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Splice Strength of Conventional and High Relative Rib Area
Bars in Normal and High-Strength Concrete

by Jun Zuo and David Darwin

The effects of concrete strength, coarse aggregate quantity and type,
and reinforcing bar geometry on splice strength are evaluated.
Results for 64 splice specimens with reinforcing bars with relative
rib areas (ratio of projected rib area normal to bar axis to the prod-
uct of the nominal bar perimeter and the center-to-center rib spac-
ing) ranging from 0.069 to 0.141, concrete strengths ranging from
4250 to 15,650 psi (29 to 108 MPa), and quantities of limestone and
basalt coarse aggregate ranging from 1586 to 1908 lb/yd3 (941 to
1132 kg/m3 ) are reported. The results are combined with the ACI
Committee 408 database to develop design equations for develop-
ment and splice length, which are then compared with the design
criteria in ACI 318-99.

For splices not confined by transverse reinforcement, the 1/4
power of compressive strength t] best characterizes the effect of
concrete strength on splice strength. f, 3 characterizes the effect
of concrete strength on the additional splice strength provided by
transverse reinforcement. The splice strength of bars confined by
transverse reinforcement increases with an increase in relative rib
area and bar diameter. The use of stronger coarse aggregate
results in an increase in splice strength for bars both with and
without confining reinforcement. For splices confined by trans-
verse reinforcement, the higher the quantity of coarse aggregate,
the greater the contribution of transverse reinforcement to splice
strength. The expressions characterizing the splice strength of
reinforcing bars accurately represent the development/splice
strength of bottom-cast uncoated bars as a function of member
geometry, concrete strength, relative rib area, bar size, and con-
finement, provided by both concrete and transverse reinforcement.
The new design expressions are superior to the design criteria in
ACI 318-99 in terms of both safety and economy. The criteria in
ACI 318-99 for developed bars and Class A splices are unconser-
vative for No. 6 (No. 19) and smaller bars.

Keywords: bond; deformed reinforcement; splice; stirrup; tie.

INTRODUCTION

Concrete properties have a significant effect on the bond
strength between reinforcing bars and concrete. Azizinamini
et al. (1993, 1995) studied the effect of high concrete strength
on bond using beam splice tests. The test results indicated that
the average bond stress at failure, normalized with respect to
the square root of concrete compressive strength \/fcf , de-
creases with an increase in compressive strength. The rate of
decrease becomes more pronounced as the splice length in-
creases. Azizinamini et al. noted that the bearing capacity of
concrete (related to f; ) increases more rapidly than tensile
strength (related to +/f;. ) as compressive strength increases.
For high-strength concrete, the higher bearing capacity pre-
vents crushing of the concrete in front of the bar ribs (as oc-
curs for normal strength concrete), which reduces local slip.
They concluded that, because of the reduced slip, fewer ribs
transfer load between the steel and the concrete, which in-
creases the local tensile stresses and initiates a splitting failure
in the concrete prior to achieving a uniform distribution of the
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bond force. Because of the brittle nature of these failures,
they recommended that a minimum quantity of stirrups be
used for bars spliced or developed in high-strength concrete.

Esfahani and Rangan (1996) investigated the influence of
concrete strength on bond using both beam-end and splice
tests. No confining transverse reinforcement was used. They
observed that the extent of concrete crushing in front of ribs
varied depending on concrete strength. As concrete strength
increased, the degree of crushing decreased, with no concrete
crushing observed for f; greater than 11,000 psi (75 MPa). In
contrast to Azizinamini et al. (1993, 1995), they found that
the average bond stress at failure, normalized with respect to
the | If/., was higher for high-strength concrete than for nor-
mal strength concrete.

In work that preceded the current effort, Darwin et al.
(1996a) noted that, for normal strength concretes, higher-
strength coarse aggregates can increase the contribution of
transverse reinforcement to bond strength by up to 45%. The
scope of that study did not cover the effect of aggregate prop-
erties on bond in members without transverse reinforcement
or the effect of aggregate quantity.

This paper describes the continuation of a study to im-
prove the development characteristics of reinforcing steel by
accurately characterizing the development and splice behav-
ior of current reinforcing bars and modifying the deforma-
tion characteristics of bars to obtain improved bond strength.
Earlier work in the study (Darwin and Graham 1993; Darwin
et al. 1996a, 1996b) established that an increase in the rela-
tive rib area of reinforcing bars R, (ratio of projected rib area
normal to bar axis to the product of the nominal bar perime-
ter and the center-to-center rib spacing) increases the bond
strength between reinforcing steel and concrete for bars con-
fined by transverse reinforcement. The earlier work also
demonstrated that an increase in R, increases the bond
strength of epoxy-coated reinforcement, both with and with-
out confining steel.

RESEARCH SIGNIFICANCE

The principal goals of the work reported in this paper are to
gain a better understanding of the effect of concrete proper-
ties on bond strength, to better understand the behavior of
high relative rib area bars over the full range of concrete
strengths now used in practice, and to develop a design ex-
pression that accurately represents the bond strength of rein-
forcing bars as a function of the geometric and material
properties of the concrete member and the reinforcing bars.
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Only uncoated reinforcement is covered. The research is sig-
nificant because it demonstrates that concrete strength has a
much greater effect on the additional splice strength provid-
ed by transverse reinforcement than it does on the splice
strength of bars not confined by transverse reinforcement.
The paper also demonstrates that increases in aggregate
strength and quantity result in higher splice strengths. De-
sign expressions developed based on analyses of the test re-
sults and a large international database represent splice/
development length as a function of concrete strength, rela-
tive rib area, bar size, and confinement provided by both
concrete and transverse reinforcement. Of major signifi-
cance is the observation that the design criteria in ACI
318-99 for developed bars and Class A splices are unconser-
vative for No. 6 (No. 19) and smaller bars. Full details of the
study are presented by Zuo and Darwin (1998).

EXPERIMENTAL PROGRAM

The test program consisted of 64 beam splice specimens
containing uncoated, bottom-cast bars; 41 specimens had
splices that were confined by stirrups, and 23 specimens had
splices that were not confined by stirrups. Ten deformation
patterns were evaluated. Reinforcing bars ranged in size
from No. 5 to 11 (No. 16 to 36), with relative rib areas rang-
ing from 0.69 to 0.141. Normal and high-strength concretes
were manufactured with both limestone and basalt coarse ag-
gregates. Concrete strengths ranged from 4,250 to 15,650 psi
(29 to 108 MPa).

Test specimens

The splice specimens (Fig. 1) were 16 ft (4.9 m) long, with
nominal widths of 12 or 18 in. (305 or 460 mm) and a nom-
inal depth of 15.5 or 16 in. (395 or 405 mm). Splice lengths
ranged from 16 to 40 in. (405 to 1020 mm). The beams con-
tained two or three spliced bars (Fig. 1(a)) located in the con-
stant moment region of simply supported test specimens.
The beams were tested in an inverted position (Fig. 1(b)).
Actual member dimensions are given in Table 1.

Materials

Reinforcing steel—The reinforcing bars met the require-
ments of ASTM A 615. Ten deformation patterns were eval-
uated, including four conventional patterns, designated
8CO0A, 8NO, 11NO, and 11B0, and six experimental patterns,
designated 5C3, 8C1, 8F1, 8N1, 8N3, and 11F3 (refer to
Darwin et al. (1996a) for photographs of the deformation
patterns). In the bar designations, the first number of the des-
ignation (one or two digits) is the bar size (customary units);
the middle letter identifies the manufacturer; the trailing
number identifies the deformation pattern; and a last letter is
used if bars with the same deformation pattern were pro-
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Fig. I—Beam splice specimens: (a) beam configuration as
cast; and (b) test setup (Note: 1 in. = 25.4 mm; 1 ft = 305 mm).
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duced from different heats of steel. The relative rib areas
range from 0.069 to 0.085 for the conventional bars and from
0.101 to 0.141 for high R, bars. The reinforcing bars used as
transverse reinforcement also met the requirements of
ASTM A 615. Bar properties are given in Table 2.

Concrete—Six concrete mixtures were used to study the
effects of concrete strength and type and quantity of coarse
aggregate on splice strength. The mixtures are designated as
NNL, NHL, HNL, HHL, NNB, and HHB, in which the first
letter indicates the concrete strength, N = normal strength
(f. <8000 psi [55 MPa]), and H = high strength (f. = 8000
psi [55 MPa]); the second letter indicates the quantity of
coarse aggregate, N = normal (1586 to 1661 lb/yd3 [941 to
985 kg/m %), and H = high (1803 to 1908 Ib/yd? [1070 to
1132 kg/m~]); and the last letter indicates the type of coarse
aggregate, L = limestone, and B = basalt. The limestone and
basalt have compressive strengths of approximately 15,000
and 50,000 psi (103 and 345 MPa), respectively.

Concrete strengths ranged from 4250 to 6300 psi (29.3 to
43.4 MPa) for normal-strength concrete, and from 8370 to
15,650 psi (57.7 to 107.9 MPa) for high-strength concrete.
Compressive strength was determined based on the average of
at least three 6 x 12 in. (150 x 300 mm) cylinders for strengths
lower than 12,500 psi (86 MPa) and at least three 4 x 8 in. (100
x 200 mm) cylinders for higher-strength concrete. Test ages
ranged from 7 to 135 days. Mixture proportions and concrete
properties are summarized in Table A.1 of Appendix A"

Test procedure
The splice specimens were tested as shown in Fig. 1(b).
Loads were applied at the ends of the cantilevered regions.

“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 the time of request.
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Table 1—Splice specimen properties and test results

Specimen no. and Bar
* . .
concrete designation

19.1 NNL 8N3
19.3 NNL 8N3
20.1 NNL 11F3
20.3 NNL 11F3
20.6 NNL 8N3
21.1 NNL 8N3
21.3 NNL 8N3
21.5 NNL 8N3
23a.1 HHL 8N3
23a.4 HHL 8N3
23a.5 HHL 8N3
23a.6 HHL 8N3
23b.1 HHL 8N3
23b.3 HHL 8N3
23b.5 HHL 11F3
24.1 NNL 8N1
25.1 NNL 5C3
26.3 NNL 8N1
26.5 NNL &NO
27.2 HHL &NO
27.4 HHL 8NO
27.6 HHL 8NO
28.1 HHL 11F3

I in. | £, ksi | p, kips | M, k-in. | f;, " ksi

n|ls in| b in. | B, in. | dp, in. | €y, in. | Cg 0. | Cpp, in | @ in. | f7 . PST N >

3| 36 [18.14]|16.16| 1.000 | 1.954 | 1.930 | 1.961 [13.66| 4250 |0

3| 30 [18.10] 16.07 | 1.000 | 2.063 | 1.898 | 1.903 [13.62| 4250 |3

3| 40 [18.05|16.20| 1.410 | 2.008 | 1.313 | 1.840 [13.61| 5080 (8

3| 40 [18.07|16.15] 1.410 | 2.000 | 1.313 | 1.822 [13.58| 5080 |5

3| 40 [12.08]|15.60| 1.000 | 1.516 | 0.672 | 1.300 [13.76| 5080 |0

3| 24 [12.05|15.66| 1.000 | 1.766 | 0.484 | 1.470 [13.65| 4330 (6

3| 25 [12.10]16.13] 1.000 | 1.655 | 0.578 | 1.492 [13.65| 4330 |5

2| 25 [12.14]|15.54]1.000 | 1.641 | 2.219 | 1.421 [13.58| 4330 |5

3| 21 [18.28]|16.09| 1.000 | 2.164 | 1.852 | 1.931 [13.62| 9080 |4

3| 21 [18.13]|16.10| 1.000 | 2.008 | 1.898 | 1.930 [13.69| 9080 |4

2| 22 [18.19]|16.16| 1.000 | 2.000 | 1.891 | 1.938 [13.63| 9320 |0

2| 29 [12.24]|16.11]1.000 | 2.031 | 1.875 | 1.919 [13.67| 9320 |0

3 18 [12.15|16.22] 1.000 | 1.469 | 0.711 | 1.951 [13.73| 8370 |5

2| 20 [18.23]|16.32] 1.000 | 3.032 | 3.859 | 3.057 [12.72| 8370 |0

2| 25 [12.03|16.24| 1.410 | 2.032 | 1.125 | 1.939 [13.56| 4500 |5

2| 32 [12.14]16.12| 1.000 | 2.000 | 1.875 | 1.903 [13.69| 4300 |0

31 17 [12.19]16.27]0.625 | 1.985 | 1.023 | 1.556 [14.37| 4490 |0

3 40 [12.11]16.19] 1.000 | 1.547 | 0.652 | 1.889 [13.78| 4960 |0

3| 40 [12.15]|16.17| 1.000 | 1.500 | 0.684 | 1.891 [13.75| 4960 |0

3| 23 [12.12(15.52| 1.000 | 2.000 | 0.477 | 1.415|13.71| 10810 (6

3| 18 [12.15]|15.50| 1.000 | 2.000 | 0.457 | 1.442 [13.54| 10810 |5

3] 18 [18.12]15.62 | 1.000 | 4.032 | 0.930 | 1.442 [13.65| 10810 |4

2| 25 [11.71|16.07 | 1.410 | 2.188 | 0.766 | 1.900 |13.42| 12,610 |5

28.3 HHL 11F3 (3] 28 |18.10| 16.09 | 1.410 | 2.172 | 1.242 | 1.901 [13.45| 12,610 |4| 0.375 | 71.25 | 68.89 | 3751.7 | 67.03

28.5 HHL 11F3  |2| 30 |18.09(16.20 | 1.410 | 1.977 | 4.031 | 1.999 |13.45| 12,610 |0| — — | 3540 1944 | 50.89

29.2 HHB 8NO 3| 20 |12.14{15.60 | 1.000 | 1.875 | 0.484 | 1.478 |13.60| 10,620 |5]| 0.375 | 71.25 | 46.07 | 2507.7 | 83.65
3 6
3 4
2 3
3 2
2 0
2 2
3 0
3 0
2 0
2 0
2 0
2 0
3 6
3 4
3 4
2 2
3 0
2 5
2 5
3 0
3 7
3 0
3 4
3 4
3 0
2 4

5
— — | 38.18 | 2094.9 | 73.51
0.375| 64.55 | 37.02 | 2030.7 | 71.43
0.500 | 84.70 | 69.84 | 3805.4 | 71.08
0.500 | 84.70 | 67.30 | 3668.2 | 68.52
— — | 29.61 1621 57.15
0.625 | 62.98 | 37.27 | 2032.6 | 73.88
0.625 | 62.98 | 38.43 | 2095.8 | 76.25
0.500 | 64.92 | 26.67 | 1460.3 | 77.35
0.375| 71.25 | 42.51 | 23259 | 78.87
0.375| 71.25 | 42.88 | 2346.1 | 79.15
— — | 22.72 | 12479 | 62.24
— — | 27.25 | 14925 | 75.47
0.500 | 64.92 | 41.87 | 2281.3 | 79.04
— — [ 24.02 | 1328.1 | 71.64
0.500 | 64.92 | 32.37 | 1954.3 | 54.80
— — | 21.54 | 11849 | 61.91
— — | 1459 | 808.01 | 63.72
— — | 3234 | 1769.4 | 62.51
— — | 3321 | 18164 | 64.35
0.375] 64.92 | 42.70 | 2325.7 | 78.52
0.500 | 64.92 | 40.78 | 2221.8 | 77.21
0.500 | 64.92 | 43.02 | 2352.5 | 78.42
0.375| 71.25 | 48.63 | 2646.2 | 71.23

29.4 HHB 8NO 18 [12.17|15.60 | 1.000 | 1.938 | 0.492 | 1.418 |13.66| 10,620 0.375| 71.25 | 41.94 | 2284.4 | 77.96
29.6 HHB 8NO 16 [18.17|15.65 | 1.000 | 3.906 | 0.980 | 1.414 [13.71| 10,620 0.375| 71.25 | 42.25 | 2310.8 | 77.72
30.1 HHB 11F3 25 (12.19]16.15| 1.410 | 2.375 | 0.688 | 1.891 [13.51| 13,220 0.375 | 71.25 | 45.63 | 2484.8 | 66.07
30.3 HHB 11F3 28 (18.02]16.11 | 1.410 | 1.953 | 1.273 | 1.889 [13.47| 13,220 0.375| 71.25 | 68.97 | 3755.7 | 66.88
30.5 HHB 11F3 30 (18.12]16.15( 1.410 | 2.063 | 4.016 | 1.956 |13.44| 13,220 — — | 46.72 | 25549 | 66.95
31.3 HHB 8NO 16 [12.15]15.48 [ 1.000 | 1.969 | 1.938 | 1.438 [13.52| 12,890 0.375|71.25 | 23.39 | 12824 | 65.21
31.5 HHB 8N1 22 |12.26(15.58 [ 1.000 | 1.828 | 0.508 | 1.494 |13.56| 12,890 — — | 3273 | 1787.4 | 61.43
31.6 HHB 8COA 22 (12.17]15.49( 1.000 | 1.719 | 0.539 | 1.492 |13.44| 12,890 — — | 33.47 | 18269 | 63.42
32.1 HHB 11F3 32 |12.17{16.17 [ 1.410 | 2.000 | 0.984 | 1.904 |13.52| 14,400 — — | 43.86 | 23904 | 63.33
32.2 HHB 11B0 32 |12.14{16.16 [ 1.410 | 2.000 | 1.063 | 1.916 |13.51| 14,400 — — | 4255 | 23193 | 61.49
32.3 HHB 11F3 32 (18.14]16.15 | 1.410 | 1.969 | 4.016 | 1.947 |13.45| 14,400 — — | 4241 | 2322.6 | 60.64
32.4 HHB 11BO 28 (18.20]16.17 | 1.410 | 2.031 | 4.047 | 1.935 [13.50| 14,400 — — | 42.85 | 2345.7 | 61.01
332 NHL 8COA 18 [12.10]16.12 | 1.000 | 1.953 | 0.395 | 1.913 [13.66| 5360 0.500 | 64.92 | 31.69 | 1731.7 | 61.42
33.3 NHL 8N1 18 [18.14|16.13 | 1.000 | 2.070 | 1.918 | 1.969 [13.63| 5360 0.375| 71.25 | 30.27 | 1664.6 | 57.60
33.4 NHL 8COA 18 [18.12]16.13 | 1.000 | 2.063 | 1.914 | 1.936 |13.64| 5360 0.375| 71.25 | 30.67 | 1686.7 | 58.32
33.6 NHL 8COA 22 (12.17]16.26 | 1.000 | 2.094 | 1.688 | 1.891 [13.82| 5230 0.375| 71.25 | 20.57 | 1131.6 | 57.94
34.3 NHL 8COA 24 (18.12]16.02 | 1.000 | 2.080 | 1.844 | 1.981 [13.49| 5440 — — | 30.64 | 1685.2 | 58.94
35.1 NNL 8F1 20 (12.08]16.17 [ 1.000 | 1.453 | 2.375 | 1.938 [13.69| 5330 0.375| 71.25 | 24.08 | 1320.9 | 68.44
35.3 NNL 8COA 20 [12.08]16.07 [ 1.000 | 1.500 | 2.266 | 1.920 [13.60| 5330 0.375|71.25| 21.58 | 1185.7 | 61.77
36.3 NHL 8COA 26 (18.17]16.10 | 1.000 | 2.016 | 1.836 | 2.000 [13.55| 5060 — — | 32.68 | 1796.3 | 62.78
37.4 NNL 8F1 21 [12.07]15.51 | 1.000 | 2.000 | 0.484 | 1.503 [13.47| 4800 0.500 | 64.92 | 37.02 | 2018.7 | 73.78
38.2 NNL 8COA 26 [18.17]16.14 | 1.000 | 2.125 | 1.844 | 2.075 [13.51| 5080 — — | 31.41 | 1727.8 | 60.51
39.2 HHB 8Cl 16 |12.18]15.48 | 1.000 | 1.906 | 0.516 | 1.475 |13.49| 14,450 0.375 | 71.25 | 38.59 | 2103.2 | 69.74
39.3 HHB 8NO 16 [12.17|15.45( 1.000 | 1.891 | 0.488 | 1.477 |13.45| 14,450 0.375| 71.25 | 41.43 | 2256.5 | 77.96
39.6 HHB 8Cl1 21 |12.19{15.41 | 1.000 | 1.953 | 0.508 | 1.505 |13.59| 14,450 — — | 36.10 | 1969.1 | 67.38
40.1 HHB 11F3 23 (12.16]15.48 | 1.410 | 2.031 | 1.000 | 1.473 [13.26| 15,650 0.375 | 71.25 | 45.38 | 2470.5 | 66.60
40.4 HHB 1INO (2| 23 |12.09]15.52| 1.410 | 2.000 | 1.063 | 1.451 {13.33| 15,650 |4|0.375 | 71.25 | 40.32 | 2197.1 | 58.83

*Specimen and concrete: G.P-SQA = group number (19 to 43); P = casting order in group (1 to 6); S = strength (N = normal, H = high); Q = aggregate quantity (N = normal, H =
high); and A = aggregate type (L = limestone, B = basalt).

Bar stress computed using moment-curvature method if M, does not exceed moment capacity from moment-curvature analysis; otherwise, f; computed using ultimate strength
method; M, and f; include effects of beam self-weight and loading system.

Note: N = number of stirrups; d; = stirrup diameter; f,, = stirrup yield strength; 1 in. = 25.4 mm; 1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; I kip = 4.45 kN; and 1 k-in. = 0.113 kN-m.
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Table 1 (cont.)—Splice specimen properties and test results

Specimen no. and Bar .
concrete” designation|n Iy in| b in. | &, in. | dp» in. | Cgos i | €y, i | cpsin. | g in. | 7, PSI |N]| dy. in. fyn ksi P, kips M, k-in. | f;," ksi
40.5 HHB 8NO |2| 17 |12.11{16.04 | 1.000 | 2.000 | 1.875 | 1.846 |13.67| 15,650 |0| — — | 24.00 | 13159 | 65.81
41.1 HHL 8N3 2| 16 [12.14]|15.55|1.000 | 2.000 | 1.844 | 1.522 [13.49| 10,180 [2| 0.375 | 71.25 | 23.52 | 1289.5 | 66.16
41.2 HHL 8N3 3| 16 [12.16]15.53 | 1.000 | 1.875 | 0.469 | 1.515 [13.38| 10,180 [4| 0.625 | 62.98 | 44.34 | 2413.6 | 83.02
41.3 HHL 8N3 31 16 [12.11]|16.09 | 1.000 | 1.891 | 0.461 | 1.890 [13.56| 10,180 (4| 0.500 | 64.92 | 41.87 | 2280.9 | 79.35
41.4 HHL 8NO |3| 16 |12.20{15.53 | 1.000 | 1.906 | 0.484 | 1.476 |13.40| 10,180 |4| 0.625 | 62.98 | 40.28 | 2194.4 | 77.27
41.6 HHL 8COA |3| 16 [18.22]16.17 | 1.000 | 2.000 | 1.875 | 1.984 [13.63| 10,500 |2| 0.375 | 71.25 | 35.26 | 1934.3 | 65.38
42.1 HNL 8NO 2| 16 |12.11{15.99 | 1.000 | 2.000 | 1.859 | 1.864 |13.50| 11,930 |2| 0.375 | 71.25 | 22.97 | 1260.1 | 64.32
42.4 HNL 8NO |3| 16 |12.17{16.09 | 1.000 | 1.906 | 0.500 | 1.829 |13.74| 11,930 |4| 0.500 | 64.92 | 38.07 | 2075.9 | 70.70
42.5 HNL 8NO 3| 16 |12.18[15.36 1.000 | 1.906 | 0.500 | 1.476 |13.62| 11,930 |4| 0.625 | 62.98 | 41.60 | 2266.0 | 77.92
43.2 HNL 8N3 2| 16 [12.06]|16.06| 1.000 | 2.031 | 1.875 | 1.844 [13.68| 11,530 {2| 0.375| 71.25 | 23.49 | 1288.5 | 64.95
43.3 HNL 8N3 3| 16 [12.22]16.07 | 1.000 | 1.844 | 0.500 | 1.859 |13.83| 11,530 4| 0.500 | 64.92 | 42.70 | 2326.4 | 78.81
43.6 HNL 8N3 3| 16 [12.07|15.48|1.000 | 1.891 | 0.500 | 1.492 [13.62| 11,530 4| 0.625 | 62.98 | 45.16 | 2458.3 | 82.73

*Specimen and concrete: G.P-SQA = group number (19 to 43); P = casting order in group (1 to 6); S = strength (N = normal, H = high); Q = aggregate quantity (N = normal, H =

high); and A = aggregate type (L = limestone, B = basalt).

Bar stress computed using moment-curvature method if M, does not exceed moment capacity from moment-curvature analysis; otherwise, f; computed using ultimate strength

method; M, and f; include effects of beam self-weight and loading system.

Note: N = number of stirrups; d; = stirrup diameter; f,, = stirrup yield strength; 1 in. = 25.4 mm; 1 psi = 6.89 kPa; 1 ksi = 6.89 MPa; 1 kip = 4.45 kN; and 1 k-in. = 0.113 kN-m.

Table 2—Properties of reinforcing bars

Rib height
Bar designation* Yield strength, ksi |Nominal diameter, in.| Weight, Ib/ft | % light or heavy | Rib spacing, in. | ASTM, in. Average,Jr in.| Relative rib area
5C3 62.98 0.625 1.033 1.0%L 0.258 0.047 0.043 0.141
8COA 69.50 1.000 2.615 2.1%L 0.598 0.066 0.063 0.085
8NO 77.96 1.000 2.594 2.8%L 0.650 0.057 0.054 0.069
8C1 67.69 1.000 2.592 5.3%L 0.504 0.064 0.060 0.101
8F1 75.42 1.000 2.600 2.6%L 0.471 0.078 0.074 0.140
8N1 79.70 1.000 2.733 2.4%H 0.441 0.073 0.068 0.121
8N3 80.57 1.000 2.730 2.2%H 0.487 0.072 0.068 0.119
11NO 65.54 1.410 5.157 2.9%L 0.911 0.079 0.075 0.072
11BO 66.69 1.410 5.102 4.0%L 0.825 0.070 0.066 0.070
11F3 77.77 1.410 5.145 3.2%L 0.615 0.090 0.088 0.127

“Bar designation: No. AAB, No. = bar size (No. 5, No. 8, or No. 11); AA = bar manufacturer and deformation pattern; BO = conventional Birmingham Steel bars; CO = conventional
Chapparal Steel bars; C1, C3 = new Chapparal Steel bars; NO = conventional North Star Steel bars; F1, F3 = new Florida Steel bars; N1, N3 = new North Star Steel bars; B = letter
used if bar had same deformation pattern as reported by Darwin et al. (1996a), but were produced from different steel heat.

T Average rib height between longitudinal ribs.
Note: 1 in. =25.4 mm; 1 ksi = 6.89 MPa; 1 Ib/ft = 1.49 kg/m; and 1 mil = 0.0254 mm.

Beams were loaded continuously at a rate of approximately
3 kips (13.3 kN) per min until failure, with tests lasting 15
to 20 min.

SPECIMEN BEHAVIOR AND ANALYSIS OF TEST
RESULTS
Results and observations

Moments and maximum bar stresses in the splices at failure
are given in Table 1. The effects of beam self-weight and the
weight of the loading system are included. Bar stresses are cal-
culated using moment-curvature or ultimate strength methods,
as indicated in Table 1 and described in Appendix B."

Most of the specimens failed by splitting at the tension face
within the splice region. For members cast with normal
strength concrete, beams with splices that were not confined
by transverse stirrups failed suddenly, with a quick drop in
load after the peak. Beams with splices confined by stirrups
exhibited a more ductile behavior, with a slow drop in load af-
ter the peak. For members cast with high-strength concrete,
similar differences were observed between members without

"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 the time of request.
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and with stirrups. The high-strength concrete beams failed in a
more brittle manner than the normal-strength concrete beams.

The extent of concrete damage at the steel-concrete inter-
face depended on the concrete strength and bar deformation
pattern. Damage was more extensive near the discontinuous
ends of splices. For normal strength concrete, damage was
similar to that observed by Darwin et al. (1996a)—for con-
ventional bars, the concrete crushed between the bar ribs,
while for high R, bars, the concrete both crushed and
sheared. In general, the greater the confinement provided by
transverse reinforcement, the greater the damage at the inter-
face near the discontinuous ends of the spliced bars.

For high-strength concrete specimens without stirrups in the
splice region, the interface showed little or no concrete dam-
age. For bars confined by stirrups, concrete damage at the in-
terface was similar to that observed in normal strength
concrete beams, but the damage occurred over a longer region,
up to 3/4 of the splice length.

In matched pairs of specimens containing conventional
and high relative rib area bars confined by stirrups, the high
relative rib area bars produced higher splice strengths.
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Table 3—Effect of concrete properties on splice
strength of splices not confined by transverse
reinforcement

) Number of Test-prediction ratio”
Concrete tests  |Maximum | Minimum Average
NNL 35 1.25 0.90 1.00
NHL 6 1.06 0.98 1.01
HHL 4 1.00 0.88 0.96
NNB 2 1.15 1.06 1.11
HHB 9 1.27 0.99 1.13

*Concrete designation: SQA: S = strength (N = normal, H = high); Q = aggregate
quantity (N = normal, H = high); and A = aggregate type (L = limestone, B = basalt).
TTest—predicted splice strength ratio; test strength = Abf;/fc'.l/ 4, determined from test
results; predicted strength determined using Eq. (1); and predicted strengths for indi-
vidual specimens presented in Table A.5 of Appendix A.

Evaluation of test results

In previous work on high R, bars, Darwin et al. (1996a) ob-
served that the type of coarse aggregate significantly affects
splice strength for bars that are confined by stirrups. That
study did not address the effect of coarse aggregate type on the
splice strength of bars not confined by transverse reinforce-
ment nor the effect of coarse aggregate quantity.

Darwin et al. (1996b) found that the 1/4 power of the con-
crete compressive strength f;. characterizes the effect of con-
crete strength on splice strength for bars both confined and not
confined by transverse reinforcement. The earlier studies
(Darwin et al., 1996a) also showed that the additional
strength provided by confining steel T, normalized with
respect to f/ ', is a function of the effective transverse rein-
forcement NA,,/n, in which N is the number of transverse stir-
rups or ties in the splice region, A, is the area of each stirrup
or tie crossing the potential plane of splitting adjacent to the
reinforcing bars being developed or spliced, and n is the
number of reinforcing bars being developed or spliced along
the plane of splitting. The yield strength of the transverse re-
inforcement was found to have no measurable effect on 7
(Maeda et al. 1991; Sakurada et al. 1993; Azizinamini et al.
1995; and Darwin et al. 1996a, 1996b). The database used by
Darwin et al., however, included only a small number of
specimens made with high-strength concrete. Thus, with
more data available on high-strength concrete specimens, the
question arises as to whether or not the 1/4 power of f/. is still
appropriate for characterizing the contribution of concrete
strength to bond.

For the evaluations that follow, the current results are
combined with those reported by Choi et al. (1991), Hester
et al. (1993), and Darwin et al. (1996a) on splice specimens
similar to the current NNL concrete specimens (normal
strength concrete with a normal quantity of limestone coarse
aggregate). Specimens 8.3 and 10.5 tested by Darwin et al.
(1996a) contained NNB concrete (B = Basalt). The previous
test results are summarized in Tables A.2, A.3, and A.4 of
Appendix A” Strength evaluations are based on the assump-
tion that the total force in a bar at splice failure T} equals the
sum of a concrete contribution 7. and a transverse reinforce-
ment (steel) contribution Ty, T, =T, + T

Concrete contribution T—Using procedures described by
Darwin et al. (1996b) and a database consisting of 171 speci-
mens containing developed or spliced bars not confined by
transverse reinforcement (Chinn 1955; Chamberlin 1956,
1958; Ferguson and Breen 1965; Thompson et al. 1975; Zeka-
ny et al. 1981; Choi et al. 1991; Hester et al. 1993; Rezansoff
et al. 1993; Azizinamini et al. 1993; Hatfield et al. 1996; Dar-
win et al. 1996a; Zuo and Darwin 1998) with concrete
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strengths ranging from 2610 to 15,650 psi (18.0 to 107.9 MPa),
the ultimate bond force for bars not confined by transverse re-
inforcement 7. can be expressed as (Zuo and Darwin 1998)

T _ A
= ZB8 = [59.81,(c,,, +0.5d,) + 23504, ]
e fe 0
c
(0.1 LA 0.9)
Coin
where
Ay = single spliced bar area, in.2;
I = bar stress at failure, psi;
v = concrete compressive strength, psi; f/ 14 bsi
l; = splice or development length, in.;
Cmin» Cmax = Minimum or maximum value of ¢, or
¢p (Conax!Cmin < 3.5), 1n.;
Cy = min (c; + 0.25 in., ¢,) in.;
Cyi = 1/2 of clear spacing between bars, in.;
Csor Cpy = side or bottom cover of reinforcing bars, in.;
and
d = bar diameter, in.

This expression differs somewhat from that obtained in the
earlier studies (Darwin et al. 1996a, 1996b) in that the coeffi-
cient for /; has decreased from 63 to 59.8 and the coefficient
for A, has increased from 2130 to 2350. As before, f, '/ best
represents the effect of compressive strength bond strength.
The database used to establish Eq. (1) includes an additional
38 beams, compared to that used by Darwin et al. (1996b),
and an increase from 7 to 19% in the portion of the tests rep-
resenting high-strength concrete (/. > 8000 psi [55 MPa]). A
comparison of the test and predicted strengths for the beams
used to establish Eq. (1) is presented in Table A.5 of Appen-
dix A”. The mean test-prediction ratio is 1.00, with a coeffi-
cient of variation (COV) of 0.104, compared to 1.00 and
0.107 obtained by Darwin et al. (1996b) for the smaller da-
tabase. Test-prediction ratios based on Eq. (1) are used to
evaluate the effects of concrete properties on splice strength.

Effects of concrete properties on splices without
transverse reinforcement

Specimens without stirrups within the splice region in-
clude 35 containing NNL concrete (nine from the current
study, 12 from Darwin et al. [1996a], eight from Choi et al.
[1991], and seven from Hester et al. [1993]), two containing
NNB concrete (Darwin et al. 1996a), six containing NHL
concrete, four containing HHL concrete, and nine containing
HHB concrete.

Effect of coarse aggregate—Table 3 summarizes the range
and mean of the test-prediction ratios for the splices not con-
fined by stirrups. The results show no measurable difference
in the test-prediction ratios for concrete containing the same
type of coarse aggregate, regardless of coarse aggregate con-
tent or concrete strength, but do show a difference based on
the type of coarse aggregate. The average test-prediction ra-
tios range from 0.96 to 1.01 for the concretes containing
limestone, compared with 1.10 and 1.13 for the concretes
containing basalt. This observation can be explained based on
studies by Kozul and Darwin (1997) and Barham and Darwin
(1999), using the same coarse aggregates, which show that
concretes containing basalt yield only slightly higher flexural

"The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanantly on file, at a charge equal to the cost of reproduction
plus handling at the time of request.
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Fig. 2—Test-prediction ratio versus concrete compressive
strength £/ for splices not confined by transverse reinforce-
ment in concrete containing basalt and limestone coarse
aggregates, using dummy variable analysis based on type of
coarse aggregate (1 psi = 6.89 kPa).

strengths but significantly higher fracture energies (more than
two times higher) than concrete of similar compressive
strength containing limestone for all compressive strengths
evaluated (2920 to 14,320 psi [20 to 99 MPa]). The higher
fracture energy provided by the basalt results in an increased
resistance to crack propagation that delays splitting failure
and increases splice strength.

Effect of concrete strength—Figure 2 compares test-predic-
tion ratios to concrete strength for splice specimens contain-
ing limestone and basalt coarse aggregate. The best-fit lines
are based on a dummy variable regression analysis that limits
the effect of the different number of tests carried out for nor-
mal and high-strength concrete with each aggregate. The
best-fit lines are nearly horizontal, and the intercept of the
line for specimens containing basalt is approximately 15%
greater than that for the specimens containing limestone.

Because the predictions used are based on Eq. (1), these
observations illustrate that, on average for the specimens
shown, f/ 1/4 provides an unbiased representation of the ef-
fect of concrete strength on bond and, as demonstrated in
Table 3, stronger coarse aggregates produce higher splice
strengths. A comparison of test/prediction ratio versus
S for all 177 specimens used to develop Eq. (1) also produc-
es a horizontal best-fit line (Zuo and Darwin, 1998). In con-
trast, if Eq. (1) is replaced by an expression based on \/ft’ , the
best-fit lines (for both the data shown in Fig. 2 and the full da-
tabase) slope sharply down, indicating that such a relation-
ship progressively overpredicts bond strength as f; increases.

Effects of concrete properties on splices with
transverse reinforcement

To investigate the effects of concrete properties on the
strength of splices confined by transverse reinforcement, the
additional bond force due to confinement provided by trans-
verse reinforcement 7 is obtained by subtracting 7. (calcu-
lated using Eq. (1)) from the experimentally determined total
bond force T},. Initially, comparisons of T,/f, 1/* with NA,,/n
are used to evaluate the effect of concrete properties on 7 for
the specimens tested in this study, plus those tested by Hester
(1993) and Darwin et al. (1996a).

Effect of coarse aggregate—Figure 3 compares TJ/f/. 14
versus ¢,NA,,/n for No. 8 (No. 25) conventional bar splices in
normal and high-strength concretes containing normal and
high quantities of limestone coarse aggregate. The term ¢, =
9.6 R, + 0.28 (Darwin et al. 1996a) represents the observed

ACI Structural Journal/July-August 2000

7OOO||||||||||1|1||J/|

No. 8 Conventional Bars /// e
6000 — Concrete ‘e\\e\\/«// 7
b
—a— NNL > = _
~. 5000~ T_8”_ N e A
c —A—  HML P -7
4000~ ~——~¥-—-  HHL e W —
< e -
¥ 3000
~
'_.
2000 |~
1000 —
7,
0 —

H l I l 1 I L | 1 I | | ],
00 02 04 06 08 10 12 14 16 18 20

trNAtr/n, in.2

Fig. 3—Increase in bond force T, normalized with respect to
£l Y4 versus t.NA/n for No. 8 (No. 25) conventional bars
in normal (N) and high-strength (H) concrete containing
normal (N) quantities of limestone (L) coarse aggregate,
showing contributions to splice strength as function of con-
crete strength and quantity of coarse aggregate (1 in. =
25.4 mm).
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Fig. 4—Increase in bond force Ty normalized with respect to
£l V4 versus NA/n for No. 8 (No. 25) conventional bars in
normal (N) and high-strength (H) concrete containing nor-
mal (N) quantities of coarse aggregate, as affected by
coarse aggregate type (basalt [B] or limestone [L]) and rel-
ative rib area (1 in. = 25.4 mm).

effect of relative rib area on 7. Using 7, as a parameter elim-
inates the effect of small differences in relative rib area (R,
ranges from 0.065 to 0.085) from the analysis.

Figure 3 shows that T/f/ 14 i higher for concretes con-
taining high quantities of coarse aggregate (NHL and HHL)
than for the concretes containing normal quantities (NNL
and HNL), demonstrating that the quantity of coarse aggre-

gate can have a measurable effect on 7.

TJf! 14 is compared with NA,,/n in Fig. 4 for conventional
and high R, No. 8 (No. 25) bars cast in normal strength con-
cretes containing normal quantities of limestone and basalt
coarse aggregate. Note that 7, is not used as a parameter in this
comparison. The figure shows that T/f/ 4 s higher, the
higher the relative rib area of the bar. The figure also shows
that, for all bar patterns, T/f/ 174 4 higher for concrete con-
taining basalt than for concrete containing limestone, match-
ing the earlier observations (Darwin et al. 1996a). Similar
results are obtained in the current study for bars cast in

high-strength concrete (Zuo and Darwin 1998).

635



100 T T T T T T T T T
o NSC
v Bor = HSC
= NSC + HSC
I~ 60 0.92 -
0
*
e 40 -
20 -

o) | | | { 1 | | 1 4
0.0 02 04 06 08 10 1.2 1.4 16 18 20
NAy/n, in?

(a)

o 1 1 1 | | L 1 1 1
00 02 04 06 08 10 1.2 14 16 1.8 2.0

NAy/n, in2

(b)

Fig. 5—Increase in bond force due to transverse reinforce-
ment T normalized with respect to £ P versus NA/n for
No. 8 (No. 25) high relative rib area bars (8N3): (a) p = 3/
4; and (b)p = 1/4 (1 in. = 25.4 mm).

Effect of concrete strength for current tests—Figure 3
shows that, for conventional bars, T/f/ 4 s higher for
high-strength concrete than for normal strength concrete.
Similar results are obtained for high R, bars (Zuo and Darwin
1998). These observations indicate that a power of . greater
than 1/4 is needed to accurately characterize the effect of
concrete strength on 7.

To capture what might be referred to as the main behav-
ior, powers p of /. equal to 1/4, 1/2, 3/4, and 1.0 were eval-
uated. To limit the number of variables, comparisons were
initially made only for members containing limestone
coarse aggregate. The test results for No. 8 and 11 (No. 25
and 36) high R, bars, 8N3 (R, = 0.119) and 11F3 (R, =
0.127), and No. 8 (No. 25) conventional bars were used for
this purpose. For each bar, T normalized with respect to f/ ¥
is plotted versus NA,,/n, as illustrated for 8N3 bars and two
values of p in Fig. 5a and 5b. The best-fit lines for each value
of p are then determined.

In general, the closer the coefficient of determination r
is to 1.0 for a best-fit line, the better the correlation between
TJf/? and NA,/n, which, in turn, indicates the better value
of pto characterlze the effect of concrete strength on 7. The
values of r? for the different values of p are summarlzed in
Table 4. The results show that p = 3/4 produces the hrghest
r? for the high R, bars: % = 0.92 for 8N3 bars, and r2=0.66
for 11F3 bars. p = 1.0 produces the highest r 2(0.71) for the
conventronal No. 8 (No. 25) bars. For all three bar patterns,

= 1/4 produces the lowest r 2 values (0.76 for 8N3 bars, 0.57
for 11F3 bars, and 0.48 for conventional No. 8 [No. 25] bars).

2
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Table 4—Coefficients of determination r2 for best-
fit lines of T, /f; versus NA;/n for high relative rib

area and conventional bars

No. of tests 2
Bar designation” NSCT | HSC* |p=1/4p=12|p=3/4|p=1
Conventional No. 8 23 9 0.48 | 0.58 | 0.66 [0.71
8N3 5 10 0.76 | 0.90 | 0.92 |0.87
11F3 11 2 0.57 | 0.63 | 0.66 |0.66

"Notation of bar designation is same as in Table 2.
Normal strength concrete containing coarse aggregate; f;. < 8000 psi.
jr‘High—slrength concrete containing limestone coarse aggregate; 8000 psi < f, <

16,000 psi.
Note: 1 psi = 6.895 kPa.

Table 5—C;, Cy, t, 4, and r? for different values of p

P G G 4 1y 2

1/4 1977 455 T9R,+041 0.87d,+0.13 | 0.787
12 247 40.4 8.8 R, +0.34 0.83d,+0.17 | 0.836
3/4 30.9 3.59 9.6 R.+0.28 0.78 d, +0.22 | 0.858
1.0 | 3.823 | 0322 | 103R,+023 | 0.73d,+0.27 | 0.860

*Power of concrete compressive strength f7. used to normalize additional bond force
provided by transverse reinforcement 7.

fCoefficient of determination of best-fit line.

TJf. P for 8N3 bars is plotted versus NA,/n in Fig. 5(a)
and (b) for p = 3/4 and 1/4, respectively. The frgures show
that when 7 is normalized with respect to fC the data
points for hrgh strength and normal strength concrete over-
lap, resulting in a hi A%her value of 2. When T, is normalized
with respect to fC , the normalized bond forces are higher
for high-strength concrete than for normal strength concrete.

Effect of concrete strength using database—Overall, the
best power of f/ to characterize the effect of concrete
strength on T involves consideration of two other variables:
bar diameter dj,, and relative rib area R,. Following proce-
dures used by Darwin et al. (1996a), an analysis was per-
formed (Zuo and Darwin 1998) with a database consisting
of 163 development and splice tests from the U.S. and Can-
ada (Mathey and Watstein 1961; Ferguson and Breen 1965;
Thompson et al. 1975; Zekany et al. 1981; DeVries et al.
1991; Hester et al. 1993; Rezansoff et al. 1991, 1993; Aziz-
inamini 1995; Darwin et al. 1996a; and Zuo and Darwin
1998). The linear relationships producing the best match
with the data for each value of p are expressed as

I _ C (t.t )N——A”+ C )
- 1\ rhd 2
P n
fe

The coefficients, Cy, C», t,, and t;, and the coefficients of
determination r~ are summarized in Table 5 for the four values
of P In each case, t, increases linearly with relative rib area, and
’d 1ncreases hnearly with bar diameter. r? is highest (0.860) for

= 1.0. r* (0.858) is just sh% tly lower for p = 3/4. p = 1/4
produces the lowest value of r~ (0.786).

As the next step, for each value of p, Eq. (2) is combined with
Eqg. (1) to obtain predicted strengths. The predicted strengths
and test-prediction ratios for the 163 specimens are summarized
in Table A.6 of Appendix A. “The average of the test-prediction

“The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanantly on file, at a charge equal to the cost of reproduction
plus handling at the time of request.
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ratios is 1.0 for all four values of p. The least scatter in the re-
sults, as indicated by the COV, is obtained for p = 1/2, for which
the COV =0.116. p = 3/4 and p = 1/4 provide COVs of 0.120
and 0.122, respectively; while p = 1.0 has the highest COV
(0.132). The values of COV reflect the accuracy of the predic-
tions for the overall database, while the values of > reflect the
goodness of fit between each expression and the data.

The best value of p for characterizing the effect of concrete
strength on 7T should provide not only alow COV and a high

, but unbiased predictions for both normal and
high-strength concrete. This means that, for the appropriate
value of p, the best-fit line of the test-prediction ratio versus
f¢ should be horizontal. The best-fit lines for the four values
of p are plotted in Fig. 6(a). The figure shows that the slope
of the lines decreases with an increase in the value of the
power of p. p = 3/4 gives the smallest positive slope and a
line that is nearly horizontal, while p = 1.0 gives a negative
slope. Thus, of the four values of p, p = 3/4 gives the least bi-
ased predictions of bond strength based on concrete strength.
p = 1.0 overestimates bond strength for bars in high-strength
concrete. The results in Fig. 6(a) suggest that the best value of
p may be slightly higher than 0.75.

As another check on the value of p and the accuracy of Eq. (1)
and (2), an independent set of 33 splice specimens tested by Ka-
doriku (1994) was analyzed. For this series, f; ranged from
3070 to 10,980 psi (21.2 to 75.7 MPa), and a single bar diameter
of 19 mm was used. Because R, was not reported, a value of R,
= (.748 (the mean value for No. 6 [19 mm] conventional bars
[Darwin 1996b]) i is used. The analysis (summarized in Table
A.7 of Appendix A") indicates that p = 3/4 provides the lowest
COV (0.085) for the 33 specimens. The best-fit lines for test-
prediction ratios using the four values of p are plotted versus f;.
in Fig. 6(b), and show the same characteristics as in Fig. 6(a): p
= 3/4 provides a nearly horizontal line, with the smallest posi-
tive slope, while p = 1.0 gives a negative slope. Thus, among the
values of p evaluated, p = 3/4 is the most appropriate for use in
characterizing the effect of concrete strength on 7. For simplic-
ity and convenience, p = 3/4, (rather than a possibly more pre-
cise, slightly higher value) is selected for the next step.

DESIGN EXPRESSIONS
To take full advantage of the data available, the 33 tests by
Kadoriku (1994) are combined with the initial 163 tests to
obtain a best-fit expression for the contribution of transverse
reinforcement to splice strength

TS

_ NAtr
= 31.141,1, 3)
n

¢

with 72 = 0.856.

Combining Eq. (1) with (3) gives an expression for total
bond force

T, _T.+T, _ A,
174 174 174

e e e

= “

[59.81,(c

min

+0.5d,) +2350A b](O.IC’"‘”‘ + 0.9)

min

(31 14t td ’1/2
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Fig. 6—Best-fit lines for test-prediction ratios correspond-
ing to powers of t{ (p = 14, 1/2, 3/4, and 1.0), versus com-
pressive strength f(: (a) initial comparison; and (b)
independent comparison for specimens tested by Kadoriku
(1994) (1 psi = 6.89 kPa).

A comparison of the test and predicted strengths for the
beams in the database in which the bars are confined by
transverse reinforcement is presented in Table A.8 of Ap-
pendix A* and Fig. 7. The mean is 1.00, and the COV is
0.115. (By way of comparison, Darwin et al. [1996b] ob-
tained values of 1.01 and 0.125.)

Dropping the intercept 3.99 in Eq. (4), substituting /,/s for
N, where s = stirrup or tie spacing, and solving for develop-
ment/splice length /; in terms of A;, and d,,, respectively, gives

f Coman 4)
Ayl = (0.1 max 0.9)
, 174 C. .
_ fc min

l; =

Crnax rtdA 2172
59.8[(cmm+0.5db)(0.1 +o.9) 40,524 0y }

min

ffM - 2350(0.1C—"1—“X + 0.9)
ld fc, Cmin (6)
d, 76.1(C+K")
d

b
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Fig. 7—Experimental bond force Ty, = Ayfg normalized with respect to fé1/4 versus pre-

dicted bond strength, based on Eq. (4) (1 in. = 25 mm).

in which K, = (0.52¢,2,A,/sn) f. 2, 1, = 9.6R, + 0.28, 1, =
0.78dy, + 0.22, 1;/d;, = 16, ¢ = (¢, + 0.5dp)(0.1 ¢/ Cnin +
0.9) and (c + K,,)/d}, < 4.0. ¢, and c,,;,, are defined follow-
ing Eq. (1). For conventional bars, the average value of R, is
0.0727 (Darwin et al. 1996a, 1996b), which allows K, to be
expressed in a somewhat simgler and slightly conservative
form as K, = (0.5t,A,,/sn) f; 2. The limits on l,/d), and (c +
K,)/d), insure that a splitting failure, rather than a pullout fail-
ure, will govern bond strength (Darwin et al. 1996b; and Zuo
and Darwin 1998).

The final step required to convert Eq. (6) to a design ex-
pression involves the application of a strength reduction ¢
factor. Using the LRFD approach described by Darwin et al.
(1998), a value of ¢ = 0.90 is obtained (Zuo and Darwin
1998), matching the value calculated by Darwin et al. (1998)
using a smaller database.

Multlplylng the rlghF side of Eq. (4) by 0.9, setting f; = f,
and solving for /,/d}, gives

ho_ 2100(0.1 Cmax | 0.9)
,1/4 c .
l_d _ fc min (7)
d, c+K,,
68( )
db

For design purposes, Eq. (7) can be conservatively simpli-
fied by setting c,,,./C;nin = 1.0 and dropping the 0.25 term in
the definition of the effective value of c; (refer to Eq. (1)),
which gives

5,
,1/4
N ®)

d, 68(C -;K,r)
b

Equations (7) and (8) may be applied for bottom-cast de-
veloped and spliced bars in normalweight concrete (Darwin
et al. 1996b, 1998; and Zuo and Darwin 1998). Because the
database used to develop the expressions consists of 90%
splice specimens and 10% development length specimens,
the 1.3 factor for Class B splices used in ACI 318-99 is not
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needed. The two equations are similar to the equations devel-
oped by Darwin et al. (1996b); the expressions differ in the
values of the constants in the numerator and denominator
(2100 versus 1900 and 68 versus 72, respectively) and the
definition of K, (Darwin et al. [1996b] used K, = 35.51,1,A,,/
sn). In the earlier work, the 1/4 power of f; was used to char-
acterize the effect of concrete strength on 7', based on a data-
base that included only a small number of specimens cast
with high-strength concrete. Because the 1/4 power of f/ is
the same as used to normalize T, the earlier K, term is a
function only of bar size, relative rib area, and confining
transverse reinforcement. The two values of K, are equal for
fé =4660 psi (32 MPa).

COMPARISON WITH ACI 318-99
Equations (7) and (8) are generally similar in format to
Eq. (12-1) in ACI 318-99, which for bottom-cast, uncoated
bars in normalweight concrete is

a_3h v )

d, 40@( ;K,,)
b

in which y = 0.8 for No. 6 (No. 19) and smaller bars and =
1.0 for No. 7 (No. 22) and larger bars, K, = A,f,,/(1500sn),
Syt = yield strength of transverse reinforcement, c is as de-
fyined for Eq. (8), and (c + K,,)/d}, < 2.5.

The application of Eq. (9) differs from the application of
Eq. (7) and (8) in three ways: 1) Eq. (9) distinguishes No. 6
(No. 19) and smaller bars from larger bars using the y term,
leading to a 20% drop in development/splice length for the
smaller bars; 2) the K;, term in Eq. (9) includes the yield
strength of the transverse reinforcement f,;,, even though test
results show that f,; has no effect on bond strength; and 3)
the development length /; calculated using Eq. (9) must be
increased by 30% for Class B splices (splices in which the
area of steel provided is less than two times the area of steel
required or where more than 50% of the steel is spliced). /;
in Eq. (9) is used without modification for developed bars
and Class A splices (splices for which the area of reinforce-
ment provided is at least twice that required by analysis and
1/2 or less of the total reinforcement is spliced).
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Fig. 8—Comparisons of test-prediction ratio distributions
using ACI 318-99, Eq. (7) and Eq. (8) for specimens contain-
ing: (a) No. 7 (No. 22) and larger bars; and (b) No. 6 (No. 19)
and smaller bars without confining transverse reinforcement.

The relative economy and safety of the ACI criteria and
those represented by Eq. (7) and (8) can be obtained by com-
paring the strengths predicted by the equations with test re-
sults in the database maintained by ACI Committee 408.
Because of the effect of R, on K, (Eq. (7) and (8)), only tests
of conventional reinforcement are used for bars confined by
transverse reinforcement. The comparisons are presented in
Tables A.9 and A.10 of Appendix A" and summarized in Ta-
ble 6 and Fig. 8 and 9. The predicted strengths do not include
the 1.3 Class B splice length factor required by ACI 318-99,
and the comparisons for Eq. (7) and (8) are made using K, =
(0.514A,,/sn) f. 2. Comparisons are limited to test specimens
with development/splice lengths > 12 in. and, for bars con-
fined by transverse reinforcement, /;/d;, = 16. Separate results
are presented for No. 7 (No. 22) and larger bars and No. 6 (No.
19) and smaller bars to show the effect of the y factor. Overall,
the comparisons with ACI 318 show greater scatter and a sig-
nificantly greater number of low test-prediction ratios than
those obtained with Eq. (7) or (8), especially for No. 6 (No.
19) and smaller bars.

Bars without transverse reinforcement

For No. 7 (No. 22) and larger bars without confining re-
inforcement (Fig. 8(a)), the test-prediction ratios range
from 0.64 to 2.37 for ACI 318, compared with 0.85 to 1.45

“The Appendix is available in xerographic or similar form from ACI headquarters,
where it will be kept permanantly on file, at a charge equal to the cost of reproduction
plus handling at the time of request.
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Fig. 9—Comparisons of test-prediction ratio distributions
using ACI 318-99, Eq. (7) and Eq. (8) for specimens contain-
ing: (a) No. 7 (No. 22) and larger bars; and (b) No. 6 (No. 19)
and smaller bars with confining transverse reinforcement.

for Eq. (7), and 0.85 to 1.73 for Eq. (8). The average test-pre-
diction ratios are 1.22, 1.12, and 1.20, which translates into
slightly longer development and Class A splice lengths for
ACI 318 than for Eq. (7) and (8). Because of the 1.3 factor,
Class B splice lengths are considerably longer for ACI 318.
In terms of safety, not only are the lowest test-prediction ra-
tios much lower for ACI 318, but 16% of the test-prediction
ratios are less than 1.0, compared with 10 and 9% for Eq. (7)
and (8), respectively.

For No. 6 (No. 19) and smaller bars (Fig. 8(b)), the average
test-prediction ratios range from 0.78 to 1.78 (mean = 1.22)
for ACI 318, from 0.96 to 1.41 (mean = 1.15) for Eq. (7), and
from 1.08 to 1.55 (mean = 1.27) for Eq. (8), indicating that,
on average, ACI 318 development lengths are between the
values for Eq. (7) and (8). In terms of safety, 32% of the test
specimens have test-prediction ratios less than 1.0 when
evaluated based on ACI 318, compared with 5 and 0% for
Eq. (7) and (8), respectively.

Bars with transverse reinforcement

For bars confined by transverse reinforcement, the test-
prediction ratios for No. 7 (No. 22) and larger bars (Fig. 9(a))
range from 0.85 to 2.19 (mean = 1.34) for ACI 318, from
0.91 to 1.60 (mean = 1.18) for Eq. (7), and from 0.94 to 1.94
(mean = 1.26) for Eq. (8). In this case, ACI 318 requires
greater average development lengths than Eq. (7) or (8). In
terms of safety, 10% of the comparisons with ACI 318 have
test-prediction ratios below 1.0, versus 13 and 7% for Eq. (7)
and (8), respectively.
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Table 6—Test-prediction ratios obtained with ACI 318-99 (Eq. (9)) and

proposed expressions (Eq. (7) and (8))*

Beams without transverse Beams with transverse
reinforcement reinforcement
Test-prediction ratio Test-prediction ratio
Test Test Test Test Test Test
ACI 318 | Eq.(7) Eq.(8) | ACI318 | Eq.(7) Eq. (8)
Maximum 2.37 1.45 1.73 2.19 1.60 1.94
Minimum 0.64 0.85 0.85 0.85 091 0.94
No. 7 (No. 22) Average 1.22 1.12 1.20 1.34 1.18 1.26
and larger bars cov 0.24 0.10 0.14 0.23 0.14 0.18
teﬁ?;;‘;;"f‘?o 16% 10% 9% 10% 13% 7%
Maximum 1.78 141 1.55 1.81 1.61 1.61
Minimum 0.78 0.96 1.08 0.70 0.94 1.07
No. 6 (No. 19) Average 1.22 1.15 1.27 1.00 1.27 1.35
and smaller bars cov 0.22 0.10 0.11 021 0.10 0.1
te‘sf;;‘;;"f‘{‘.o 32% 5% 0% 59% 3% 0%

“For specimens with conventional reinforcement in ACI Committee 408 database.

Finally, for No. 6 (No. 19) and smaller bars with confining
transverse reinforcement (Fig. 9(b)), the test-prediction ratios
range from 0.70 to 1.81 (mean = 1.00) for ACI 318, from 0.94
to 1.61 (mean = 1.27) for Eq. (7), and from 1.07 to 1.61 (mean
= 1.35) for Eq. (8). The low average test-prediction ratio for
ACI 318 is not a sign of economy, but results from the fact that
59% of the test-prediction ratios are less than 1.0. This com-
pares with 3 and 0% for Eq. (7) and (8), respectively.

Safety and economy

The high percentage of test-prediction ratios less than 1.0
obtained with ACI 318-99 for No. 6 bars and smaller raises
significant concerns for the level of safety provided by current
design criteria for development/splice length, and demon-
strates a lack of justification for using y = 0.8 for smaller bars.
The comparisons also illustrate that application of Eq. (7) and
(8) not only produce, on average, somewhat shorter develop-
ment lengths and significantly shorter splice lengths than Eq.
(9), but that they provide a safety margin that is superior to
that provided by the criteria in ACI 318-99.

But why are there no failures>—The question arises as to
why failures have not occurred if the safety margin is as low
as indicated in this analysis for No. 6 (No. 19) and smaller
bars. There are several reasons. First, ACI 318-99 requires that
the development lengths calculated using Eq. (9) be increased
by 30% for Class B splices. The extra splice length more than
makes up for using y = 0.8. Second, for developed bars and
Class A splices, structures are designed with load factors and
capacity reduction factors for flexure, axial load, and shear
that provide protection. Third, structures rarely see the val-
ues of live load specified in the statutory building codes.
Happily, these factors help cushion the effects of the shorter
development lengths for the smaller bars. The overall result
is a smaller margin of safety for No. 6 (No. 19) and smaller
bars than obtained for No. 7 (No. 22) and larger bars. Con-
sidering the large percentage of low test-prediction ratios, it
would be wise to use Y= 1.0 for all bar sizes.

SUMMARY AND CONCLUSIONS
Sixty-four splice specimens are used to investigate the ef-
fects of concrete properties on the splice strength of high rel-
ative rib area and conventional reinforcing bars. Bar relative
rib areas range from 0.069 to 0.141. Concrete mixtures with
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strengths ranging from 4250 to 15,650 psi (29 to 108 MPa)
and quantities of limestone and basalt coarse aggregate rang-
ing from 1586 to 1908 Ib/yd> (941 to 1132 kg/m?) are used.
Test results from this study are combined with the results of
previous studies.

Development/splice design equations are developed for
uncoated reinforcing bars based on a database including 196
specimens containing bars confined by transverse reinforce-
ment and 171 specimens containing bars not confined by
transverse reinforcement. The design equations account for
the effects of member geometry, bar size, relative rib area,
confinement provided by transverse reinforcement, and con-
crete strength. A reliability-based strength reduction ¢ factor
is incorporated in the design expressions. The design expres-
sions are then compared with the development criteria in
ACI 318-99 using the ACI Committee 408 database.

The following conclusions are based on the test results and
analyses presented in this paper:

1. Concrete with stronger coarse aggregate provides high-
er splice strength under all conditions of confinement;

2. For splices confined by transverse reinforcement, the high-
er the quantity of coarse aggregate in the concrete, the greater
the contribution of transverse reinforcement to splice strength;

3. For splices not confined by transverse reinforcement,
I 14 pest characterizes the effect of concrete strength on
splice strength. f/ 34 characterizes the effect of concrete
strength on the additional splice strength provided by trans-
verse reinforcement;

4. The splice strength of bars confined by transverse re-
inforcement increases with an increase in relative rib area
and bar diameter;

5. The expressions characterizing the splice strength of re-
inforcing bars presented in this paper accurately represent
the development/splice strength of bottom-cast uncoated
bars as a function of member geometry, concrete strength,
relative rib area, bar size, and confinement provided by both
concrete and transverse reinforcement; and

6. The new design expressions are superior to the design cri-
teria in ACI 318-99 in terms of both safety and economy. The
criteria in ACI 318-99 for developed bars and Class A splices
are unconservative for No. 6 (No. 19) and smaller bars.
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