average 83
and 97 percent, respectively, of the development lengths ob-
tained with ACI 318-95; the splice lengths average 64 and 75
percent, respectively, of the splicelengths obtained with ACI
318-95. Overal, significant savings can be obtained with a
conversion to the new expressions. Even higher savings are
available when Eq. (22) and (23) are used in conjunction
with high relative rib area bars.

SUMMARY AND CONCLUSIONS
Test results for 133 splice and development specimensin

which the bars are not confined by transverse reinforcement
and 166 specimens in which the bars are confined by trans-
verse reinforcement are used to develop an expression for
the bond force at failure as a function of concrete strength,
cover, bar spacing, development/splicelength, transversere-
inforcement, and the geometric properties of the developed/
spliced bars. The expression is valid for concrete strengths

*The Appendix is available in xerographic or similar form from ACI headquarters,
whereit will be kept permanently onfile, at acharge equal to the cost of reproduction
plus handling at time of request.
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between 2500 and 16,000 psi (17 and 110 MPa). Results are
used to formulate design criteria that incorporate a reliabili-
ty-based strength reduction (f ) factor that allows the calcu-
lation of a single value for both development and splice
length for given material properties and member geometry.

The following conclusions are based on the analyses and
comparisons made in this paper.

1. The relationship between bond force and devel opment
or splice length 1 is linear but not proportional. Thus, to in-
crease the bond force (or bar stress) by agiven percentagere-
guires more than the percentage increaseinly.

2. f ¢¥2 does not provide an accurate representation of the
effect of concrete strength on bond strength over the full
range of concrete strengthsin use today. Devel opment/splice
strengths are underestimated for low-strength concretes and
overestimated for high-strength concretes.

3. f¢¥* provides an accurate representation of the effect of
concrete strength on bond strength for concretes with compres-
sive strengths between 2500 and 16,000 psi (17 and 110 MPa).

4. The most accurate representation of the effect of trans-
verse reinforcement on bond strength obtained in the current
analysis includes parameters that account for the number of
transverse reinforcing bars that cross the developed/spliced
bar, the area of the transverse reinforcement, the number of
barsdeveloped or spliced at onelocation, therelativerib area
of the developed/spliced bar, and the size of the developed/
spliced bar.

5. The yield strength of transverse reinforcement plays no
significant role in the effectiveness of the transverse rein-
forcement in improving development/splice strength.

6. Depending on the design expression selected:

a. For bars that are not confined by transverse reinforce-
ment, development lengths average 2 to 14 percent higher
than those obtained using ACI 318-95, and splice lengths

Table 2—Ratios of development and splice
lengths obtained using proposed expressions to
development and splice lengths obtained using
ACI 318-95

Development
lengths Splice lengths

Eq. (22) |Eq. (23) | Eq. (22) | Eq. (23)

ACI95 | ACI95 | ACI95 | ACI 95
35 beams without | Minimum | 0.785 1.036 0.604 0.797
transverse Maximum | 1.176 1.377 0.904 1.059
reinforcement Average 1.017 1.141 0.782 0.878

140 beams with

Minimum | 0.776 0.832 0.597 0.640

transverse :

i Maximum | 1.270 1.730 0.977 1.331
reinforcemen

einforcement, | "\ Verage | 0.951 | 1156 | 0732 | 0.889
conv. bars

140beams with | Minimum | o> | 719 | 0470 | 0553

transverse M aximum
reinforcement, Average 1.127 1.405 0.867 1.081
) + 0.826 0.973 0.635 0.749
high Ry bars
Development and splice lengths
HighR," HighR.'
Conv.” Conv.”
[Eq. (22)] [Eg. (23)]
140 beamswith | Minimum 0.779 0.753
transverse Maximum 1.000 1.000
reinforcement Average 0.867 0.842
" Average R, = 0.0727.
TAverage R, = 0.1275.
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average 12 to 22 percent lower than those obtained with ACI
318-95 for Class B splices (i.e., for a 1.3 modification factor).

b. For conventional bars confined by transverse reinforce-
ment, development lengths average 5 percent lower to 16
percent higher than those obtained using ACI 318-95, while
splice lengths average 11 to 27 percent lower than those ob-
tained with ACI 318-95 for Class B splices.

c. For high relative rib area bars confined by transverse re-
inforcement, development lengths average 3 to 17 percent
lower than those obtained using ACI 318-95, while splice
lengths average 25 to 36 percent lower than those obtained
with ACI 318-95. When confined by transverse reinforce-
ment, high relative rib area bars require development and
splice lengths that are 13 to 16 percent lower than required
by conventional bars.
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NOTATION

A, = bar area, in.

A, = areaof each stirrup or tie crossing potential plane of
splitting adjacent to reinforcement being devel oped or spliced,
in.2

c = G, +05d,

C, = bottom cover of reinforcing bars, in.

¢y = maximum value of cgor ¢, (Cy/c, £ 3.5), in.

Cm =  minimum value of cgor ¢, (Gu/Cm £ 3.5), in.

cs = min(csi +0.25in., cso) or min (csi, €so), in.

Cs = one-half of clear spacing between bars, in.

Cs, =  sidecover of reinforcing bars, in.

d, = nominal bar diameter, in.
concrete compressive strength, psi; T¢Y2 and f 14, psi
concrete compressive strength to power p, psi

— —n
Baos
o

non i

fs =  steel stress at failure, psi
fy = yield strength of bars being spliced or developed, psi
fyw =  yield strength of transverse reinforcement, in psi

Ky =  termrepresenting effect of transverse reinforcement onhaemgjth.
Value depends on stage of analysis and design expression in
which it isused. K, = 29.6 t, tyA,/sn based on initial analysis.
Ky = 35.3t,ty/A/sn based on final analysis [K;, (conv.) = 34.5
(0.72 dy + 0.28) Ay /sn for conventional reinforcement (average
Ry = 0.0727); Ky (new) = 53 (0.72 dp, + 0.28) Ay/sn for new
reinforcement (average R, = 0.1275)]

A f\/(1500 sn) in ACI 318-95

lg = development or splice length, in.
N = number of transverse reinforcing bars (stirrups or ties) cross-
ing
n = number of bars being developed or spliced along plane of
splitting
R, = ratioof projected rib area normal to bar axis to product of
nominal bar perimeter and center-to-center rib spacing
s = spacing of transverse reinforcement, in.
T, = total forcein bar at splice failure, Ib
T, = concrete contribution to total forcein bar at splicefailure, Ib
Ts =  confining steel contribution to total force in bar at splice fail-
ure, inlb
ty = 0.72d,+ 0.28, term representing effect of bar sizeon Tg
t. = 9.6 R,+0.28, term representing effect of relative rib area
onTg
12

b = reliability index
f = reliability-based strength reduction factor
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APPENDIXES A AND B

“DEVELOPMENT LENGTH CRITERIA FOR CONVENTIONAL
AND HIGH RELATIVE AREA REINFORCING BARS”



Table A.1

Data and test/prediction ratios for developed and spliced bars
without confining reinforcement '

Test No. n ly d Ay € € & b h d fo f  f T T TIHM? TIF™ Test  Test
. Test Test Eq3 Eq4” EqJ Eq3d
(in) (in) (n’) (in) (n) (in) (in) (in) (in) (psi) (ksi) (ksi) G(n®) (in) (in®) (ind)

Chinn (1955)

[13]] | S50 0378 0110 147 0830 o9 - - 4700 T900 603$ 9T2) 80507 7720 61314 1260 1272
D36 I 550 0)7% Ollo 147 080 369 - . 4410 7900 4395 8141 66338 69% S7438 1170 1188
Dlo I 700 07 0440 1080 1480 362 - - 4370 5700 2627 17482 142142 17972 16)224 0973 03T
D20 t 700 07% 0440 1128 1420 378 . - 4230 5700 2695 18229 14701) 18066 164062 1009 089%
D22 1 700 075 0440 1098 0800 369 . - 4480 5700 2189 15704 128479 16230 150904 0968 08%5)
b 1 1100 0750 0430 2908 1440 TN - « 4820 5700 4893 11009 258372 29380 241831 1.055 1068
DI4 1 1100 075 0430 1095 0830 369 - . 4820 3700 3263 20677 172288 20726 182885 0998 0942
DIs I 1100 0750 0440 2878 0620 728 - - 4290 5700 4224 28374 220634 20888 221839 1058 1038
D21 I 1100 0750 0440 2905 tas0 731 - . 4480 ST00 4335 28497 233138 29561 243209 0964 0059
D19 1 1100 0750 0440 10908 1390 369 . - 7480 5700 4460 22689 211008 23138 200860 0976 1081
D3 2 11.00 075 0440 1500 0300 1500 900 - . 4350 3700 3686 24592 199720 21738 188851 1131  1.088
D32 ) 1100 0750 0440 2875 1470 728 - - 4700 3700 4608 29384 244706 29486 242757 1002 1008
D38 1 1100 0750 0440 ).560 1520 462 - - JI60 3700 2816 22041 1652.55 206886 225636 0829 0
D39 1 1100 0750 0440 1098 1560 369 - - 360 8700 2762 21617 162073 23724 203897 0911 0798
DS 1 1100 07% 0430 2000 150 5% - . 4180 5700 4434 JOLTT 242646 27523 ILI3 109  1.0%0
Do 2 1100 0750 0440 1500 0625 3160 728 . - 4340 3700 3307 22051 179792 20097 186219 1045  096S
D? I 1100 075 0440 1060 1270 362 - . 4450 3700 3383 22329 182176 22667 196992 0985 0926
[} 2 1100 0750 0440 1500 0625 1480 728 - - 4570 3700 3398 23400 192392 22235 192815 1052 0998
D9 I 1100 0750 0440 1060 1440 362 - « 4320 3700 3498 232359 189219 2316} 200090 1004 0946
D34 I 1250 075 0440 1060 1490 362 - «  JB0O 3700 3686 26313 206590 25301 215112 1040 0960
012 1 1600 0730 0440 1.125 1620 378 - . 450 5700 4370 29873 245078  JI0%4 255696 0962 0938
017 I 1600 0750 0440 109 0800 369 - - 3580 5700 3974 29225 226057 23972 219983 1125 1.028
Di9* I 1600 075 0440 2908 1700 731 . . 420 3700 3993 40544 326977 41014 )24)49 0989 1,008
D23 1 1600 075 0440 1.060 0780 162 - - 4450 3700 3923 25873 211316 25644 217688 1009 097
D24 I 1600 075 0440 2875 0s8l0 725 - . M50 5700 418 28479 232606 33702 2675.1) 084S 0870
D10 I 1600 0750 0440 1098 1560 369 . . 7480 5700 5288 26902 2501.88 J0S46 252168 0881 0992
D4 2 1600 0750 0440 1500 0300 1%0 900 - - #70 3700 4684 30829 252079 27388 227832 1127 1106
D40 1 1600 0750 0440 2940 07% 738 . - 5280 5700 3055 10612 260942 3806 267599 0906 0978
D23 ) 2400 0750 0440 1.060 150 162 - . 5100 5700 5323 3S890 )0)299 40781 124468 0880 09)S
D26 ) 2400 0750 0440 .09 0750 )69 - - 5100 3700 5587 34422 290888 3393} 275956 1014 1054
DIs I 2400 0750 0440 1060 1450 )62 - . 200 57.00 5499 3925) JO81.7) 40378 )221.23 0972 0087
D)3 12025 1410 1560 1990 1.5% 680 - - 48J0 5700 2820 6)304 527739 TI923 637561 0880 0828
Chamberlin (1956)

sis 1 600 0500 0200 03500 1000 600 600 475 4470 . )452 1028 84447  $757 78045 1179 1082
site I 600 0%0 0200 075 1000 600 600 478 4470 . JBA1 11400 93217 9416 83080 1210 1122
sunt 1 600 0500 0200 0500 1000 600 600 475 3870 . )966 10)52 90615 8757 78045 1182 116}
sun2 ) 600 0300 0200 075 1000 600 600 475 5370 . 4637 12105 105956 9416  8J080 1286 1275
[113}) ! 600 0%0 0200 1.000 1000 600 .600 478 3870 . 4843 12647 110703 10)10 89850 1227 112
st 1 1067 0500 0200 03500 1000 600 600 475 630 - 4117 1574 1057.2) 12253 102100 1108 10)}
sm2? 1 1067 0500 0200 03500 1000 600 600 475 870 - 4643 12119 1060.77 12253 102)00 0989 1037
sl 1 1067 0500 0200 0750 1000 600 600 478 370 . 4932 12875 112692 13695 113460 090 099
L{[17.] 1 1067 0300 0200 1.000 1000 600 600 475 $870 . 4932 12876 112700 15420 126600 0838  0.89%
SIvs) 2 1200 0500 0200 2000 0500 1000 600 600 475 4540 - 4695 13936 114390 14917 122140 0934 0937
si23 1 1600 0750 0440 0750 1000 900 900 763 4470 . 4189 27572 22544) 25116 214024 1098  105)
Chamberlin (1958) ,

3 2 600 0300 0200 0500 1500 1000 600 600 475 4430 35000 3278 6829 80276 8787 18048 1122 1029
b 2 600 0500 0200 0300 1000 1000 600 600 475 4450 5000 ))00 $89)  B0BOS 8787 78048 1130 1038
I 2 600 0500 0200 0300 0500 1000 600 600 475 4450 S$000 3348 10039 81995 8737 78045 1146 1051
& | 600 0500 0200 2300 1000 600 600 475 4370 S000 4264 12900 (04888 (2475 103328 10)4 1018
ab | 600 0500 0200 22%0 1000 600 600 475 4170 3000 4389 1)280 107971 12134 101080 109% 1088
[ I 600 0500 0200 2000 1000 600 600 475 4)70 3000 4332 1106 106338 1175) 98835 111S 1078
Ferguson and Breen (1965)

8RI8a 2 1800 1.000 0.79 1250 32065 1.750 17.0) 1497 1272 3470 9900 41.J2 53408 425264 36281 459713 0984 0928
8R24s 2 2400 1000 0790 3250 1110 1670 [7.12 1500 1286 33)0 9900 5883 78295 603499 68395 543336 1145 1110
8F)0a 2 3000 1000 0790 3.250 3295 135J0 (700 1497 1294 30)0 7400 $278 75750 562006 7884) 61988 0961 0901$
8F16® 2 3600 1000 0790 3250 3330 1410 1716 1500 300 4650 6350 6614 76852 634624 38700 679946 0866 093)
$F36b 2 3600 1000 0750 3250 3220 1400 1694 150) 1313 3770 7400 6130 78866 617978 88509 678369 0891 09Il
8F)6k 2 3600 1000 0790 1420 1425 1380 969 (309 1321 3460 7400 $463 7403 S62969 74)61 $963.78 0987 0944
8F)%* 2 3900 1000 0790 1250 3.280 1500 1706 (509 1306 3630 6350 7290 95329 740967 97).66 742029 0979 0999
8Fa2a® 2 4200 1000 0.790 3250 3345 1500 17.19 1509 1309 2660 6350 6593 100990 725266 102789 778842 0982 0931
8F42b° 2 4200 1000 0790 3250 3330 14350 7.6 1500 1308 18)0 6350 7384 93877 738518 101554 769180 0924 0950
SR42a 2 4200 1000 0790 3250 3345 (1560 (719 1500 1294 3310 9900 7101 97305 739581 104300 790628 09)S 093
SR48a 2 4300 1000 0790 )2%0 3265 1480 1703 1500 1302 1040 9900 7283 104429 775422 114441 858784 0913  090)
BRG4a 2 6400 1000 0790 1250 3295 1520 1709 1500 1298 3550 9900 8971 118948 9181.50 148422 10%458% 08010 0839
3R80a 2 8000 1000 0790 3250 3265 1500 170) 150) 1301 )740 9900 9641 124545 973965 180219 1313502 0691 0742
1IR248 2 3300 1410 1.560 4590 46)5 1670 2400 (BO9 1572 3720 9300 SI.8) 132520 (034944 121776 970476 1088 1066
11RI02 2 4125 1410 1560 4590 4635 1310 2409 1309 1608 4030 9300 $850 14)760 1145422 1377)) 1070237 1044 1070
11F36a 2 4930 1410 1560 4590 4635 1500 2400 1800 1579 4570 7300 64.10 1480.58 1217138 (6077) 1230011 0925 090
VIF36b 2 49350 1410 150 4590 4605 1470 2403 1800 (58) 3330 6500 5920 159555 1213865 160177 1225039 0996 099l
11F42a 2 5775 1410 1560 4500 4590 1430 2400 1800 1582 3530 6500 6361 167025 1287438 130810 1364110 0924 0944



Data and test/prediction ratios for developed and spliced bars

Table A.1

without confining reinforcement (continued) *

Test No. n )y d A, & ¢ & b h d o T T T T Test  Test
Test Test Eq3} Eq4” "Eq.J Eq4d
(in.) (in) (in}) (in) (in) (in) (in) (in.) (in.) (psi) (ksi) (ksi) (in.}) (in}) (in})  (in})
11F482* 2 6600 (410 (1560 4500 4620 1%J0 2416 180) 1580 140 7300 7436 207539 1583728 202740 1513912 1024 1026
11F48b* 2 6600 (410 1560 4590 4665 1580 2405 1822 1593 3)10 6500 7224 195)00 1481585 204297 15266835 0956 0972
{IR48a 2 6600 1310 1560 4590 40670 1500 2416 130} 1583 5620 9300 8222 171087 1481330 201836 1506438 0348 098}
1IR48b 2 6600 1410 13560 4590 4700 2060 2422 1819 154) Jt00 9)00 7143 2001)8 149)360 221536 1663976 0903 0897
11F60a* 2 82350 1410 13560 43590 4375 1300 2197 1809 158) 2610 7300 B480 258935 1850765 246549 1812862 1050 1021
11F60b* 2 8250 1410 1%0 43590 4390 (%0 2400 1809 13592 4090 6500 7802 190301 1521854 242899 1782864 O TR} 0854
1IR60a 2 8230 1410 1560 4590 4500 1410 2400 1812 1601 2090 9300 74601 224198 1616060 2)94906 1754412 0937 0921
1 1R&Cb 2 8250 1410 (1560 4590 4378 1750 2400 (180) 1558 3460 9)00 8780 232840 788773 253533 18692.6% 00918 09%$
Thompson et al. (1975)
6-124722-6/6 6 1200 0750 0440 2000 2000 2000 3I00 1300 1063 3730 6170 5740 413% 323200 JIIN 273270 1246 1183
8-18-4/3/2-6/6 6 1800 1000 0790 2000 2000 )OO0 1600 1)00 9350 4710 5930 3626 64737 316469 37987 474389 1.17 [N 1]
8-18-4/372 §-4/6 6 1800 1000 0790 2500 2000 3000 3600 {300 9350 2920 $930 4933 7217 530132 60848 4961.24 ! 18S { 069
8-24-47226/6 6 2400 (000 0790 2000 2000 2000 3600 1300 1030 3103 35930 5064 71798 835932 67333 546270 | 066 0981
1125-672/3-5/% $ 2500 1410 150 3000 3000 2000 4406 (3O 1030 3920 6630 4419 110117 871313 94600 796223 1164 1094
11-30-4/22-6/6 6 JOOO 1410 150 2000 2000 2000 4088 ()01 1030 2858 6030 3799 110719 810032 100259 343828 1104 0960
11-30-4/2/4-56 6 JOO00 1410 (1560 4000 2000 2000 4488 1301 1030 3)SO 6340 4439 119637 Q10181 102014 8540069 11D 5 060
M30-22 746 4 3000 1410 1560 2700 2000 2000 4483 (301 1030 4420 6310 5759 (138141 1101900 102014 B%40069 1328 1 290
11451 2-6/6 6 4500 1410 13560 2000 2000 1000 4088 (3O 1130 3520 603D 4328 119061 917076 1098.77 897212 1084 1.022
14-60-4/2/2-8/1% $ 6000 169) 22350 2000 2000 2000 3750 1615 1130 2868 3770 4523 190110 1)950868 191687 1555227 0992 0894
14-60-4724-5/8 S 6000 169) 2250 4000 2000 2000 4150 (600 1)15 3300 S770 3664 22528 1694403 195042 1374667 1158 1070
Zekany 1981
9.53.B-N $ 1600 1.128 1000 2000 1423 2000 2728 1600 1)44 3650 06280 4756 632.67 5435.20 51420 447032 1230 1.227
N-N-30B 4 2200 14)0 150 2000 1849 2000 272% 1601 1330 3828 6010 379 95761 753089 31303 7T0MI9) 1178 1 068
Choi et a). (1990, 1991)
1-SNOI20U 2 1200 0625 0310 2000 2000 1000 1050 1600 14069 3360 6380 6131 26045 222358 223)7 13178F 1166 1226
1-SNO120U* ) 1200 0625 0310 2000 2000 (000 1578 1600 1469 3360 6380 6399 27098 231838 22337 (81781 121} 1278
2-6C0120U 2 1200 07% 0440 2000 2000 1000 (100 160) 146} 60|10 6900 3540 29).70 256343 23857 217437 1128 (11}
2680120V 2 1200 075 0440 2000 2000 (000 3100 160] 1463 6010 7100 4575 25967 228634 25857 217437 1004 1081
J-8NOJ6OU 2 1600 1000 0790 2000 2000 1500 1200 1600 1400 3980 6380 4302 4)9.52 386507 44803 382199 0981 1001
3-880160U 2 1600 1000 0.790 2000 2000 1500 1200 1400 1200 3980 7100 4282 43747 184705 44303 382199 0976 1.007
4-11C0240U 2 2400 1450 1560 2000 2000 2000 (365 160) 13)0 $850 6900 I7HZ 771I8 674620 86042 741276 03897 0910
4-1150240U 2 2400 1410 1360 2000 2000 2000 1365 160! 13)0 3350 7100 4022 82030 7I7398 36042 741276 0933 0968
Hester et al. (1991, 1993)
1-8N) 160U 3 1600 1000 0790 2000 1500 2000 1600 1600 {1350 $990 6380 S500) 51070 449289 47235 400734 1031 LI2)
2-3C3160U 3 1600 3000 0790 2000 $S500 1840 1600 1633 1399 6200 6900 4624 46397 411708 46642 397102 0998 1.037
3-88)160U 3 1600 1000 0790 2000 1500 2040 1609 3623 1369 6020 71.10 4681 47662 419827 47183 401617 1006 1.045
4-853160U 3 1600 1000 0790 2000 1500 2100 1608 1622 1362 6450 71.10 4240 41703 ITITIL 47606 4029.71 03876 0927
$-8C3 160U 3 1600 1000 0790 2000 1500 2050 1609 1627 13.72 $490 6900 1J982 42461 165497 47420 401843 0895 0910
6-8C3220U 3 2275 1000 0790 2000 1500 2150 1606 1619 1334 3850 6900 S1.85 53552 468342 61521 501968 0870 0933
7.8C3 160U 2 1600 1000 0790 2000 4000 2120 1603 1620 1358 5240 6900 4537 49510 421240 S0231 42192 0936 0996
RezansofT et al. (1993)
22 3 29853 0992 0775 827 0693 2003 1358 1299 1049 )9S8 o482 3856 72129 ST24 6456106 518780 L6 1.103
2b 3 2953 0992 0775 1827 0994 2008 1358 1299 1049 IM9 6452 336 TITIS 7872 64616 818780 1.4t L
Ss 3 354) 1177 1085 1819 1.8 2008 154) 2000 31740 4031 6887 S603 95336 703635 BITO2 709754 1093 1.076
5b 3 4429 1177 1085 1819 1.18) 2008 154) 2000 1740 3726 6887 658) 1170.12 914225 104270 827099 1122 1108
Azizinamini et al. (1993)
BB-8-5.23 2 2300 1000 OT90 1000 (S00 1000 900 1400 (250 5290 7788 4701 851062 435471 44995 38520 1138 LI29
AB83-8-15-41 2 4100 1000 0790 1000 1500 1000 900 1400 1250 {15120 7785 7107 46942 520533 68647 355720 00684 0937
BB-11.5.24 2 2400 1410 1560 1410 1770 1410 1200 1600 1389 5080 7080 29.7) 65070 $49)49 73638 652068 0884 0 842
BB-11-540 2 4000 1410 13560 14J0 1770 1410 1200 1600 1389 S080 7080 403 94172 795037 103282 865260 0912 0919
BB-11-12.2¢ 2 2400 1410 13560 1410 1770 1410 (200 1600 1389 12730 7080 43471 61836 656820 73638 652068 0840 1 007
B-11-12-40 2 4000 1410 13560 14i0 1770 14i0 1200 t600 1)39 1)000 7080 $8.78 380423 858750 103282 363260 0779 0.992
BB-11-11-48% J 4500 1410 13560 1410 1680 1410 18300 1800 (1589 10900 7080 4390 73066 746574 112548 93188) 0649 0801
BB-11-15.36 3 3600 (1410 13560 1410 1680 1410 1800 1300 (1589 (4350 7080 3734 74157 814454 9587} 811962 074 1.00)
BB-11-5-36 J 3600 1410 13560 1410 1680 1410 18300 1800 1589 6170 73.72 4678 92844 822860 95871 B11962 0968 Lon
BB-11-1)40 3 4000 1410 1560 1410 1680 1410 1800 (800 (589 1)600 73.72 $7.70 77188 833359 103282 865260 0.747 0.963
8B-11-15-1) 2 1300 1410 1560 1410 1770 1410 (1200 1600 1189 14330 7372 3006 )91.70 428558 83258 505499 0.738 0843
ABBI-11-15-378 2 57350 (410 1560 (410 1770 1410 1200 1600 1189 1)870 73.72 7166 54921 1030102 135705 10984.39 0.699 0938
AB8%-11.15-30 2 8000 1410 (360 1410 1.770 1410 1200 1600 1389 15120 73.72 T1.17 90238 1001194 17739) 1198240 0509 0716
Darwin et al. (1995a)
11 2 1600 1000 075 2969 2938 29)8 1608 1722 1376 3020 6000 $51.63 S7567 484566 61053 Si18)64 0913 040
12 2 1600 1000 0790 2032 2281 1938 3406 1625 1379 %00 6000 4460 49729 418387 49276 416029 §.009 1.006
13 } 1600 1000 0790 2032 1438 1938 1607 1621 1375 3020 6000 4501 50186 422435 J6064 )921.61 1089 L.on
24 2 2400 1000 0790 2000 1914 1313 1213 1564 1379 35250 7500 S408 5390064 501908 56764 465543 1039 1078
28 2 2400 1000 0790 206) 1.8% 1813 1213 1601 1367 35250 7500 35867 63968 544507 64623 5251.24 0990 1.037
45 2 2400 1000 0790 206) 1936 (1844 1212 1618 1379 409 6000 S$106 63073 504402 65116 $528876 0969 0954
65 2 2400 1000 0790 2000 1906 1969 12,10 1613 1363 4220 73500 3339 65171 325270 66828 $424)5 0978 0.963
81 2 2400 1000 0790 2000 (1953 2000 2.1 1605 (1383 33)0 7900 6147 78468 617292 673)) 546270 1165 1.130
102 2 20600 1000 0790 2083 1875 1933 1213 1635 1378 4230 8100 6117 741.20 398306 70848 570607 1046 1049
134 3 1600 0623 0310 2094 1016 1354 1219 1560 1392 4110 6400 3996 23994 232147 281.88 26667 1029 1024



Table A.1

Data and test/prediction ratios for developed and spliced bars
without confining reinforcement (continued) *

Test No. a ly & Ay ¢ ¢ ¢ b h d T i T TatM T THM™ Test  Test
Test Test Eqd Eq4” EqJ Eqd
(in.) (in) (in) (in.) (in.}) (in) (in) (in) (in) (psi) (ksi) (ksi) (in®)  GnY  tind)  ond)
143 ) 1700 0625 0310 2032 1031 1295 1244 ISS1 1389 4200 6400 6284 J00S9 241983 29578  23697% 1016 1021
15$ 2 4000 1410 1560 3063 2934 1908 1808 1612 1347 S50 BIO00 S41Z 116521 Q1842 1J09S9 1080705 0890 0944
162 2 4000 1410 1560 3016 2989 1898 1807 1628 1364 SIB0 8)00 S2I8 113534 96J180 130233 (045869 0872 0931
For all 133 specimens: Max. 1328 1290
Min. 0.509 0.716
Mean 1000 1.00)
St. Dev. 0138 0.107
cov 0138 0107
For the 11 specimens with f, > f,: Max. 1.213 1275
Min. 0.783 0.854
Mean 0968 0992
S1.Dev. 0.112 0.107
COV  0.115 0.t07

* Specimens with f, > f,
- Data is not available

- Eq.3 = f-,I;,; = ::,f; =[8.761,(c., +0.5d,)+187A,] (o.mi-ho.se)
~ Eq. 4= f"T‘°7' = f'}—';i =[631,(c,, +0.5d,)+2130A, ] (O.lz—”+0.9)

1 in, =25.4 mm; 1 psi = 6.89 kPa; 1 ksi =6.89 MPa

All reports describe splice tests, except Chinn (1955) which describes development tests



Table A.2

Data and test/prediction ratios for developed and spliced bars
with confining reinforcement *

Specimen No. n 4y d& R ¢ ¢ ¢ b h d d N** 1 f, f, fu T T Test
Test EqQi7™ “Prediction

(in) __(in) (in) (im) (im) (in) (in) (in) (in) (in) (psi) (ksi) (ksi) (ksi) _(in}) (n})
Mathey and Watstein (1561)
7.2 1 700 0%0 00% 3750 1750 800 1300 1600 0300 2 4210 38860 11470 11470 2200 2108 099
R AN | 700 0%00 00% 3750 1750 900 1300 1600 0300 2 4265 9210 11470 11470 W 2208 1032
110 8.3 | 1030 0%0 00% 3750 1750 300 31300 1600 0300 3 3675 11330 11470 11470 2910 3042 0957
410820 I 1050 0300 00% )730 1750 800 1300 1600 0300 3 4035 11S00 11470 11470 2882 3042 oN?
414200 I 1400 0%0 00% 3750 1750 800 1800 1600 0300 4 3710 10040 11470 11470 257} 1876 0664
8:21-1°° | 2100 1000 0038 )300 1500 800 1800 1600 0300 5 4235 6180 9700 11470 6052 747 o8I0
8-28-1°° | 2800 1000 0038 3300 1500 800 1300 1600 0300 7 4485 7720 9700 11470 745} 77 0786
8-28-2°° { 2800 1000 0088 3300 1500 900 1300 1600 0%00 7 3700 7480 9700 11470 NI} 77 0767
8-34-1°° § 3400 1000 0038 3300 1500 800 1800 1600 0300 9 3745 9210 9700 11470 930l 11338 0828
Be14-1° | 1400 1000 0088 }S00 1500 800 1800 1600 0300 4 385 3340 6700 11470 410 5978 osT
8-34-2°° | 3400 1000 0038 )S00 1500 800 1300 1600 0300 9 3765 8970 9700 11470 9046 11338 oM™
8.14-2° | 1400 1000 0038 3300 1500 800 1800 1600 0300 4 4038 4250 9700 11470 4207 597§ 0.704
8.7.1* I 700 1000 0088 3300 1500 800 1800 1600 03500 2 4005 2860 9700 {1470 2340 9N ons
8.21.2°° 2100 1000 0088 3500 1500 800 1800 1600 0500 H 3498 35320 9700 (1470 5466 476 07
Freguson and Breen (I%S)
8F36c 2 3600 1000 00731 3250 3295 1470 1709 1497 1300 0252 6 2740 61)) 7400 3200 6697 7617 08
sFed” 2 3600 1000 007Jt J250 3280 1330 1706 1500 1297 0252 10 3380 7431 7400 3200 7589 182 0931
8Fd6e” 2 3600 1000 0071 3250 1310 1470 1712 1491 1294 0252 6 4170 7744 7400 5200 761 %17 . 1 000
sFiel’ 2 )600 1000 00731 3250 3280 1300 1706 1509 1304 0252 10 3780 7815 7400 3200 TEM 8103 oon
sFeg’ 2 3600 1000 007} 3250 3265 1330 1703 1497 1294 0252 6  JOTO 7578 7400 S200  S042 ms 1042
8F36h 2 3600 1000 007}1 3250 3265 1390 1703 1509 1300 0252 14 1910 $602 7400 S200 6698 8689 0770
8F36) 2 3600 1000 00731 3250 3310 1300 1712 1503 1303 0252 14 1820 6409 7400 200  T7IS) 8540 0.908
SF30b 2 3000 1000 00731 3250 3270 1500 1704 1503 130) 0252 6 2610 $747 400 5200 682 6822 0931
1IRI6a 2 4950 1410 00674 4590 460 2000 2406 1803 1533 075 11 3020 8233 9100 4200 ITIIO  le62s 1002
Thompson et al. (1975)™
11-30-4/2/2-6/6-53 6 000 1410 00674 2000 2000 2000 4028 1300 1030 037 6  J0s} 4647 6500 6800  9M4S 10268 0949
112047270 6/6-SP°* 6 2000 1410 00674 2000 2000 2000 4083 (1300 1030 0378 ? 3620 4234 670 67.30 asis 883s 0962
11.20-4272-6/6-S5* 6 2000 1410 00674 2000 2000 2000 4038 1300 1030 0378 4 300 s061 6730 6730 8296 »nn 1.041
8.13-4212-6/6-88° 6 1500 1000 00727 2000 2000 2000 3600 1300 (050 0378 ) 3507 S231 6110 6l1.10 $38) 4330 1218
Zekany et al. (1981)
9-$3-B° $ 1600 1128 00727 2000 1500 2000 2728 1600 1144 0236 4 $700 S$136 6280 70.00 6601 4789 1307
11-¢0-B-A* 4 2200 1410 00674 2000 2000 2000 2725 1600 1330 0236 S 428 4491 6010 70.00 sl68 ™ 1.038
2-4 5.80-B° 4 2200 1410 00674 2000 2000 2000 2728 1600 1330 0236 $ 4200 4254 6010 7450 8243 772 1067
2-5-40-B{4)° 4 2200 14]0 00674 2000 2000 2000 2728 1600 1330 0236 4 3850 4159 60J0 7000 8236 7606 108}
3.5.5.8° 4 2200 1410 00674 2000 2000 2000 2728 1600 1330 0375 4 3778 31944 6010 6030  TIS0 814 0944
2-45-33.B° 4 2200 1410 00674 2000 2000 2000 2728 1600 1330 0216 S 4125 4200 6010 4S50 8178 ™23 1089
11-83.8° 4 2200 1410 00674 2000 2000 2000 2725 1600 1130 0236 s 4028 4232 6010 0.00 b1 ™ 107
11-40-B* 4 2200 1410 00674 2000 2000 2000 2725 1600 1130 0236 S 5050 4558 60.10 70.00 8438 ™ 1.092
11.5)-8-D* 4 2200 _1410 00674 2000 2000 2000 2725 1600 1130 0236 ) 4128 31389 6010 7000 6397 73 0834
).$-40-B* 4 2300 1410 00674 2000 2000 2000 2725 1600 1330 0378 4 37% 3821 6000 60.30 617 4 0916
DeVries etal. (1991)™
8G-9B-P6* 2 900 075 0079 (875 2128 (125 (100 1600 1430 0378 3 8850 7039 663 7888 9 2604 1.226
SN-9B-P6* 2 900 0750 00799 1628 2438 (1250 (110 1600 1438 0378 3 2300 8635 7663 888 2607 211 0998
8G-228-P9 2 2200 1128 00727 1500 1744 1125 1100 1600 1431 0378 4 7460 S276 6640 T8S8  SeT7 12 09%
SN-18B-P9* 2 1300. 0128 00727 1375 1932 1300 (110 1600 1394 0375 3 7660 Si6k 7035 7058 SS24 s219 1038
8G-16B-P9° 2 1600 1128 O0OTIT 1378 1869 1061 1100 1600 1437 0378 3 7460 4244 6640 TSR 4367 i 0988
$G-18B-P9° 2 1800 1128 00727 1688 1357 1250 (100 1600 1409 0J7S 3 8610 S238 7038 TSE  $437 Sine 1049
10N-12B-P9* 2 1200 1128 00727 1938 1307 LIss (100 1600 1428 0375 3 970 3763 7035 TS I™M4 “n 0sss
10G-128-P9* 2 1200 1128 00727 1628 1619 1250 1100 1600 1419 0378 3 930 )76l 7038 788 IM2 “us? 01s)
15G-12B-P9* 2 1200 1028 00727 1378 1932 1188 1110 1600 1425 0375 3 16100 4909 T0)S T8S8 4358 4339 1000
ISN-12B-P9* 2 1200 1128 00727 1500 18507 1250 1110 1600 1419 0375 3 (3440 3077 7038 T8SE 46 “n 1066
Hester et al. (1991, 1993)™
7-8C3-16-3-U 2 1600 1000 00710 2000 4000 2030 (600 1630 1377 0378 k] $240 S149 6900 410 4781 4981 0960
4.853-16-2-U 3 1600 1000 00700 2000 1300 2040 1609 1636 1382 0378 2 6450 4706 7110 6390 4148 4393 0944
4.853-16-3-U 3 1600 1000 00700 2000 1300 2100 1609 1628 1368 0378 J 6450 SOO4 7110 6890 4411 4562 0967
$.8C3-16-2.U 3 1600 1000 00710 2000 1300 2050 1610 1642 1386 0378 2 3490 4651 €900 S410 4269 [ 0970
6-3C3-22 ¥/4-3-U 3 2275 1000 00710 2000 1300 2)70 1505 1620 1353 0378 3 S350 $643 6900  SAI0 5099 5882 o917
1-8N3-16-2.U 3 1600 1000 00750 2000 1300 2000 1600 1600 1330 0375 2 3990 $500 6380 7730 019 409 1141
6-8C3-22 Jia-4-U 3 2275 1000 00710 2000 13500 2160 1603 1617 1351 0375 4  $830 $367 6900 3410 019 s76 0880
$-8C3-16-3-U 3 1600 1000 00710 2000 13500 2060 509 1612 1336 0375 3  $450 4331 6900  $410 397 4338 om
3.88).16-2.U 3 1600 1000 00700 2000 13500 2030 1606 1624 1366 0378 2 6020 4647 7110 6390 4168 402 0947
2.8C3-16-2-U 3 1600 1000 00710 2000 1.500 13830 1600 1628 1395 0375 2 6200 4399 €900 $410 3916 a4 0901
Rezansoff et al. (1991)™
20-6-2 2 1815 078 00799 1000 2980 1000 1102 (1299 JiLes 031D s 421 112 7115 62.08 4032 3334 1.192
20-6-3° 2 1539 078 00799 1000 2980 1000 11.02 1299 1161 031 6 3886 7588 NS0 62.08 4449 1292 1.38¢
20-6-4° 2 2209 0768 00799 3000 2980 1000 1102 1299 1161 0J1) 3 4048 7849 T2.50 62.03 457 3429 1.338
20-8-11° 2 1634 0992 0073t 1000 2530 1000 1102 (300 1150 031 13 4456 7500 6554 6208 7o 5423 (B 1]}
10-8.9 2 1870 0992 00731 1.%500 2030 1.%00 1102 1100 11.00 031) 9 4208 6008 6554 62.08 5780 3369 1.038
20-8.10° 2 1812 0992 00731 1500 2030 1500 1102 1300 1100 031) 12 4408 640) 6554 62.08 6090 3619 1.084
208-1° 2 1870 0992 00731 1000 2330 1000 1102 1300 1150 0313 13  $220 7105 6354 6208 6478 5647 1147



Table A.2

Data and test/prediction ratios for developed and spliced bars
with confining reinforcement (continued)'

Specimen No. n lg dy Rk € €5 ¢ b h d d, N*** ¢, f, f, To T;f‘m JT;‘.‘M Test
Test Eq.17" “Prediction

(in) _(in) (in) (in) {in) (m) (in) (in) (in) (in) (psi) (kﬂ) (ksi) (kst) (in}) (in.})

20-8-12 2 1634 0992 00731 1500 2030 1102 1300 1100 0313 11 4350 6354 6208 i 3606 1093
20-3.2 2 277 0992 00731 1000 250 |ooo 1102 1300 1150 0313 11 742 uu 6554 6208 TN 5603 1030
10-3.3 2 2610 0992 00731 1000 2330 1000 (102 1300 1150 0313 O  $S10 6402 6534 6208 3759 s678 1014
20-8-6° 2 2610 0992 00731 1000 2530 1000 (102 1300 1150 0313 9 4770 7837 6554 6208 ‘o8 5678 1238
0.8.7 2 2610 0992 00731 1500 200 1300 1102 1300 1100 0313 4 4495 6135 6554 6208 3806 5666 1028
0.8.8 2 2177 0992 00731 1300 2030 1500 1102 1300 1100 0313 7 4350 39SE 6554 6208 S686 3622 1011
0-8.8" 2 2177 0992 0073 (000 2530 1000 1102 1300 1150 0313 11 4770 7601 6534 6208 7088 $60] 1263
20-84° 7 1870 0992 00731 1000 2530 1000 1102 1300 1150 0313 I3 4333 7194 o334 6208 637 3647 1217
20-8:21° 2 1533 0992 00731 1260 2270 1500 1102 13.00 100 0313 7  1)78 4576 6090 S22l  46S2 4647 1 001
20313 2 2870 0992 00731 1130 2350 1000 1102 1300 1150 033 4  3S09 S122 6438 S22 SISE 167 0998
20-3-14 2 2311 0992 00731 1180 2350 1000 1102 1300 1130 031 & 1277 3328 64l 3221 S458 4964 1099
20-8-15 2 2031 0992 0071 1180 2350 1000 1102 1300 1130 0313 7 13625 S468 6418 3221 3462 486) 112
20-8-16 2 270 0992 0071 1180 2350 1000 1102 1300 (130 0313 4 3291 S482 6090 S221 5609 3167 1086
20-8-18 2 1734 0992 00731 1180 2350 1000 1102 1300 1130 0313 & 1349 S480 6090 3221 3382 4754 114
208-19 1 2165 0992 00731 1260 2270 1300 1002 1300 1100 0313 4 3219 4436 6090 3221 4384 8% 0944
20-8.17 1 2031 0992 0073 1130 2350 1000 (102 1300 1150 0313 7 3480 6078 6090 $220 6133 4863 1.261
20-3-20 2 1732 0992 00731 1260 2270 13500 1102 1300 1100 0313 6 3191 4495 6090 5221 4399 4702 0978
20-5-1 2 1969 1177 00727 2000 1140 1500 1299 2172 1791 0444 7 1538 SB74 6718 6005 8264 ™2 1061
20-9-2 1 2559 1177 00727 2000 2140 1.500 1299 2403 1791 0444 S  1)78 6482 6718 6005 9228 788 1178
20-314° 2 1890 1406 00674 2020 1670 5.508 1299 2000 (779 0444 10 43S0 4751 6612 8340 9087 10291 ossl
20-31-2° 2 2657 1406 00674 2020 1670 2295 1299 2000 1700 0444 11 4335 7091 6902 8140 13848 12452 1.088
20-41-1 2 3799 1406 00674 2020 1670 2295 1299 2000 1700 0444 S 4770 6839 6902 8340 1272 11897 1.075
20-11-3 2 2661 1406 00674 2020 1670 1308 1299 2000 I779 0444 7 4466 3237 6612 8140 9930 10136 oon
20-11.8 2 3429 1406 00674 2000 1690 1000 1299 2270 1830 0444 10 3349 6136 6612 600S 12502 (1832 1087
20-11.3 2 2701 1406 00674 2000 1690 2000 1299 2)0.27 1730 0444 O 3625 6381 6612 6005 12746 11608 1.098
20-116 2 J4T2 1406 00674 2000 1690 2000 1299 2406 1730 0444 6  J625 S454 6612 6003 10295 (1633 0913
20117 2 2720 1406 00674 2000 1690 (000 1299 2134 1830 0484 12 3291 S138 6612 6005 10815 11826 0889
Rezansoff et al. (1993)™

6 32208 0992 00733 1827 0502 2008 1161 1299 1049 0313 & 3623 S0O77 6432 BAlO 07| 4908 1034
Ty 2 29%) 0992 00731 1827 0510 2008 866 1299 1049 0230 6 3799 6982 6432 6180 6892 $356 1287
I 2295 0992 007M 1827 0520 2008 $66 1299 1049 020 6 1958 7405 6452 6180 TS $356 1381
7 3 1476 0992 00731 1827 0302 2008 1161 1299 1049 06)0 4 1625 4660 6452 6815 4634 $18) 0903
n' 32933 0992 007 (827 0502 2003 1161 1299 1049 0250 6 1953 6976 6452 6380 osie 5129 1329
» 32950 0992 00731 1827 0502 2003 1160 (299 1049 0250 6 3799 390) 64352 6360 3827 $129 1.136
8° 31181 0992 00731 1827 0994 2008 1338 1299 1049 06J0 3  J6IS 405 6452 6815  J40) 4547 0.748
» 3 4429 1177 00727 1819 0S7) 2008 1299 2000 1740 0250 S 1716 6765 6887 6380 9393 7617 123
9 33346 1177 00727 1819 073 2008 1299 2000 1740 0445 10  I885 7640 6887 68387 (0500 8653 1203
10° 32203 1477 00727 1819 0S73 2008 1299 2000 1740 06)0 7 4089 7099 6887 6815 9612 8522 1130
4 3354) 1177 00727 1819 0573 2008 1299 2000 1740 0250 4  40)1 61.08 6887 6180 88 6636 1.253
Azizinamini et al. (1998 at CTL)™

ADB)-11-13-57.55.50° 2 S750 1410 00674 1410 1770 1410 1200 1600 1389 0252 & 15120 756) 7170 898 10839 11852 0898
Azizinamini et al. (1995 at UNL)™

ABS-11+13.455-60 3 4500 1410 00590 1410 1630 1410 1800 |800 1589 0375 4 14890 6787 7050 7180 9384 10459 0916
ABS-11-13-435-100° 3 4500 1410 00390 1410 1680 1410 1300 1800 IS89 0I5 &6 14830 T773) 7050 7180 109%  10%S$ 0996
ABS-1-13-405-130 3 4000 1410 00390 1410 1650 1410 1800 1300 1589 0375 8 IS760 6918 7050 7(30 9632 10366 0886
Darwin et al. (1995a)"

121 4 1000 0635 00320 1875 0521 1333 1207 1556 1390 0300 2 4120 4541 6500 B4 1787 1954 0948
123 3 1000 0625 00820 2032 1039 1291 I214 1530 1388 0375 1 4120 4852 6500 6435 1877 1863 1 008
12 3 1200 0625 00820 1563 1266 1345 1211 1530 1386 0375 ) 4110 3610 6500 64SS 272 2% 09t
122 4 1000 0625 0109 1953 OSI6 1297 1212 1557 1394 0300 2 4120 4548 6400 B470 1760 1930 0912
124 1 1000 0625 0109 2063 1032 1264 1212 1536 1396 O37S | 4120 5202 6400 6435 2013 1959 1028
Y 3 1200 0625 01090 1532 1289 1303 1218 )SS) 1388 0375 | 4110 3582 6400 6435 2161 s 0978
148 2 1200 0625 00820 13584 115 1210 1213 1545 1391 0378 2 4200 605 6500 6435 2316 316 1.000
146 2 1200 0625 0109 1532 3.038 1277 1205 1549 (389 0375 2 4200 645 6400 6455 244) 2439 1.002
15 3 1600 1000 01010 2063 1375 1938 1607 1619 1374 0500 $ 5020 5224 6000 70.75 490) 5819 084)
16 3 1600 1000 01010 208) 1438 1938 1605 1619 1374 0500 3 5020 $200 6000 7075 488| 5124 0952
21 2 2400 1000 00710 2250 1706 1328 1212 1536 1).70 0375 7 5250 624) 7000 6992 ST an 0909
1 2 2400 1000 01400 2115 £801 1406 1212 1552 (IS8 0375 7 S50 7760 7500 6992 7201 7624 0.943
23 2 2400 (000 01400 2125 1.780 1969 1211 1606 (356 0TS & 5250 7143 7500 6992 6817 7089 0962
34 2 2400 1000 00850 2110 1857 2000 1284 1626 1373 0375 &  SII0 3530 . 6992 S24 6631 08
38 3 2800 1000 00850 1001 0965 1906 1247 1617 1374 0375 & 810 3202 - 6992 S0 6219 osl
4l 2 2400 1000 00710 206) 1926 1230 1216 1549 ()72 0300 6 4090 6234 7000 7075 61T 7243 083)
Q2 2 2400 1000 01400 2094 (848 1313 1217 1539 (374 0375 8 4090 7134 7500 6992 7TI46 34 0901
44 2 2400 1000 01010 2032 1973 1219 1218 1547 (373 0375 4 409 5888 6000 6992 3816 3887 099}
1] 3 2400 1000 00650 2016 1914 1230 1822 1557 (379 075 7 4190 6462 - 6392 6348 6209 1022
$2 3 2400 1000 001400 2078 1867 1359 1846 IS62 137) 0375 7 4190 6341 7500 6392 412 7581 om?
53 2 2400 1000 03400 206) 1849 1281 1241 1530 (368 0375 7 4190 6788 7500 6992 6663 7492 0890
s4 2 2400 1000 00850 1985 1980 1230 1212 1546 (368 0375 7 4190 3887 . 6992 78I o199 0933
ss 2 2400 1000 00850 206) (904 1406 1212 1560 1367 0375 4 4190 4643 . 6992 4339 5917 o0
[y 2 2200 1000 01400 2094 (807 1313 1211 1569 ()84 0300 5 4190 6634 7500 7075  63M4 ML 0803



Table A.2

Data and test/prediction ratios for developed and spliced bars
with confining reinforcement (continued)*

Specimen No. n lg d Rk ¢o ¢ ¢ b h d d, Ne** [, fy (A T./i‘,” Tyf. " Test
Test Eq.17”  Prediction
(in) (i) _(in) _(in) (in) (in) (in) (in) (in) (in) (psi)_(ksi) (ksi) (ksi) (in}) (in})
X] Y 2400 1000 00650 206) 0422 1906 1218 1613 1)69 0500 8 4230 6136 - 6643 6100 6102 0984
62 J 100 1000 01400 2000 O4)8 2000 1211 1615 1162 0500 8 4220 7488 7500 6642 7340 8064 0910
6) 2 1600 1000 01400 2000 1906 (344 1213 1531 106) 0375 2 4220 4609 7500 &4SS 418 4% 0987
64 1 1600 1.000 00330 2094 844 ()44 1210 1545 138 0175 2 4230 668 - 6435 189S 4342 03828
71 1 1600 1000 01400 2079 1797 1878 1200 1618 1077 0)78 2 4160 4672 7500 6438 439 4978 0924
7200 1 1800 1000 01010 1469 2331 1J1) 1206 IS4S 1172 0S00 S 4160 $S82 6000 3470 S49) 0631 082
73 3 2400 1000 01400 20)2 €J9 2000 1197 1617 1)6d 0S00 8 4160 7317 7500 8470 798 8054 0894
76 2 1600 1000 01010 2032 1969 198 1201 1622 1077 0)75 2 4160 4434 6000 6485 4162 a8 0902
81 3 2400 1000 00650 20327 0433 1953 {21) 1623 1376 0S00 8 1830 6967 7900 8470 6996 6428 1 088
82 3 2400 1000 CI190 2047 0430 1969 1216 1620 1369 0300 8 3330 79)2 8100 3470 793 7567 1083
54 2 1600 1000 01190 2063 1891 1906 1210 1635 139) 0375 2 3810 4890 8100 6485 4911 4904 1 00t
91 2 2300 1000 01190 2032 187% 1934 1214 1619 1370 0375 2 4210 634D 8300 6435 6211 o177 1 008
92 1 1300 1000 01400 206) 1844 1190 1210 1567 1384 0375 6 420 6906 7300 6435 6768 6187 1039
9) 2 2400 1000 00690 2094 1907 1818 1219 1612 1378 0375 2 4230 3325 7900 6435 S4i2 $794 0934
94 2 2400 1000 01400 2016 1891 1915 1241 1617 1172 0175 3 4230 6500 7500 64355 6367 6224 1.023
103 2 2600 1000 0065 2094 1844 1798 1211 1609 1377 078 2 4250 IS38S 7900 643 S75 6064 0950
1040 2 2000 1000 0069 2079 1875 1916 1207 1619 (175 0300 S 4250 6198 7900 8470 6064 6911 0873
i } 1300 1000 01400 2000 0433 1928 (220 1614 (368 0300 6 4330 6694 7500 8470 6300 6336 0993
12 2 1800 1000 00690 2094 1844 1851 1219 1613 1372 0300 4 4380 6194 7900 3470 60I$ an 0974
11300 1 1800 1000 01190 206) 1844 194 1213 1608 1360 0500 4 4380 6244 8100 3470 606} 7030 0.89%6
14 1 2400 1000 01400 2054 1844 1928 1218 1623 1377 0375 2 4380 6249 7500 6438 6068 6261 0969
141 3 3600 1000 01010 2032 0484 1877 1212 1626 1386 0ITS 3 4200 3996 6000 64335 3384 5887 1.008
142" 3 2000 1000 01010 2016 0469 1897 1219 (613 1372 0300 7 4200 628) 6000 $470 6i66 6490 0949
15.10° 2 2700 1410 01270 1516 1500 1902 1241 1611 (346 0300 9  S250 6733 RI00 3470 (2339 15127 (Y17}
152 2 2700 1410 00720 1610 1469 1924 (211 1612 146 0300 9 3250 6287 6400 £470 (1522 12508 0921
183 2 4000 1410 00720 1516 1531 1820 1204 1619 1363 0375 10 3250 6207 6400 6455 11378 (12248 0929
154 2 4000 1410 01270 1.56) 1469 1834 1208 1613 1330 0375 10 5250 769) 8100 6435 14099  [4044 1.004
163 2 4000 1410 01270 3047 2969 1791 180) 1616 1061 0375 4  SI1B0 6142 8100 6435 11294 12238 0912
164 1 4000 1410 00700 3.063 3000 1846 1806 1600 1345 0375 4 5130 6LI9 7000 &4.35 11252 11668 0964
173 2 1300 1410 01270 3047 2984 1888 1803 1612 1348 0375 8 4710 6885 $).00 &35 12965 13988 0927
174 2 1800 1410 00700 3054 J000 1.866 1807 1609 1352 0375 8 4710 6582 7000 6435 12394  1258) 0933
178 2 J000 1410 00700 3079 3000 1907 1809 1609 1348 0300 7 4710 5857 7000 $4.70 11029 12678 [137,)
176% 2 3000 1410 01270 3053 2969 1911 1807 1620 1384 0500 7 4710 6392 8100 $470 1978  148) osn
181 2 4000 3410 01270 1435 4500 1843 1805 16011 1352 0378 (0 4700 $072 SLO0 64355 (5208 1876 1.09%
183 2 4000 1410 01270 3032 3000 1911 1805 116G 134} 0375 & 4700 6933 8100 6455 13062 13413 0974
184 2 4000 1410 00700 3Ot6 3031 1871 1808 1623 1362 0375 6 4700 6633 T000 6435 12497 12292 1017
For all 166 specimens: Max 1.387
Min 0.571
Mean 0978
St. Dev. 0.138
cov 0.142
For the 134 specimens with 1/d, > 16: Max 1.352
Min 0.664
' Mean 0.989
St. Dev. 0.135
cov 0.137
For the 119" specimens with 1/dy > 16
and (c+K.Vdh < 4 (K;=29.6L,A/5n): Max 1.352
Min 0.770
Mean 1.010
St. Dev. 0.127
cov 0.125
For the 20 specimens with f; > f, and
with ly/d, > 16 and (¢+Kq)dy < 4: Max 1.352
Min 0931
Mecan 1.153
St. Dev. 0.154
cov 0.134
Fer the 99 specimens with [, < f, and
with L/dy, > 16 and (c+K,)/d, < 4: Max 1.261
Min 0.770
Mean 0981
St. Dev. 0.098
cov 0.100



Table A.2

Data and test/prediction ratios for developed and spliced bars
with confining reinforcement (continued)'

All reports describe splice tests, except Mathey and Watstein (1961) which describes development tests
Includes two specimens with (c+K,)/d, > 4:

a) (c+K,)/d, = 4.004, test/prediction = 0.843

b) (c+K,)/dy, = 4.023, test/prediction = 0.901

Specimens with ly¢/dy < 16 which were removed from the 166 specimens

** Specimens with (c+K,)/dy > 3.75 (Ky; = 29.64,14A,/sn) with 1s/d, > 16 which were removed from the 134 specimens
[Note: For design K,, = 35.3t,t3A/sn and (c+K, )/dp < 4]

*** Number of transverse stirrups crossing lg with 2 legs per stirrup, except for Thompson et al. (1975)

(6 legs] and one specimen in Zekany et al. (1981) [No, 2-5-40-B(4), 4 legs]
Specimens with f, > f,

* Eq.l17= % = LTTI‘ =[63l4(cy +0.5d,) +2130A,] (O.I ™, 0.9) +2226¢,t, NAy +66
f'c rc cm n
™ R, is known based on measurements made on the bars or based on data provided in the original papers

R, is determined based on Appendix B of Darwin, Zuo, Tholen, and Idun (1995b)
- Data is not available
1 in. =25.4 mm; 1 psi = 6.89 kPa; | ksi = 6.89 MPa



Table B.1

Data, development lengths, and splice lengths for hypothetical beams
without confining reinforcement*

ACI'95 Eq.22° Eq.23" Eq. 22’ Eq. 23" Eq. 22 Eq. 23"
BeamNo. n dy b h Cso G Ch fe lq 1 la lq ACI'951, ACI'95]1, ACI95], ACI951,
(in.) (in.) (in.) (in.) (in.) (in.) (psi) (in.) (in.) {in.) (in.)
| 2 0.75 8.0 12.0 2.00 “0.50 2.00 4000 36.59 47.57 KIN] 50.40 0.667 1.059 0.867 1.3717
2 2 0.75 12.0 120 2.00 2.50 2.00 4000 17.08 22.20 18.57 18.57 0.836 0.336 1.087 1.087
3 2 1.00 120 120 200 2.00 200 4000 28.46 37.00 31.36 31.36 0.848 0.848 1.102 1.102
4 2 1.27 12.0 120 200 1.46 2.00 4000 54.78 71.21 52.72 60.36 0.740 0.848 0.962 1102
5 2 141 120 120 200 1.18 200 4000 75.04 97.56 69.26 82.69 0.710 0.848 0.923 1.102
6 2 0.75 24.0 120 200 850 2.00 4000 17.08 22.20 18.57 18.57 0.836 0.836 1.087 1.087
7 4 0.75 240 120 200 233 200 4000 17.08 22.20 18.57 18.57 0.836 0.836 1.087 1.087
8 6 0.75 240 120 200 1.10 2.00 4000 21.71 28.22 23.99 29.90 0.850 1.059 1.105 1.377
9 8 0.75 240 120 200 0.57 200 4000 33.83 43.98 30.68 46.59 0.698 1.059 0.907 1.3717
10 2 1.00 24.0 120 2.00 8.00 2.00 4000 28.46 37.00 3136 31.36 0.848 0.848 1.102 1.102
I 4 1.00 24.0 120 200 2.00 2.00 4000 28.46 37.00 31.36 3136 0.848 0.848 1.102 1102
12 6 1.00 240 120 2.00 0.80 2.00 4000 54.73 7115 44.97 60.31 0.632 0.848 0.822 1.102
13 2 1.27 240 120 2.00 7.46 200 4000 43.55 56.62 47.99 4799 0.848 0.848 1.102 1.102
14 4 1.27 24.0 12.0 2.00 1.64 2.00 4000 50.44 65.58 49.69 55.58 0.758 0.848 0.985 1.102
3] 2 141 240 120 2.00 7.18 2.00 4000 52.29 67.98 57.62 57.62 0.848 0.848 1.102 1102
16 4 141 24.0 12.0 2.00 145 2.00 4000 65.54 85.20 631.24 7221 0.742 0.848 0.965 1.102
17 2 0.75 12.0 240 2.00 2.50 2.00 3000 19.72 25.63 2042 2042 0.797 0.797 1.036 1.036
18 2 0.75 12.0 240 200 2.50 2.00 4000 17.08 22.20 18.57 18.57 0.836 0.836 1.087 1.087
19 2 0.75 12.0 24.0 200 250 2.00 6000 13.94 18.13 16.18 16.18 0.892 0.892 1.160 1.160
20 2 1.00 12.0 24.0 2.00 2.00 2.00 3000 32.86 42.72 3448 33.48 0.807 0.807 1.049 1.049
21 2 1.00 12.0 24.0 2,00 2.00 200 4000 28.46 37.00 31.36 31.36 0.848 0.848 1.102 1.102
22 2 1.00 120 24.0 200 2.00 200 6000 23.24 30.21 27.32 27.32 0.904 0.904 1.176 1176
23 2 1.27 120 240 200 1.46 2.00 3000 63.25 82.23 58.00 66.37 0.705 0.807 0917 1.049
24 2 1.27 120 24.0 2.00 1.46 2.00 4000 54.78 71.21 5§2.712 60.36 0.740 0.848 0.962 1.102
25 2 1.27 12.0 24.0 2.00 1.46 200 6000 44.73 58.14 45.89 52.58 0.789 0.904 1.026 1.176
26 2 141 12,0 24.0 2.00 118 2.00 3000 86.65 112.65 76.26 90.93 0.677 0.807 0.880 1.049
27 2 141 12.0 24.0 200 118 200 4000 75.04 97.56 69.26 82.69 0.710 0.848 0.923 1.102
28 2 141 12.0 240 2.00 1.18 200 6000 61.27 79.65 60.22 72.03 0.756 0.904 0.983 1.176
29 4 0.75 18.0 24.0 200 1.33 200 4000 18.74 24.36 21.75 25.81 0.893 1.059 1.160 1.3717
30 6 0.75 180 24.0 2.00 0.50 200 4000 36.59 471.57 3171 50.40 0.667 1.059 0.867 1.377
31 2 1.00 18.0 24.0 2.00 5.00 200 4000 28.46 37.00 3136 31.36 0.848 0.848 1.102 1.102
32 4 1.00 180 24.0 2.00 1.00 200 4000 47.43 61.66 41.4] 52.26 0.672 0.848 0.873 1.102
33 2 1.27 18.0 24.0 2.00 4.46 200 4000 43.55 56.62 47.99 47.99 0.848 0.848 1.102 1.102
34 4 1.27 18.0 24.0 2.00 0.64 2.00 4000 90.01 117.00 70.63 99.17 0.604 0.848 0.785 1.102
35 2 141 18.0 24.0 2.00 4.18 2.00 4000 52.29 67.98 57.62 57.62 0.848 0.848 1.102 1.102
*  Using¢=0.9andf =60ksi Max 0.904 1.059 1176 1.377
[ c [ Min 0.604 0797 0.785 1.036
#_ 1900 [o.l_M\Lo.g] +4- 1900 Avg 0.782 0.878 1.017 1141
c
* Eq. 22=|l= Fe = ° Eg. 2 o fe ” lin.=25.4 mm; 1 psi = 6.89 kPa
dp 7 (c+K“.] dyp 7 (c+ K,,)
dy dp



Table B.2a

Data, development lengths, and splice lengths for hypothetical beams

with confining reinforcement*

ACl1'95 Eq. 22 Eq. 23"
BeamNo. n dp Cso Csi Cp b h fc de s la Is Ig{Conv.**) 15(New***) I4(Conv.**) Ig(New***)
{in.) (in.) {in.) {in.) . (in.) {in.)  (psi) (in.) (in.) (in.) (in.) (in.) (in.) tin.) (in.)
Group 1

| 2 0.75 200 050 200 800 1200 4000 0.375 4381 17.89 23.26 21.15 18.05 28.80 23.60
2 2 075 200 250 200 1200 1200 4000 0.375 4381 17.08 22.20 14.70 14.70 14.70 14.70
3 2 100 200 200 200 1200 1200 4000 0375 4.5 28.46 37.00 23.68 21.03 23.68 21.03
4 2 127 200 1.46 200 1200 1200 4000 0375 4.68 37.82 49.16 37.34 32.47 41.09 35.30
5 2 1.41 2.00 1.18 200 1200 1200 4000 0375 4.65 49.95 64.94 46.70 39.99 52.69 4441
6 2 075 200 850 200 2400 1200 4000 0.375 4381 17.08 22.20 14.70 14.70 14.70 14.70
7 4 0.75 2.00 2.33 200 2400 1200 4000 0375 4381 17.08 22.20 16.31 15.36 16.31 15.36
8 6 0.75 2.00 1.10 200 2400 12,00 4000 0375 4381 17.99 23.39 2141 20.28 26.04 24.42
9 8 0.75 200 057 200 2400 1200 4000 0375 481 271.25 35.42 27.39 25.96 39.1 36.91
10 2 1.00 200 8.00 200 2400 1200 4000 0375 4.5 28.46 37.00 23.68 21.03 23.68 21.03
1] 4 100 200 200 200 2400 1200 4000 0375 475 28.46 37.00 26.98 25.18 26.98 25.18
12 6 100 200 0.80 200 2400 1200 4000 0375 4.5 44.23 57.50 38.77 36.21 49.93 45.87
13 2 1.27 200 746 200 2400 1200 4000 0375 4.68 36.14 46.99 34.96 30.68 34.96 30.68
14 4 .27 2.00 1.64 200 2400 1200 4000 0375 4.68 41.81 54.35 41.64 38.44 45.71 41.89
15 2 1.41 200 7.8 200 2400 1200 4000 0.375 4.65 40.13 52.17 41.26 36.00 41.26 36.00
16 4 1.41 2.00 1.45 200 2400 1200 4000 0375 4.65 53.75 69.88 51.88 47.49 57.84 52.47
17 2 075 200 250 200 1200 2400 3000 0.375 1081 19.72 25.63 18.18 17.21 18.18 17.21
18 2 075 200 250 200 1200 2400 4000 0375 10.81 17.08 22.20 16.53 15.65 16.53 15.65
19 2 0.75 200 250 200 1200 24.00 6000 0.375 1081 13.94 18.13 14.40 13.64 14.40 13.64
20 2 100 200 2.00 200 1200 2400 3000 0.375 10.75 32.86 42.72 30.16 28.34 30.16 28.34
21 2 100 200 200 200 1200 2400 4000 0.375 10.75 28.46 37.00 2743 25.17 27.43 25.77
22 2 100 200 200 200 1200 2400 6000 0.375 10.75 23.24 30.21 239 22.45 23.90 22.45
23 2 127 200 1.46 200 1200 2400 3000 0.375 10.68 52.86 68.72 49.14 45.55 55.06 50.62
24 2 1.27 2.00 1.46 200 1200 2400 4000 0.375 1068 45.78 59.51 44.66 41.40 50.07 46.03
25 2 127 2.00 1.46 200 1200 2400 6000 0.375 10.68 37.38 48.59 38.87 36.04 43.62 40.10
26 2 1.41 2.00 1.18 200 1200 2400 3000 0375 1065 71.07 92.39 62.98 57.80 72.83 66.07
27 2 1.41 2.00 118 200 1200 2400 4000 0.375 10.65 61.55 80.01 57.20 52.49 66.23 60.08
28 2 1.41 2.00 1.18 200 1200 2400 6000 0.375 10.65 50.25 65.33 49.73 45.64 57.70 52.34
29 4 075 2.00 1.33 200 1800 2400 4000 050 1081 17.08 22.20 19.21 18.12 22.34 20.90
30 6 075 200 050 200 1800 2400 4000 050 10.81 28.55 37.11 2795 26.34 41.92 38.58
31 2 100 200 5.00 200 1800 2400 4000 050 10.75 28.46 37.00 2488 22.49 24.88 22.49
32 4 1.00 200 1.00 200 18.00 2400 4000 0.50 10.75 38.01 49.41 35.23 32.71 42.94 39.34
33 2 127 200 446 200 1800 2400 4000 050 10.68 36.14 46.99 37.00 Jii0 37.00 33.10
34 4 127 200 064 200 1800 2400 4000 050 10.68 69.57 90.45 57.51 52.49 75.88 67.71
35 2 1.41 200 4.18 200 1800 2400 4000 050 10.65 40.93 53.20 43.82 39.02 43.82 39.02



Table B.2a

Data, development lengths, and splice lengths for hypothetical beams

with confining reinforcement (continued)*

ACI 95 Eq. 22 .23
BeamNo. n dp Cso Csi Ch b h re dg s l4 Is lg(Conv.**) Ig(New***) I4(Conv.**) I4(New***)
(in.) (in.) {in.) (in.) . (in.) (in.) {psi) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.)
Group 2

| 2 0725 200 0.75 200 850 1200 4000 050 6.00 17.08 22.20 17.26 14.39 21.18 17.13
2 2 075 200 0.75 200 850 1200 4000 050 6.00 17.08 22.20 17.26 14.39 21.18 17.13
3 2 100  2.00 100 200 1000 1200 4000 050 6.00 28.46 37.00 25.42 21.21 29.40 24.00
4 2 127 200 1.27 200 11.62 1200 4000 0.50 6.00 36.14 46.99 34.59 28.87 38.34 31.49
5 2 1.41 2.00 1.41 200 1246 1200 4000 0.50 6.00 41.02 53.33 39.44 3292 42.98 35.40
6 2 075 200 0.75 200 850 1200 4000 050 6.00 17.08 22.20 17.26 14.39 21.18 17.13
7 4 075 200 075 200 1450 1200 4000 050 6.00 17.87 23.23 21.41 19.05 27.50 23.85
8 6 075 200 0.75 200 2050 1200 4000 0.50 6.00 2040 26.52 23.27 21.36 30.54 2743
9 8 075 200 075 200 2650 1200 4000 050 6.00 21.96 28.54 24.33 2273 3233 29.65
10 2 1.00 200 100 200 1000 1200 4000 050 6.00 28.46 37.00 25.42 21.21 29.40 24.00
11 4 1.00 200 1.00 200 1800 1200 4000 050 6.00 32.84 42.69 31.50 28.05 37.63 32.89
12 6 1.00 200 100 200 2600 1200 4000 0.50 6.00 36.59 47.57 34.23 3143 41.50 37.53
13 2 127 2.00 1.27 200 1162 1200 4000 0.50 6.00 36.14 46.99 34.59 28.87 38.34 31.49
14 4 127  2.00 1.27 200 21.78 1200 4000 050 6.00 44.62 58.01 42.85 38.16 48.60 42.72
15 2 1.41 2.00 1.4) 200 1246 1200 4000 050 6.00 41.02 53.33 39.44 3292 42.98 35.40
16 4 1.41 2.00 1.41 200 2374 1200 4000 0.50 6.00 50.85 66.11 48.84 43.51 54.30 47.82
17 2 075 200 075 200 B850 2400 3000 050 6.00 19.72 25.63 19.04 15.88 23.30 18.84
I8 2 075 200 075 200 850 2400 4000 050 6.00 17.08 22.20 17.26 14.39 21.18 17.13
19 2 075 200 075 200 850 2400 6000 050 6.00 13.94 18.13 14.96 12.47 18.45 14.93
20 2 100 2.00 1.00 200 1000 2400 3000 050 6.00 32.86 42.72 28.01 23.37 32.33 26.39
21 2 1.00  2.00 1.00 200 1000 2400 4000 050 6.00 28.46 37.00 25.42 21.21 29.40 24.00
22 2 1.00 200 100 200 1000 2400 6000 050 6.00 23.24 30.21 22.08 18.42 25.61 2091
23 2 127 2.00 1.27 200 1162 2400 3000 050 6.00 41.74 54.26 38.08 31.78 42.16 3463
24 2 127 2.00 1.27 200 1162 2400 4000 050 6.00 36.14 46.99 34.59 28.87 38.34 31.49
25 2 127 2.00 1.27 200 1162 2400 6000 050 6.00 29.51 38.37 30.09 25.11 33.40 27.44
26 2 1.41 2.00 1.41 200 1246 2400 3000 050 6.00 41.37 61.58 43.40 36.23 41.27 38.93
27 2 1.41 2.00 1.41 200 1246 2400 4000 050 6.00 41.02 53.33 39.44 3292 42.98 3540
28 2 1.41 2.00 1.41 200 1246 2400 6000 050 6.00 33.49 43.54 34,32 28.65 3745 30.84
29 4 075 200 0.75 200 1450 2400 4000 050 6.00 17.87 23.23 2141 19.05 27.50 23.85
30 6 075 200 075 200 2050 2400 4000 0.50 6.00 20.40 26.52 23.27 21.36 30.54 27.43
31 2 1.00  2.00 100 200 1000 2400 4000 0.50 6.00 28.46 37.00 25.42 21.21 29.40 24.00
32 4 1.00  2.00 1.00 200 1800 2400 4000 0.50 6.00 3284 42.69 31.50 28.05 37.63 3289
33 2 127 200 1.27 200 11.62 2400 4000 0.50 6.00 36.14 46.99 34.59 28.87 38.34 3149
k7 ) 4 127 200 1.27 200 2178 2400 4000 0.50 6.00 44.62 58.01 42.85 38.16 48.60 42.72
35 2 1.41 2.00 1.41 200 1246 2400 4000 0.50 6.00 41.02 53.33 39.44 3292 42.98 35.40

01



Table B.2a

Data, development lengths, and splice lengths for hypothetical beams

with confining reinforcement (continued)*

ACl1'95 Eq. 22" Eq. 23"
Beam No. n dy €50 Csi b b h e ds s 14 I 14(Conv.**) 14(New***) [4(Conv.**) I4(New***)
(in.) (in.) {in.) (in.) . (in.) (in.) __ (psi) {in.) (in.) {in.) (in.) (in.) (in.) {in.) (in.)
Group 3

1 2 0.75 2.00 0.50 2,00 8.00 1200 4000 0.50 8.00 17.08 22.20 20.50 17.35 27.69 22.48
2 2 075 200 050 200 800 1200 4000 050 8.00 17.08 22.20 20.50 17.35 27.69 2248
3 2 1.00 2.00 0.50 2.00 9.00 1200 4000 0.50 8.00 35.58 46.25 31.71 26.59 41.84 3372
4 2 1.27 2.00 0.64 200 1035 1200 4000 0.50 8.00 50.55 65.72 43.93 36.76 54.62 44.33
5 2 141 2.00 0.71 200 11.05 1200 4000 0.50 8.00 58.70 76.30 50.46 42.20 61.28 49.86
6 2 0.75 2.00 0.50 2.00 800 1200 4000 0.50 8.00 17.08 22.20 20.50 17.35 27.69 22.48
7 4 0.75 2.00 0.50 200 13.00 1200 4000 0.50 8.00 23.29 30.27 2491 2243 35.74 31.09
8 6 0.75 2.00 0.50 200 18.00 12,00 4000 0.50 8.00 26.50 3445 26.83 24.86 39.58 35.64
9 8 0.75 2.00 0.50 200 2300 12.00 4000 0.50 8.00 28.46 37.00 27.90 26.28 41.82 38.46
10 2 1.00 2.00 0.50 2.00 900 1200 4000 0.50 8.00 35.58 46.25 317 26.59 41.81 33.72
] 4 1.00 2.00 0.50 200 1500 1200 4000 0.50 8.00 4743 61.66 39.03 34.89 54.54 47.16
12 6 1.00 2.00 0.50 200 21.00 12.00 4000 0.50 8.00 53.36 69.37 42.29 38.95 60.69 54.38
13 2 1.27 2.00 0.64 200 1035 12,00 4000 0.50 8.00 50.55 65.72 4393 36.76 54.62 44.33
14 4 1.27 2.00 0.64 200 1797 1200 4000 0.50 8.00 64.84 84.29 54.20 48.38 70.54 61.34
15 2 1.41 2.00 0.71 200 11.05 12.00 4000 0.50 8.00 58.70 76.30 50.46 42.20 61.28 49.86
16 4 1.41 2.00 0.71 200 1951 1200 4000 0.50 8.00 74.06 96.28 62.33 55.61 78.85 68.72
17 2 0.75 2.00 0.50 2.00 800 2400 3000 050 8.00 19.72 25.63 22.67 19.18 30.45 24.72
18 2 0.75 2.00 0.50 2.00 800 24.00 4000 0.50 8.00 17.08 22.20 20.50 17.35 27.69 22.48
19 2 0.75 2.00 0.50 2.00 800 2400 6000 0.50 8.00 13.94 18.13 17.71 14.98 24.12 19.59
20 2 1.00 2.00 0.50 2.00 900 2400 3000 0.50 8.00 41.08 53.40 35.06 29.39 45.98 37.08
2] 2 1.00 2.00 0.50 2.00 9.00 2400 4000 0.50 8.00 35.58 46.25 31.71 26.59 41.81 33.72
22 2 100 200 050 200 900 2400 6000 050 8.00 29.05 37.76 27.38 22.96 36.42 29.37
23 2 1.27 2.00 0.64 200 1035 24.00 3000 0.50 8.00 58.38 75.89 48.50 40.58 60.06 48.75
24 2 1.27 2.00 0.64 200 1035 2400 4000 0.50 8.00 50.55 65.72 43.93 36.76 54.62 44.33
25 2 127 200 064 200 1035 2400 6000 050 8.00 41.28 53.66 38.02 31.81 47.58 38.62
26 2 141 2.00 0.71 200 1105 24.00 3000 0.50 8.00 67.78 88.11 55.68 46.56 67.39 54.83
27 2 141 2.00 0.71 200 11,05 24.00 4000 0.50 8.00 58.70 76.30 50.46 42.20 61.28 49.86
28 2 141 200 0.71 200 11,05 2400 6000 050 8.00 47.92 62.30 43.71 36.55 53.39 4343
29 4 0.75 2.00 0.50 200 13.00 2400 4000 0.50 8.00 23.29 30.27 2491 22.43 35.74 31.09
30 6 0.75 2.00 0.50 200 18.00 2400 4000 0.50 8.00 26.50 3445 26.83 24.86 39.58 35.64
31 2 100 200 050 200 900 2400 4000 050 8.00 35.58 46.25 31.71 26.59 41.81 3372
32 4 1.00 2.00 0.50 200 1500 24.00 4000 0.50 8.00 47.43 61.66 39.03 34.89 54.54 47.16
i3 2 1.27 2.00 0.64 200 1035 2400 4000 0.50 8.00 50.55 65.72 4393 36.76 54.62 44.33
4 4 1.27 2.00 0.64 200 1797 24.00 4000 0.50 8.00 64.84 84.29 54.20 48.38 70.54 61.34
35 2 1.41 2.00 0.71 200 1105 2400 4000 0.50 8.00 58.70 76.30 50.46 42.20 61.28 49.86
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Table B.2a

Data, development lengths, and splice lengths for hypothetical beams

with confining reinforcement (continued)*

ACI 95 Eq. 22" Eq. 23"
BeamNo. n dy Cso Csi Cb b h fe ds s lg I 1g(Conv.**) 14(New***) I4(Conv.**) Ig(New***)
(in.)  (in.) (in.) (in.) . (in.) (in.)  (psi) (in.) (in.) (in.) {in.) (in.) (in.) (in.) (in.)
Group 4

1 2 075 200 050 200 800 1200 4000 0S50 4.00 17.08 22.20 15.15 13.87 19.09 14.70
2 2 075 200 050 200 8.00 1200 4000 050 4.00 17.08 22.20 15.15 13.87 19.09 14.70
3 2 100 200 0S50 200 900 1200 4000 050 4.00 28.46 37.00 23.06 18.50 28.51 21.48
4 2 127 200 064 200 1035 1200 4000 050 4.00 36.14 46.99 31.85 24.83 37.63 28.51
5 2 141 200 0.71 200 1105 1200 4000 050 4.00 41.48 53.93 36.54 28.46 42.39 32,19
6 2 075 200 050 200 800 1200 4000 050 4.00 17.08 2220 15.15 13.87 19.09 14.70
7 4 075 200 050 200 1300 1200 4000 0S50 4.00 17.08 22.20 20.50 17.35 27.69 22.48
8 6 075 200 050 200 1800 1200 4000 0S50 4.00 20.77 27.00 23.24 20.44 32.59 21.57
9 8 075 200 050 200 2300 1200 4000 050 4.00 23.29 30.27 2491 2243 35.74 31.09
10 2 100 200 050 200 900 1200 4000 050 4.00 28.46 37.00 23.06 18.50 28.51 21.48
11 4 100 200 050 200 1500 1200 4000 0S50 4.00 35.58 46.25 3N 26.59 41.81 33.72
12 6 100 200 050 200 2100 1200 4000 050 4.00 42.69 55.50 36.24 31.60 49.51 41.63
13 2 127 200 064 200 1035 1200 4000 050 4.00 36.14 46.99 31.85 24.83 37.63 28.51
14 4 127 200 064 200 1797 1200 4000 050 4.00 50.55 65.72 43.93 36.76 54.62 44.33
15 2 141 200 o071 200 11.05 1200 4000 050 4.00 41.48 53.93 36.54 28.46 42.39 32.19
16 4 141 200 071 200 1951 1200 4000 050 4.00 58.70 76.30 50.46 42.20 61.28 49.86
17 2 075 200 050 200 8.00 2400 3000 050 4.00 19.72 25.63 16.75 15.34 20.99 16.16
18 2 075 200 050 200 800 2400 4000 050 4.00 17.08 22.20 15.15 13.87 19.09 14.70
19 2 075 200 050 200 800 2400 6000 050 4.00 13.94 18.13 13.08 11.98 16.63 12.81
20 2 100 200 0S50 200 900 24.00 3000 050 4.00 32.86 42.72 25.50 20.45 31.35 23.62
21 2 100 200 050 200 900 2400 4000 050 4.00 28.46 37.00 23.06 18.50 28.51 21.48
22 2 100 200 050 200 900 2400 6000 050 4.00 2324 30.21 19.92 15.97 24.83 18.71
23 2 127 200 064 200 1035 2400 3000 050 4.00 41.74 54.26 35.17 27.41 41.38 31.35
24 2 127 200 064 200 1035 2400 4000 050 4.00 36.14 46.99 31.85 24.83 37.63 28.51
25 2 127 200 064 200 1035 2400 6000 050 4.00 29.51 38.37 27.56 21.49 32.78 24.84
26 2 141 200 07 200 1105 2400 3000 050 4.00 47.90 62.27 40.32 3141 46.62 3540
27 2 141 200 071 200 1105 2400 4000 050 4.00 4148 53.93 36.54 28.46 42.39 3219
28 2 141 200 071 200 11.05 2400 6000 050 4.00 33.87 44.03 31.65 24,66 36.93 28.04
29 4 075 200 050 200 13.00 2400 4000 050 4.00 17.08 22.20 20.50 17.35 27.69 2248
30 6 075 200 050 200 1800 2400 4000 050 4.00 20.77 27.00 23.24 2044 32,59 21.57
3 2 100 200 050 200 900 2400 4000 050 400 28.46 37.00 23.06 18.50 28.51 2148
32 4 100 200 050 200 1500 2400 4000 050 4.00 35.58 46.25 3L 26.59 41.81 33.72
33 2 127 200 064 200 1035 2400 4000 050 4.00 36.14 46.99 31.85 24,83 37.63 28.51
M 4 127 200 064 200 1797 2400 4000 050 4.00 50.55 65.72 4393 36.76 54.62 44.33
35 2 141 200 071 200 11,05 2400 4000 050 400 41.48 53.93 36.54 28.46 42.39 32.19

4



Table B.2b

Data, development lengths, and splice lengths for hypothetical beams
with confining reinforcement*

£l

Beam No.  New New Eq.2Y Eq.23” Eq.22" Eq.23" Eq.22° Eq.23" Eq.22 Eq.23"
Conv. Conv. ACI1'95 |, ACI1'95 |, AC1'95 14 ACI'95 14 ACI'95 | ACI'95 | ACI'95 14 ACI 95 1y
Eq. 23” Eq.22 Conv.** . Conv.** Conv.** Conv.** New®** New*** News*s* New***
Group |

1 0819 0.854 0.909 1.238 1.182 1.610 0.776 1.015 1.009 1.319
2 1.000 1.000 0.662 0.662 0.861 0.861 0.662 0.662 0.861 0.861
3 0.888 0.888 0.640 0.640 0.832 0.832 0.568 0.568 0.739 0.739
4 0.859 0.870 0.760 0.836 0.987 1.087 0.661 0.718 0.859 0.933
5 0.843 0.856 0.719 0.811 0.935 1.055 0.616 0.684 0.801 0.889
6 1.000 1.000 0.662 0.662 0.861 0.861 0.662 0.662 0.861 0.861
7 0.941 0.941 0.735 0.735 0.955 0.955 0.692 0.692 0.899 0.899
8 0938 0.947 0915 1.113 1.190 1.447 0.867 " 1.044 1.127 1.357
9 0.929 0.948 0.773 1.121 1.005 1.457 0.733 1.042 0.953 1.355
10 0.888 0.888 0.640 0.640 0.832 0.832 0.568 0.568 0.739 0.739
11 0.933 0.933 0.729 0.729 0.948 0.948 0.681 0.681 0.885 0.885
12 0.919 0.934 0.674 0.868 0.877 1.129 0.630 0.798 0.819 1.037
13 0.877 0.877 0.744 0.744 0.967 0.967 0.653 0.653 0.849 0.849
14 0916 0.923 0.766 0.841 0.996 1.093 0.707 0.771 0.919 1.002
15 0.873 0.873 0.791 0.791 1.028 1.028 0.690 0.690 0.897 0.897
16 0.907 0915 0.742 0.828 0.965 1.076 0.680 0.751 0.884 0.976
17 0.947 0.947 0.709 0.709 0.922 0.922 0.672 0.672 0.873 0.873
18 0.947 0.947 0.745 0.745 0.968 0.968 0.705 0.705 0.917 0917
19 0.947 0.947 0.795 0.795 1.033 1.033 0.752 0.752 0.978 0978
20 0.939 0.939 0.706 0.706 0918 0.918 0.663 0.663 0.862 0.862
21 0.939 0.939 0.741 0.741 0.964 0.964 0.696 0.696 0.905 0.905
22 0.939 0.939 0.791 0.791 1.028 1.028 0.743 0.743 0.966 0.966
23 0.919 0.927 0.715 0.801 0.930 1.042 0.663 0.737 0.862 0.958
24 0.919 0.927 0.750 0.841 0.976 1.094 0.696 0.774 0.904 1.006
25 0919 0.927 0.800 0.898 1.040 1.167 0.742 0.825 0.964 1.073
26 0.907 0918 0.682 0.788 0.886 1.025 0.626 0.715 0.813 0.930
27 0.907 0918 0.715 0.828 0.929 1.076 0.656 0.751 0.853 0976
28 0.907 0.918 0.761 0.883 0.989 1.148 0.699 0.801 0.908 1.041
29 0.935 0.943 0.865 1.006 1.125 1.308 0816 0.941 1.061 1.224
30 0.920 0.942 0.753 1.130 0.979 1.469 0.710 1.040 0.923 1.352
31 0.904 0.904 0.672 0.672 0.874 0.874 0.608 0.608 0.790 0.790
32 0916 0.929 0713 0.869 0.927 1.130 0.662 0.796 0.861 1.035
33 0.895 0.895 0.787 0.787 1.024 1.024 0.704 0.704 0.916 0916
34 0.892 0913 0.636 0.839 0.827 1.091 0.580 0.749 0.754 0973
35 0.890 0.890 0.824 0.824 1.071 1.071 0.733 0.733 0.953 0.953
Max 1.000 1.000 0915 1.238 1.190 1.610 0.867 1.044 1.127 1.357
Min 0.819 0.854 0.636 0.640 0.827 0.568 0.568 0.739

0.915

0.922

0.967

0.685

0.754

0.981



Table B.2b

Data, development lengths, and splice lengths for hypothetical beams
with confining reinforcement (continued)*

Beam No.  New New Eq.22' Eg.23" Eq.22° Eq.23" Eq.22" Eq.23" Eq.22' Eq.23"
Conv. Conv. ACI'9S | ACI'95 |5 ACI'95 14 ACI'9S Iy ACI'95 | ACI"9S | ACI 95 Iy ACI'95 14
Eq. 23" Eq. 22 Conv.** . Conv.** Cony.** Conv.** New®*** New?*** New?®** New***
Group 2
1 P 0.809 0.834 07717 0.954 1.011 1.241 0.648 0.772 0.843 1.003
2 0.809 0.834 0711 0.954 1.011 1.241 0.648 0.772 0.843 1.003
3 0.816 0.834 0.687 0.795 0.893 1.033 0573 0.649 0.745 0.843
4 0.822 0.835 0.736 0816 0.957 1.061 0614 0.670 0.799 0.871
s 0.824 0.835 0.740 0.806 0.961 1.048 0.617 0.664 0.803 0.863
6 0.809 0.834 0.1 0.954 1.011 1.241 0.648 0.772 0.843 1.003
7 0.867 0.890 0.921 1.184 1.198 1.539 0.820 1.026 1.066 1.334
8 0.898 0.918 0.877 1.152 1.141 1.497 0.805 1.034 1.047 1.344
9 0917 0.934 0.852 1.133 1.108 1.472 0.796 1.039 1.035 1.351
10 0816 0.834 0.687 0.795 0.893 1.033 0.573 0.649 0.745 0.843
] 0.874 0.890 0.738 0.881 0.959 1.146 0.657 0.771 0.854 1.002
12 0.904 0918 0.720 0.872 0.936 1.134 0.661 0.789 0.859 1.026
13 0.822 0.835 0.736 0.816 0.957 1.061 0.614 0.670 0.799 0.871
14 0.879 0.891 0.739 0.838 0.960 1.089 0.658 0.736 0.855 0.957
15 0.824 0.835 0.740 0.806 0.961 1.048 0.617 0.664 0.803 0.863
16 0.881 0.891 0.739 0.821 - 0.961 1.068 0.658 0.723 0.856 0.940
17 0.809 0.834 0.743 0.909 0.966 1.181 0.619 0.735 0.805 0.956
18 0.809 0.834 0.777 0.954 1.011 1.241 0.648 0.772 0.843 1.003
19- 0.809 0.834 0.825 1018 1.073 1.324 0.688 0.824 0.895 L1071
20 0.816 0.834 0.656 0.757 0.852 0.984 0.547 0.618 0.711 0.803
21 0.816 0.834 0.687 0.795 0.893 1.033 0.573 0.649 0.745 0.843
22 0.816 0.834 0.731 0.848 0.950 1.102 0.610 0.692 0.793 0.900
23 0.822 0.835 0.702 0.7717 0.912 1.010 0.586 0.638 0.761 0.830
24 0.822 0.835 0.736 0.816 0.957 1.061 0.614 - 0.670 0.799 0.871
25 0.822 0.835 0.784 0.870 1.019 1.132 0.655 0.715 0.851 0.930
26 0.824 0.835 0.705 0.768 0.916 0.998 0.588 0.632 0.765 0.822
27 0.824 0.835 0.740 0.806 0.961 1.048 0617 0.664 0.803 0.863
28 0.824 0.835 0.788 0.860 1.025 1.118 0.658 0.708 0.855 0.921
29 0.867 0.890 0.921 1.184 1.198 1.539 0.820 1.026 1.066 1.334
30 0.898 0918 0.877 1.152 1.141 1.497 0.805 1.034 1.047 1.344
3 0.816 0.834 0.687 0.795 0.893 1.033 0.573 0.649 0.745 0.843
32 0.874 0.890 0.738 0.881 0.959 1.146 0.657 0.771 0.854 1.002
33 0.822 0.835 0.736 0.816 0.957 1.061 0.614 0.670 0.799 0.871
34 0.879 0.891 0.739 0.838 0.960 1.089 . 0.658 0.736 0.855 0.957
35 0.824 0.835 0.740 0.806 0.961 1.048 0.617 0.664 0.803 0.863
Max 0917 0.934 0.921 1.184 1.198 1.539 0.820 1.039 1.066 1.351
Min 0.809 0.834 0.656 0.757 0.852 0.984 0.547 0.618 0.711 0.803

Avg 0:839 0.856 0.759 0.892 0.986 1.160 0.650 0.750 0.845 0:976

vi



Table B.2b

Data, development lengths, and splice lengths for hypothetical beams
with confining reinforcement (continued)*

Beam No. _ New New Eq.22" Eq.23" Eq.22' Eq.23" Eq.22° Eq.23” Eq.22° 23"
Conv. Conv. ACI'9S |, ACI 951, ACI'95 |4 AC1'95 14 ACI'95 | AC1'95 |, ACI'95 14 ACI1'95 14
Eq. 23" Eq. 22’ Conv.** . Conv.** Conv.** Conv.** New*** New®*** New®**»* New®***
Group 3

1 P 0812 0.846 0.924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
2 08l12 0.846 0.924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
3 0.806 0.838 0.686 0.904 0.891 1.175 0.575 0.729 0.747 0.948
4 0.812 0.837 0.668 0.831 0.869 1.080 0.559 0.674 0.727 0.877
5 0.814 0.836 0.661 0.803 0.860 1.044 0.553 0.653 0.719 0.849
6 0812 0.846 0.924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
7 0.870 0.901 0.823 1.181 1.070 1.535 0.741 1.027 0.963 1.335
8 0.901 0.927 0.779 1.149 1.012 1.494 0.722 1.035 0.938 1.345
9 0.920 0.942 0.754 1.130 0.980 1.470 0.710 1.039 0.923 1.35]
10 0.806 0.838 0.686 0.904 0.891 1175 0.575 0.729 0.747 0.948
11 0.865 0.894 0.633 0.884 0.823 1.150 0.566 0.765 0.736 0.994
12 0.896 0.921 0.610 0.875 0.792 1.137 0.561 0.784 0.730 1.019
13 0812 0.837 0.668 0.831 0.869 1.080 0.559 0.674 0.727 0.877
14 0.870 0.893 0.643 0.837 0.836 1.088 0.574 0.728 0.746 0.946
15 0.814 0.836 0.661 0.803 0.860 1.044 0.553 0.653 0.719 0.849
16 0.872 0.892 0.647 0.819 0.842 1.065 0.578 0.714 0.751 0.928
17 0.812 0.846 0.884 1.188 1.150 1.544 0.748 0.964 0973 1.254
18 0.812 0.846 0924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
19 0.812 0.846 0.977 1.331 1.270 1.730 0.827 1.081 1.075 1.405
20 0.806 0.838 0.657 0.861 0.854 L9 0.550 0.694 0.716 0.903
21 0.806 0.838 0.686 0.904 0.891 1.175 0.575 0.729 0.747 0.948
22 0.806 0.838 0.725 0.965 0.943 1.254 0.608 0.778 0.790 1.011
23 0812 0.837 0.639 0.791 0.831 1.029 0.535 0.642 0.695 0.835
24 0812 0.837 0.668 0.831 0.869 1.080 0.559 0.674 0.727 0.877
25 03812 0.837 0.708 0.887 0.921 1.153 0.593 0.720 0.771 0.936
26 0814 0.836 0.632 0.765 0.822 0.994 0.528 0.622 0.687 0.809
27 0814 0.836 0.661 0.803 0.860 1.044 0.553 0.653 0.719 0.849
28 0.814 0.836 0.702 0.857 0.912 1.114 0.587 0.697 0.763 0.906
29 0.870 0.901 0.823 1.181 1.070 1.535 0.741 1.027 0.963 1.335
30 0.901 0.927 0.779 1.149 1.012 1.494 0.722 1.035 0.938 1.345
31 0.806 0.838 0.686 0.904 0.891 1.175 0.575 0729 0.747 0.948
32 0.865 0.894 0.633 0.884 0.823 1.150 0.566 0.765 0.736 0.994
13 0.812 0.837 0.668 0.831 0.869 1.080 0.559 0.674 0.727 0.877
34 0.870 0.893 0.643 0.837 0.836 1.088 0.574 0.728 0.746 0.946
35 0.814 0.836 0.661 0.803 0.860 1.044 0.553 0.653 0.719 0.849
Max 0.920 0.942 0.977 1.331 1.270 1.730 0.827 1.081 1.075 1.405
Min 0.806 0.836 0.610 0.765 0.792 0.99%4 0.528 0.622 0.687 0.809

Avg 0.833 0.861 0.727 0.963 0.945 1.252 0.626 0.804 0814 1.045

Sl



Table B.2b

Data, development lengths, and splice lengths for hypothetical beams
with confining reinforcement (continued)*

Beam No.  New New Eq.22° Eq.23” Eq.22° Eq.23™ Eq.22° _Eq23" Eq.22° 23"
Conv. Conv. AC1'95 |5 ACI'95 1 ACI'95 1y ACI'95 14 AC1'95 |, ACI95 | ACI 95 Iy ACI 95 14
Eq. 23" Eq. 22 Conv.** - Conv.** Conv.** Conv.** New**e* New*** New*** New***
Group 4
| 0.770 0916 0.682 0.860 0.887 1.118 0.625 0.662 0.813 0.861
2 0.770 0916 0.682 0.860 0.887 1.118 0.625 0.662 0813 0.861
3 0.753 0.802 0.623 0.7 0.810 1.002 0.500 0.581 0.650 0.755
4 0.758 0.780 0.678 0.801 0.881 1.041 0.528 0.607 0.687 0.789
5 0.759 0.779 0.678 0.786 0.881 1.022 0.528 0.597 0.686 0.776
6 0.770 0916 0.682 0.860 0.887 1.118 0.625 0.662 0.813 0.861
7 0.812 0.846 0.924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
8 0.846 0.879 0.861 1.207 1.119 1.569 0.757 1.021 0.984 1.328
9 0.870 0.901 0.823 1.181 1.070 1.535 0.741 1.027 0.963 1.335
10 0.753 0.802 0.623 0.771 0.810 1.002 0.500 0.581 0.650 0.755
" 0.806 0.838 0.686 0.904 0.891 1.175 0.575 0.729 0.747 0.948
12 0.841 0.872 0.653 0.892 0.849 1.160 0.569 0.750 0.740 0.975
13 0.758 0.780 0.678 0.801 0.881 1.041 0.528 0.607 0.687 0.789
14 0.812 0.837 0.668 0.83!1 0.869 1.080 0.559 0.674 0.727 0.877
15 0.759 0.779 0.678 0.786 0.881 1.022 0.528 0.597 0.686 0.776
16 0814 0.836 0.66! 0.803 0.860 1.044 0.553 0.653 0.719 0.849
17 0.770 0916 0.653 0.819 0.849 1.065 0.598 0.631 0.778 0.820
18 0.770 0916 0.682 0.860 0.887 1118 0.625 0.662 0.813 0.861
19 0.770 0916 0.722 0918 0.938 1.193 0.661 0.706 0.859 0918
20 0.753 0.802 0.597 0.74 0.776 0.954 0.479 0.553 0.622 0.719
21 0.753 0.802 0.623 0.771 0.810 1.002 0.500 0.581 0.650 0.755
22 0.753 0.802 0.659 0.822 0.857 1.069 0.529 0.619 0.687 0.805
23 0.758 0.780 0.648 0.763 0.843 0.991 0.505 0.578 0.657 0.751
24 0.758 0.780 0.678 0.801 0.881 1.041 0.528 0.607 0.687 0.789
25 0.758 0.780 0.718 0.854 0.934 Lin 0.560 0.647 0.728 0.842
26 0.759 0.779 0.648 0.749 0.842 0973 0.504 0.568 0.656 0.739
27 0.759 0.7719 0.678 0.786 0.881 1.022 0.528 0.597 0.686 0.776
28 0.759 0.779 0.719 0.839 0.935 1.0% 0.560 0.637 0.728 0.828
29 0.812 0.846 0.924 1.247 1.201 1.622 0.782 1.013 1.016 1.317
30 0.846 0.879 0.861 1.207 1.119 1.569 0.757 1.021 0.984 1.328
31 0.753 0.802 0.623 0.771 0.810 1.002 0.500 0.581 0.650 0.755
32 0.806 0.838 0.686 0.904 0.891 1.175 0.575 0.729 0.747 0.948
33 0.758 0.780 0.678 0.801 0.881 1.041 0.528 0.607 0.687 0.789
34 0.812 0.837 0.668 0.831 0.869 1.080 0.559 0.674 0.727 0.877
35 0.759 0.779 0.678 0.786 0.881 1.022 0.528 0.597 0.686 0.776
Max 0.870 0916 0.924 1.247 1.201 1.622 0.782 1.027 1.016 1.335
Min 0.753 0.779 0.597 0.734 0.776 0.954 0.479 0.553 0.622 0.719

Avg 0.781 0.831 0.698 0.875 0.907 1.137 0.581 0.687 0.755 0.893

91



Table B.2b

Data, development lengths, and splice lengths for hypothetical beams
with confining reinforcement (continued)*

Beam No. __New New Eq.22’ Eq.23" Eq.22" Eq.23" Eq22 Eq.23" Eq.22" 23"
Conv. Conv. ACI'95 1, ACI'95 1, ACI1 95 1y ACI'9S Iy ACI'9S ), ACl1'95 ] ACI1'95 Iy ACI'95 Iy
Eq. 23" Eq. 22 Conv.** - Conv.** Conv.** Conv.** New®** New®*** New®** New***

For all 140 beams

Max 1.000 1.000 0.977 1.331 1.270 1.730 0.867 1.081 1.127 1.405
Min 0.753 0.779 0.597 0.640 0.776 0.832 0479 0.553 0.622 0.719
Avg 0.842 0.867 0.732 0.889 0.951 1.156 0.635 0.749 0.826 0.973
* Using ¢ = 0.9 and f, =60 ksi

> Conventional bars, R, = 0.0727

A High relative rib area bars, R, = 0.1275

f
—__1900 (o.1°—“+o.9)
[+

| r 174
. Eq. 22=-%=—¢ =
7
dp
f
Y _1900
1/4
° Eq 23214 _Fe
dy, [c+K"J
7)
dp

1in.=25.4 mm; 1 psi=6.89 kPa
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