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Development/Splice Length of Reinforcing Bars

by M. Reza Esfahani and M. Reza Kianoush

This paper presents an equation to cal culate the required devel opment/
splice length of reinforcing bars. The equation is based on previous
studies on bond between normal-strength concrete (NSC) and
high-strength concrete (HSC) and reinforcing bars. The previous
proposed equation to predict the bond strength has been modified
to account for the effect of rib properties of reinforcing bars. Also,
a new parameter to account for the effect of transverse reinforcement
(TR) on bond strength has been introduced. The comparison
between the results of 284 available testsin cases of NSC and HSC
shows that the new proposed model correlates very well with the
test results. Using the proposed equation for bond strength, an
equation to calculate the development/splice length has been
derived. The equation requires providing some amounts of TR
along the development/splice length. By providing the calculated
value of TR, the proposed devel opment/splice length would result
in adequate ductility for beams with spliced bars. The proposed
procedure correlates well with the test results.

Keywords. bond; concrete; development length; reinforcement; rib; splice;
transverse reinforcement.

INTRODUCTION

Recent studies on bond between concrete and reinforcing
bars have resulted in a significant improvement to our
knowledge on bond behavior. The effect of admixtures of
silica fume and high-range water-reducing admixtures on
bond strength, bond of lightweight aggregate concrete and
high-strength concrete (HSC), and the influence of rib prop-
erties of reinforcing bars have been Widely investigated.
Using the results of these studies, new reinforcing bars with
improved rib properties have been manufactured.?> The
studies have also resulted in some new semi- analbytlcal and
empirical models for predicting bond strength.1® The new
reinforcing bars with improved bond strength and the new
proposed models to calculate the development/splice length
will yieldin thereduction of steel barsin structural members,
especialy in the congested beam-column joints of concrete
structures. The congestion of steel bars has created serious
problems in the construction of HSC structural members
with small dimensions.

The ductility of beams with spliced bars is another
problem that has been in focusin recent ¥ears Experimental
studies conducted by Azizinamini et al.”° have shown that
the requirements of the ACI Code regarding the flexural
ductility of beams with spliced bars may not be satisfied
because of the brittle behavior of bond failure. It has been
shown that some amount of transverserei nforcement (TR) is
needed to provide the ductility requirements.® The im 3provmg
effect of TR on bond strength has al so been studied.

Regarding the effect of admixtures of silica fume and
high-range water-reducing adm|xtures, there are some
contradictionsin different studies.®>12 There are also contra-
dictions when bond strength of Ilghtwelght concrete is
compared with that of normal concrete. 1316 |h a discussion,1?
thefirst author has explained the reasons for the contradictions.
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It has been shown that silica fume does not have a negative
effect on bond strength. Also, the bond strength of lightweight
concrete may not be less than that of normal concrete.

For the case of HSC, it has been shown that most code
provisions and proposed equations previously presented for
normal-strength concrete (NSC) overestimate the bond
strength of HSC. Thishasled to the conclusi on that the bond
strength of HSC is smaller than that of NSC.Y To compare
the results of NSC with those of HSC, past researchers used
normalized bond strength with respect to the square root of
concrete compressive strength, that is, u/(f¢ ) "whereuis
equal to A, fs/ndyl at failurein atest, and ! is the concrete
compressive strength. Ay is the bar area, fq is the stressin a
reinforcing bar at failure, dy, is the bar diameter, and L isthe
embedded Ien%jth of a bar in concrete. In two separate
discussions,* it has been shown that the contradiction
between the results of different studies on bond strength is
because of the following problems:

1. The concrete compressive strength of specimens has
generaly been different in each study. This is the reason
researchers have used the normalized bond strengths as
mentioned previoud a/ and compared them in different tests. As
previously shown,'¥ however, the normalized bond strength
may not be independent of the concrete compressive strength;

2. In full-scale beam tests, the bond stress distribution
influences the bond strength.5'6 This effect has not been
considered by many researchers; and

3. The scatter in the bond strength test results is naturally
significant. Therefore, the number of specimens tested by
past researchers has not been adequate to beableto reach an
acceptable conclusion. In asem analytical study conducted
by Esfahani and Rangan 0 it was shown that,
depending on the development/sgllce length of the rein-
forcing bar, the value of w/(f{ ) for HSC may be either
larger or smaller than that for NSC. For short lengths, the
normalized value of u/(f¢)"2 of HSC is usually larger than
that of NSC.1® With increasing the development/splice
length, the value of u/(f¢) 12 decreases for HSC due to the
decrease in uniformity of bond stress distribution over the
reinforcing bar embedded in HSC. For a larger length, the
vaue of u/(f¢ ) may be smaller for the case of HSC.

Recently, Zuo and Darwin® proposed a statistically based
expression to calculate the bond strength for NSC and HSC.
The expression includes the effect of TR and the rib properties
of reinforcing bars on bond strength. This expression correlates
well with available test results. The effect of TR on bond
strength has also been studied by Esfahani and Rangan.
Based on their study, they modified their previous equation®
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to include the effect of TR on bond strength.2 Azizinamini
et al.”® have shown theimportance of TR on the strength and
ductility of beams having spliced bars. They depicted that the
ACI Codeductility requirements of flexural beamsmay not be
satisfied in the beams with spllced bars unless some TR is
provided along the spliced bars.® Also, they proposed an
equation to calculate the TR along the spliced bars requwed
for the strength and ductility of flexural beams. Esfahani'®
discussed the possible effects of different parameters on the
ductility of flexural beamswith spliced bars. It was shown that
the required amount of TR to insure the appropriate ductility
may depend on other bond parameters.®

RESEARCH SIGNIFICANCE

This paper discusses the effect of different parameters on
the bond strength and ductility of beams. The previous
equation® to calculate the bond strength of spliced bars and
development lengths is modified. The modified equation
accountsfor the effect of rib properties of reinforcing barson
bond strength. Based on the proposed equation, a simple
equation to predict the splice/development length of
embedded bars is derived. To prevent a brittle bond failure
along the splice/devel opment length, the required amount of
TR is calculated. The amount of TR changes with cover
thickness, development/splice length, relative rib area of
steel bars, concrete compressive strength, and longitudinal
bar diameter. The equation can be used for NSC and HSC.

PREVIOUS EQUATONS FOR
BOND STRENGTH CALCUATION
Based on studies by Esfahani and Rangan,5*6*19 an equa-
tion to calculate the bond strength between concrete and
reinforcing bars in cases of NSC and HSC was presented.
The equation is given by

C
u = u LM (488 g17=med) 1)
1.85 + 0.024./M c
where
C/d,+05
u. = 2.7————/f! for normal-strength concrete (2
¢~ /g, +36V g @)
C/d,+05 .
u. = 4.7———— /f ' for high-strength concrete (3

M = cosh(0.00ZZL /32'&} ()
o)
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Fig. 1—Bond strength parameters.

where C,,q is the median of C,, C,, and (Cg+ dp)/2; and C
isthe minimum of C,, Cy, and (Cs + dp)/2. C, and Cy are the
side cover and bottom cover of reinforcing bars in mm,
respectively; Cs is the spacing between spliced bars in mm;
dy, isthe bar diameter in mm; L is the length of the splice in
mm; and f¢ is the compressive strength of concrete in MPa.
The parameters u and u. in Eq. (1) areillustrated in Fig. 1.
The bond strength u is the equivalent uniform bond stress
along the reinforcing bar at failure. In a test, the value of
bond strength uis measured using the equation u = A, f4/(mdyL).
The local bond strength u, is the maximum bond stress
aong thereinforcing bar at failure. In Eq. (1), the expressions
(1 + UM)/(1.85 + 0.024VM) and (0.88 + 0.12[Cped/Cl)
account for the bond stress distribution along thereinforcing bar
and the effect of different coverson bond strength, respectively.
Equation (1) was later modified® to include the influence
of TR on bond strength. The modified equation is given by

c A
u=u -1Ll-/M—-(o.88 + 0.12—-8-@) (1 + 0.28—S-t) )

€1.85 + 0.024./M

where A isthe areaof transversereinforcing bar in mm?, and
Sisthe spacing between the TR in mm.

Equation (5) can be applied to cases where the splices can
be either confined by TR or unconfined (no TR) in both cases
of NSC and HSC. Comparisons between the test results and
calculated values showed that Eq. (5) correlated very well
with the test results.®

Equation (1) and (5) were based on Tepfers's partl 2y
cracked thick cylinder theory and the displacement theory.
The partly cracked theory was used to caculate the maX|mum
bond stress (local bond strength) u,, along the splice length.>*°
The displacement theory was used to account for the bond
stress distribution in splice strength.® It was shown that the
maximum bond stress u, and the bond stress dlstrlbutlon
over the splice length are different in NSC and HSC.>
discussed previously and seen in Eq. (1) to (4), the concrete
strength has three major effects on bond strength:

1. The increase of concrete tensile strength of an
uncracked cylinder around the reinforcing bar increases the
local bond strength ug;

2. Theincrease of concrete bearing strength in front of the
ribs of reinforcing bars decreases the bursting angle a. (Fig. 2),
and thus increases the local bond strength u.; and

3. Theincrease of concrete strength decreases the uniformity
of thebond stress distribution over the reinforcing bars, and thus
decreases the equivalent uniform bond stress u = Ayfgnd,L
at failure. That is why the normalized bond strength u/(f/ )12
in the case of HSC islar ger for short lengths and smaller for
long anchorage lengths.
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Although test reﬁults have shown that the normalized bond
strength u/(f¢ ) in short lengths increases with the increase
of concrete strength,® it was also seen that for concrete
strengths greater than 70 M Pa with the admixtures of silica
fume, high- rangewater reducing admixtures, and small-size

gregates ulgc may not increase with the concrete
strength Previously, it had been reported10 that the
presence of admixtures of sili cafume and high-range water-
reducing admixtures caused u/(f¢ ) 20 decrease in the case
of HSC. Recent tests, however, have shown that these
admixtures may not be the main contributin factors in
decreasing u/(f¢) 12 9.11 The reduction of w/(fd ) inthecase
of HSC made of small -size aggregates can be explained by
thetheory of fracture mechanicsin concrete in which concrete
is assumed to be a quasi-brittle material.2% This behavior of
concrete prevents a sudden compression or tensile failure and
results in a “softening” behavior in the load-deformation
response. The softening behavior of concrete is due to some
toughening mechanisms such as aggregate bridging in the
fracture process zone of concrete (Fig. 3).

The aggregate size affects this behavior. Test results and
proposed models of concrete fracture mechanics have
shown that with increasing aggregate si ze, the toughness of
concrete increases.’® Therefore, HSC with small-size
aggregate is more brittle than conventional concrete that
has been widely used in many experimental studies. The
brittleness of HSC with small- srze aggregate may be the
cause of the reduction of u/(f¢ )

Experimental studies for concrete strengths greater than
70 MPa made with small-size aggregates have shown that
Eq. (2) is more appropriate for local bond strength.'® Most
of the test results on HSC presented by Azizinamini et al.’
correlated better with Eq. Sl) when u, was calculated using
Eq. (2) rather than Eq. (3). 8 Therefore, it is conservative to
useonly Eq. (2) to calculate u, for all cases of NSC and HSC.
Later in this paper, Eq. (1) will be modified to include the
effects of rib propertiesof steel barsand TR on bond strength
calculations. For all concrete strengths, however, Eq. (2) will
be used to calculate u,.

A new attempt has been made by Zuo and Darwi n to obtain
an equation to calculate the bond strength and development/
splice length. They have proposed a statistically based expres-
sion to predict the bond strength and required development/
splice length. Their proposed expressions that correlated
well with available test results are given by
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( ) {[59 8l4(Crrin + 0.50,) + 2350A,]  (6)

(o.chax + 0_9) +31.14t thA”(f 2y
Cmin
fS Cmax
AbL'm (02 +0.9)}
Iy = = (7)

£t
59.8[(cmin +05dy)( 01712 + 0.9) + 052 dA"f 1/2}

min

where

t, = 9.6R,+0.28;

ty = 0.78d,+0.22;

Ay = single spliced bar area, in.?

lg = gplice or development Iength in;

Crmin' Cmax = Minimum or maximum value of cg or
Ch(Cmax/Crrin = 3.5), in;

Cs = min(cg+0.25in., cyp), in.;

Cq = 1/2 of clear spacing between bars, in.;

Cs Ch = side or bottom cover of reinforcing bars, in.;
and

fd = concrete comprve strength, psi; f’”“, psi.

Inthe present study, the expressions presented by Zuo and
Darwin? are used to predict and compare the bond strengths
from different test series. These results are compared with
those calculated using the proposed equations that will be
presented herein.

BOND STRENGTH OF SPLICES AND
DEVELOPMENT LENGTHS

In Eq. (5), the expression (1 + 0.28A,/S) that accounts for
theinfluence of TR on bond strength of devel opment lengths/
splices does not depend on the concrete cover thickness and
di ameter of the longitudina reinforcing bar. It has been
shown, 242> however, that the stressin TR depends on the state
of cracking of concrete cover. For noncracked cover, the stress
in TRisnegligible; thus, the presence of TR may not increase
the bond strength significantly. After concrete cover cracks,
tensile stresses transfer from concrete to TR. For large values
of C/dy, theforcetransferred islarge. In this case, if sufficient
A/Sisnot used, TR may not be ableto resist thetensile forces
transferred from concrete to steel, and it fails immediately
after yielding. Therefore, a small value of A/S may not
increase the bond strength where C/d,, is large, and the
expression 1 + 0.28A/S may no longer be valid. In other
words, for a larger value of C/dy, a larger value of A/S is
required to be able to increase the bond strength. This
reasoning leads to consider the ratio of (A/S)/(C/d), instead
of A/Sused previously, for evaluation of the effect of TR on
bond strength. Another parameter that is appropriate to
consider is (A/S)/(CIA,), where Ay, is the area of longitudinal
bar with a d, diameter.

Based on previous experimental test datal?%%0 that
contained confined TR at the splice, the bond strength is
predicted using Eq. (1) and (2). These results are tabulated
and presented in Table 1. Therelationship between Uyeq/Ucgic
and (A/9)/(C/dp) as well as (AAL/CS) are shown in Fig. 4
and 5, respectively.

Comparisons between Fig. 4 and 5 show that the parameter
(AVAY/CS results in a better correlation between the
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y = 0.3356x + 1
R?=0.526

Utest/tcalc

(AUS)/(CIdb)
Fig. 4—Relationship between Ujeg/Ucyc and (A¢/S)/(Cldy).
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y =0.0153x + 1
R? = 0.6086

Utest/Ucalc

0.5 } + +

40
AtAb/CS

Fig. 5—Relationship between Ugeg/Uqyc and (AtAL/CS).

60 80

measured and calculated values. The best-fit line for the
relationship between Uy /Uy and AAL/CS should include
the point (0, 1). In this case, for A;Ay/CS = 0, the authors
have Uieg/Ucgic = 1. The line that represents the best fit is
shownin Fig. 5 and isgiven by

Utest = 1 40,0155 €)
Ucalc CS
In Eq. (8), A, and A, arein mm?, and C and S are in mm.
Using Eq. (1) and (8), the splice strength is expressed by

u= ucﬁ(o.ss + 0.12Cmed) 9)
1.85 + 0.024./M c
(1 + 0.015A‘—Ab)
cs

As mentioned previously, another parameter that affects
the bond strength is the rib properties of reinforcing bars.
Equation (9) should be modified to include this effect.
Recently, Darwin et all presented results for tests using
reinforcing bars with high relative rib areas R. Accordingly,
where TRisused, barswith higher relativerib areasR> 0.11
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Table 1—Test results of splices confined by
transverse reinforcement

197

dp, | AJS AA/CS, ((é;dsb))

Test mm| mm | Cldy U/ | mm? | mm

21-850 254|082 | 133 | 119 | 1228 | 062

348C0  |254| 047 | 200 | 096 | 466 | 0.23

358C0  |254| 0.80 | 1.00 | 1.16 | 1596 | 0.80

41850  |254] 125 | 125 | 133 | 19.88 | 1.00

51-8SH0  |254| 082 | 1.25 | 1.37 | 1305 | 0.65

548SH0 |254| 082 | 1.25 | 1.25 | 1305 | 0.65

5585C0 |254| 047 | 141 | 095 | 663 | 0.33

6.1-85H0  |25.4| 1.66 | 0.92 | 146 | 3593 | 1.80

64-8C0  |254| 035 | 1.34 | 095 | 520 | 0.26

81-8NO  |254| 1.66 | 0.95 | 163 | 34.76 | 174

938N0  |254| 023 | 182 | 104 | 256 | 0.13

Dawin | 1038N0 254|022 | 1.80 | 1.05 | 239 | 012
etall 1048N0 |254| 1.25 | 1.92 | 127 | 1297 | 0.65
1128N0 |254| 1.11 | 1.88 | 135 | 11.74 | 059

1215N0 |159| 1.00 | 1.33 | 108 | 932 | 0.75

1235N0 |159| 0.28 | 207 | 101 | 169 | 0.14

1325N0 |159| 023 | 210 | 102 | 138 | 011

1455N0  |159| 047 | 1.94 | 111 | 301 | 0.24

152-1INO _ |358| 166 | 1.14 | 1.67 | 40.91 | 1.46

1531IN0  |358| 0.70 | 1.08 | 1.29 | 1833 | 0.65

164-11B0 |358| 028 | 131 | 111 | 602 | 021

17411B0 |358| 059 | 1.32 | 1.28 | 1254 | 045

1751180 |358| 116 | 1.35 | 1.33 | 2418 | 086

184-11B0 |358| 042 | 133 | 124 | 891 | 032

1a 252|025 | 1.02 | 141 | 489 | 0.5

3a 252|025 | 101 | 132 | 498 | 0.5

a 209/ 0.14 | 099 | 125 | 335 | 0.14

1b 252|025 | 1.02 | 135 | 489 | 0.25

Rezensoft, 3 252|025 | 101 | 121 | 498 | 0.5
o S 209|014 | 099 | 121 | 335 | 0.14
Sparling?® 6 252|071 | 101 | 1.26 | 13.90 | 0.70
7 252| 214 | 1.01 | 146 | 4216 | 213

8 252| 201 | 150 | 1.10 | 2647 | 1.34

9 209| 1.18 | 0.99 | 157 | 28.06 | 1.20

10 209|251 | 0.99 | 1.90 | 59.75 | 255

8F30b 254|018 | 150 | 1.05 | 242 | 012

Ferguson 8F36c  |254| 015 | 147 | 099 | 205 | 010
and 8F36h  |254| 032 | 159 | 0.99 | 403 | 020
Breen”’ 8F36) 254|032 | 150 | 117 | 427 | 021
11R36a  |350| 042 | 147 | 1.35 | 7.95 | 029

Ferguson, 1483 229] 079 | 142 | 117 | 1872 | 056
Kr?g?n& 18S2-4legs |57.2| 061 | 1.33 | 1.37 | 2047 | 0.46
swamy? | 18S3-4legs |572( 022|133 | 111 | 757 | 047
B1-8N3-16-2-U | 25.4| 0.35 | 1.97 | 1.17 | 355 | 0.18
B2-8C3-16-2-U |254| 0.35 | 1.81 | 094 | 386 | 0.19
B3-853-162-U |254| 035 | 197 | 097 | 355 | 0.8
B4-853-162-U |254] 035 | 197 | 0.96 | 355 | 0.8
B4-853-163U |254| 053 | 197 | 1.03 | 533 | 027

Hester [B58C3-16-2-U |25.4| 0.35 | 1.97 | 099 | 355 | 0.18
@ad® "B58c316.3U [254] 053 | 197 | 092 | 533 | 0.27
D83, |254| 037|197 | 095 | 375 | 019

B ACE 254|049 197 | 094 | 49 | 025
B7-8C3-163-U |254| 053 | 1.97 | 111 | 533 | 0.27
8.15.4/2/2.6/655 | 25.4| 0.56 | 2.00 | 1.37 | 559 | 0.28
Thompson| LL204/2/2.60655(35.8 056 | 142 | 116 | 1111 | 040
et | 11204226/ 1358) 097 | 142 | 137 | 1916 | 0.68
11.30.4/2/2.6/655(35.8| 0.56 | 1.42 | 122 | 1111 | 0.40
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Table 2—Comparison between Eq. (12) and Eq. (6) with different test results

No.of | 2132 Utest/Ucal (EDl. (12) Utest/Uca (EQ. (6)
Group Test series test Mean | Standard deviation Mean Standard deviation Mean
Chinn, Ferguson, and Thompson31 6 0.81 0.071 0.95 0.074 1.02
Chamberlin3? 3 0.99 0.036 1.00 0.010 1.03
Ferguson and Breen?’ 15 0.64 0.061 0.98 0.064 0.95
Ferguson and Briceno33 6 0.58 0.079 1.03 0.071 0.96
Ferguson and Krishnaswamy?® 6 0.6 0.083 1.04 0.050 0.95
Thompson et al.%° 8 0.65 0.052 1.09 0.084 1.03
Group 1
Treece and Jirsa™ 1 0.56 — 1 _ 0.94
Choi et al.%® 8 0.722 0.059 0.96 0.119 0.99
Hester et al.2° 7 0.66 0.070 0.95 0.075 0.99
Azizinamini et al 36 4 0.57 0.046 0.93 0.066 0.90
Rezansoff, Akanni, and Sparling?® | 4 0.57 0.025 1.07 0.032 1.10
Darwineta.l 13 0.63 0.060 1.00 0.059 1.01
Group 1 81 0.077 1.00 0.085 0.99
Darwinetal. 24 0.79 0.073 1.01 0.084 0.95
Rezansoff, Akanni, and Sparling?® | 12 0.87 0.151 1.10 0.150 112
Ferguson and Breen?’ 5 0.71 0.102 1.04 0.088 0.94
Group 2 Ferguson and Krishnaswamy?2® 3 0.74 0.056 0.98 0.023 0.82
Thompson et al.%° 4 0.84 0.103 1.09 0.105 0.99
Hester et al.2° 10 0.7 0.074 0.94 0.077 0.95
Darwinetal. 38 0.88 0.082 1.05 0.073 0.96
Groupsland 2 174 0.093 1.02 0.008 0.98
Group 3 Ferguson and Breen?’ 4 0.73 0.052 0.93 0.034 0.86
Kemp et a 3738 28 0.92 0.142 1.03 0.144 0.99
Group 3 32 0.138 1.02 0.142 0.98
Groups1,2,and 3 206 0.101 1.02 0.106 0.98
Azizinamini et al.” 56 0.53 0.059 0.97 0.055 0.88
Group 4a
Azizinamini et al .3 6 0.51 0.041 0.93 0.094 0.88
Group 4a 62 0.071 0.95 0.082 0.88
Groups 1, 2, and 3, and 4a 268 0.099 1.00 0.110 0.95
Hwang, Leu, and Hwang'’ 8 0.97 0.165 1.37 0.149 1.23
Group 4b
Esfahani and Rangan® 8 0.75 0.085 1.32 0.124 1.39
All tests 284 0.128 1.02 0.139 0.97
result in larger bond strengths_. These results are used he_rein ~ 1+1/M Cred
to account for the effect of R in the bond strength equation. us= Uc—(0-88 + 0-12—) (12)
Figure 6 shows the relation of Ueq/Uggc USing Eg. (1) and 1.85+0.024,/M c
tests with R > 0.11 with the parameter A/A,/CS. The best fit
for the results presented in Fig. 6 is given by (1 ‘0 015At—Ab)
CSs

Yrest = 1400242 (10)
LIcalc CS

Onthisbasis, Eqg. (8) is modified to include the rib effects
asfollows

ARy

Yest = 1+ 0.015f, .

Ucalc

11)

inwhich fg=1for R<0.11, and fr= 1.6 for R> 0.11.
Using Eqg. (11), the bond strength is calculated by
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Comparisons between Eq. (12) and the results of 284 tests
are presented in Table 2. Thisincludes the results of tests on
bond in development lengths and splices in NSC and HSC.
These tests were selected from the literature using the
following limits:

. C/db >1;
 Beams with two or more development lengths or
spliced bars;

e Spliceslocated close to the bottom of the beam;

* Tensle stress in the reinforcing bar at failure was less
than the yield stress; and

»  Failure was due to bond.

ACI Structural Journal/January-February 2005



Test results presented in Table 2 are divided into four
groups: splices not confined by TR, splices confined by TR,
development lengths, and HSC splice tests. For each group,
the mean and standard deviation for test/calculated values
are given. Also, the mean and standard deviation for test/
calculated values of combination of different groups are
presented. For splices not confined by TR (Group 1), the
mean value is 1.000, with a standard deviation of 0.077. For
174 splice testsin Groups 1 and 2, the mean valueis 1.017,
with astandard deviation of 0.093. For the tests on devel opment
lengths (Group 3), the mean value is 1.017, with a standard
deviation of 0.138. It is observed that the bond strength in
development lengths is close to that in splices. The mean
value of Uieq/Ugq fOr 206 tests of Groups 1, 2, and 3is1.017,
with astandard deviation of 0.101. Group 4aincludesthetest
results of splices in HSC beams. For 62 tests conducted by
Azizinamini et a.,”%® the mean value is 0.952, with a standard
deviation of 0.071. For 268 tests of Groups 1 through 4awith
NSC and HSC, the mean value is 1.002, with a standard
deviation of 0.099. The results of tests (Group 4b) with HSC
obtained by Esfahani and Rangan and Hwang, Leu, and
Hwang'’ showed higher bond strengths compared with the
results given by Azizinamini et a.”3® For these two test
series, the mean values of Uieg/Ugg e are 1.32 and 1.37,
respectively. For all 284 results, including tests carried out
by Esfahani and Rangan® and Hwang, Leu, and Hwang,’ the
mean vaue of test/calculated bond strengths is 1.02, with a
standard deviation of 0.128. Table 2 also presents the mean
and standard deviation values for Eqg. (6) proposed by Zuo
and Darwin.? For Eq. (6), the mean value of test/calculated
bond strengths is 0.97,with a standard deviation of 0.139. A
comparison shows that Eq. (12) predicts the bond strength
more accurately than Eq. (6).

Table 2 aso includes the results cal cuI ated by the expression
(Eq. (6)) proposed by Zuo and Darwin.? Comparisons between
Eq. (12) and (6) for different combinations of test groups are
presented in Table 2. For al test groups, EqQ. (12) correlates
better with the test results as compared with Eq. (6). The
values of aja, in Column 4 of Table 2 are discussed in a
following section of this paper.

PROPOSED EQUATION TO PREDICT
DEVELOPMENT/SPLICE LENGTH

Equation (12) can be expressed in terms of the maximum
tensile force in the reinforcing bar by

T -, 1+t1/M

. (0.88 + o.12ﬁ‘) (13)
nd,L 1.85 + 0.024 /M C

(1+ 0.015fRAt—/;b)

In EqQ. (13), the parameter M as given by Eq. (4) depends on
the development/splice length L. Therefore, the develop-
ment/splice length L can only be calculated using Eg. (13)
through atrial-and-error process. This may not be an appro-
priate calculation method in practice. In the following, based
on an appropriate assumption, asimple equation to calculate
the devel opment/splice length will be derived from Eq. (13).

Equation (13) can be given by
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Fig. 6—Relationship between Uieg/Ucgc and (AtAL/CS) for
barswith R >0.11.

T
= U.a a 14
Tcdbl_ c“1“2 ( )
where
_ 1+1/M (15)
1.85 + 0.024./M

- (0.88 " 0.12@) (1 " 0.015fRﬁ) (16)
C cs

From Eq. (14), the maximum tensile force in the rein-
forcing bar is calculated by
T = ndpLuaya a7

For ug, Eq. (2) is inserted into Eq. (17), then it is rear-
ranged as follows

i C/d,+05
T= (ndb x 2. 7(:/OIb T3e NE L)(alaz) (18)
Equation (18) can be given by
T = (agff{ L) (@) (19)
where
C/d,+05
= 8.5d, 2 20
% °C/d,+3.6 (20)

The development/splice length required to resist the
tensileforce T can be given by

L=— T (1)
(a3ﬁ)a1a2
27



Thevalue of a;a, in Eq. (21) depends on the devel opment/
splice length and the amount of TR (Eq. (15) and (16)). For
design purposes, the amount of TR can be considered as an
arbitrary value. For each arbitrary value, a certain value of
development/splice length L is required. In the following, it
will be shown that this arbitrary value can be determined
considering the value of a;a, asaconstant. Thiswill lead to
a simple equation to calculate the required development/
splice length.

In Eq. (14), the parameter a, asgiven by Eq. (16) accounts
for the effect of C,eq/Cand TR on bond strength. Previous
studies have shown that when adequate TR is used, the
uniformity of the bond stress distribution, and thus the bond
strength, isincreased. Thereisalimit, however, on the effect
of TR on bond strength. Many experimental studies have
been carried out to determine the maximum effective value
of TR. Because of the interaction of different parameters,
however, no appropriate value has yet been suggested.

In Eq. (14), the parameter a; accounts for the effect of bond
stress distribution over the reinforcing bar on bond strength. As
the development/splice length increases, the uniformity of the
bond stress distribution, and thus the value of a;, decreases. On
the other hand, TR increasesthe uniformity of the bond stress
distribution and the bond strength. Therefore, the decrease of
thevalue of a; and thus the bond strength, in alonger length,
can be compensated by increasing the amount of TR. On this
basis, it is appropriate to keep the multiple of a;a, constant
from a design point of view. This will not only result in a
similar bond stress distribution over the reinforcing bars in
different cases, but will also lead to a simple equation to
calculate the required development/splice length. Also, it is
possible to insure an appropriate ductility by applying a
constant value for a;a, and a minimum amount of TR. To
obtain an appropriate constant value for a;a,, the practical
ranges from the experimental results are studied.

For all tests with TR given in Table 2, the values of a;a,
are calculated as shown. The average value of a;a, is 0.85.
Using a;a, = 0.85 in Eqg. (21) results in the following
equation to calculate the bond length

L= 1 22)
where
C/d,+05
a = 0.85a; = 7.2d, /Gy (23)

C/d,+36

Equation (22) simply caculates the development/splice
length L. The calculated length, however, should satisfy the
equation a;a, = 0.85 in which a; depends on L. Substituting
EQ. (15) and (16) for a; and a, and equating it to 0.85 resultsin

(LM (o o.129ﬂeﬂ) (24)
1.85 + 0.024./M c

AA
(1+0.015(~2) = 0.85
cs
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Test results show that when TR is used, the value of M is
much less than 30. According to Esfahani and Rangan,® for
M < 30, the value of a; reducesto

a; = 0.52(1 + 1/M) (25)

Using Eq. (25) for aya, = 0.85 resultsin

0.52(1 + ﬁ) (0.88 + 0.12%’) (26)

(1+ o.omm%’) = 085

Equation (26) issimplified to obtain the parameter fxAA/CS
asfollows

_AA, _ 67[0.85/0.88+0.12(Cmed/C)

" = T3 0.52(M + 1)/M J @)

Therefore, A;/S can be calculated by

A 6_79[1.63M/0.88+0.12(Cmed/C)_ 1} 29

S T A, (M+1)

As a result, the required development/splice length to
resist load T can be simply calculated using Eq. (22) when
the appropriate TR calculated by Eq. (28) is provided along
the development/splice length.

Equation (28) was obtai ned based on the assumption of the
constant value of 0.85 for a;a,. As discussed previously, the
uniformity of the bond stressdistribution over the devel opment/
splice length mainly depends on the value of aja,. For a
constant value of a;a,, the bond stress distribution should be
similar in different cases. This may result in a similar
behavior of bond and beam ductility. It should be mentioned
that it is possible to assume another constant value for a;a,.
In this case, the coefficient of 1.63 in Eg. (28) would change
accordingly. It isclear that alarger value of aja, resultsin a
smaller splice/development length L and alarger valueof TR
A/S According to the analysis presented in this paper, any
assumption for the constant value of a;a, is acceptable. The
value of a;a,, however, should be limited to maximum and
minimum values. The maximum value is hecessary because
of the fact that the effect of TR A;/S on bond strength is
limited. The minimum value is needed to provide the
minimum ductility requirement for the flexural member.
Further experimental studies are required to be able to deter-
mine the maximum and minimum values of aja,. The
proposed value of 0.85 that is based on previous test data is
reasonable and appropriate, however.

CALCULATION OF DEVELOPMENT/SPLICE
LENGTH (DESIGN SUMMARY)

The required devel opment/splice length was given by

(22)
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where fg is the tensile stress in the reinforcing bar &t failure.
Conservatively, fs can be replaced by f,, which also provides
amargin of safety. A, istheareaof alongitudinal reinforcing
bar, and

C/d,+05

A= 120 36

(23)

The development/splice length L calculated by Eq. (22)
requires the following value of TR to be used

A _ @[1.63M/0.88+ 0.12(Cpeq/C) _1}

- (M +1)

- 28
S frA, (28)

wherefgz =1 for barswith R<0.11, and fgr = 1.6 for barswith
R > 0.11. Other parameters have been defined previously.

Table 3 presents the development/splice lengths calculated
using Eq. (22) with the values of TR according to Eq. (28). All
values are based on the parameters and measured bond
strengths of tests conducted by Darwin et a I Thetest values
of L, ajay, and A/S are given in Columns 2 through 4 of
Table 3. The values of L and A/Sin Columns 5 and 7 were
ca culated from Eq. (22) using the constant val ue of a;a, = 0.85.
The value of 0.85 is within the ranges of valuesin different
tests as seen in Column 3. The calculated values of L and A/S
are comparable with the test data. As an example, the actual
values of L, A/S and aja, in Test 2.1-8S0 are 610 mm,
0.82 mm, and 0.75, respectively. Using the af orementioned
procedure to cal culate the devel opment/splice length for the
proposed constant value of a;a, = 0.85, the values of L and
A/S are 538 and 1.30 mm, respectively. A comparison
between the test results and the calculated values of L and A/S
shows that Eq. (22) and (28) lead to a smaller development/
splice length than the test, and with alarger value of TR. The
advantage of the proposed procedure isthat, in all cases, the
values for TR are calculated based on the same vaue for
a13,. As mentioned previously, for the same value of a;a,
the bond stress distribution along the reinforcing bar is
similar. This may result in a similar ductility for flexura
beams having different spliced bars.

CONCLUSIONS

This paper presents an equation to calculate the required
development/splice length. The proposed equationissimple,
practical, and accurate. Based on the analysisand test resullts,
it is necessary to provide some amounts of TR over the
development/splice length. An equation has been presented
to calculate the required amount of TR for each development/
splicelength. The mgjor parametersthat affect bond strength
have been taken into account in the proposed equations. The
effect of rib properties of reinforcing bars on bond strength
has been studied and included in these equations. It has been
argued that the procedureto provideavauefor TR along the
development/splice length can rationaly yield to an
adequate ductility for beams with spliced bars.

Based on the results of this research, the following
conclusions are drawn:

1. The proposed bond strength equation can accurately
account for the rib properties of the reinforcing bars on bond
strength;

2. The proposed bond strength equation that considers
the effect of TR improves the prediction of the bond
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Table 3—Development/splice length
calculated by Eq. (22) with required
values of transverse reinforcement

Test data Values calculated by Eq. (22)
Tests by AJS, L M A/S
Darwineta l|L, mm|@18| mm |a8 =0.85|aa, = 0.85|a;8, = 0.85

2.1-80 610 |0.75| 0.82 538 5.93 1.30
3.4-8C0 610 |0.63| 0.47 405 3.20 1.57
3.5-8C0 711 |0.77| 0.8 599 5.22 1.00
4.1-80 610 |0.86| 1.25 628 6.37 1.29
5.1-8SHO 610 |0.78| 0.82 641 6.93 1.37
5.4-8SHO 610 |0.78| 0.82 584 551 1.21
5.5-8C0 610 |0.71| 0.47 436 3.07 0.78
6.1-8SHO 610 |1.06| 1.66 717 9.56 0.95
6.4-8C0 406 |0.83| 0.35 351 2.23 0.25
8.1-8NO 610 |1.06| 1.66 817 12.28 1.08
9.3-8NO 610 |0.64| 0.23 460 3.39 1.44
10.3-8NO 660 |0.62| 0.22 491 3.86 1.63
10.4-8NO 508 |0.79| 1.25 503 4.04 1.89
11.2-8NO 457 |0.81| 111 499 4.10 1.85
12.1-5NO 254 |0.98 1 276 2.18 0.30
12.3-5NO 254 10.82| 0.28 242 1.87 0.63
13.2-5NO 305 |0.77| 0.23 278 2.20 1.08
14.5-5NO 305 | 0.8 | 0.47 305 2.54 1.32
15.2-11INO | 686 |0.98| 1.66 819 11.82 1.27
15.3-11INO | 1016 |0.69| 0.7 831 12.36 1.21
16.4-11BO | 1016 (0.62| 0.28 754 9.02 1.12
17.4-11B0O 965 | 0.7 | 0.59 848 11.13 1.22
17.5-11B0 762 |0.86| 1.16 747 7.72 1.11
18.4-11BO | 1016 [0.65| 0.42 852 11.27 1.25

strength significantly. Based on 284 test results, the mean
value of measured/calculated ratio of bond strengths is
1.021, with a standard deviation of 0.128. These values
show that, for all cases, the equation correlates very well
with the test results; and

3. The proposed equation to calculate the development/
splice length requires providing a nomina amount of TR
along the development/splice length. This procedure may
proveto yield adequate ductility for beamswith spliced bars.
The proposed procedure correlates very well with the test
results. Further studies, however, are recommended to check
the strength and ductility of beams with spliced bars using
the proposed values of L and A;/S.

NOTATION
area of longitudinal reinforcing bar
area of one transverse reinforcing bar
minimum of [C,, C,, (Cs+ dy)/2]
median of [C,, Cy, (Cs+ dy)/2]
spacing between spliced bars
side cover
bottom cover
bar diameter
compressive strength of concrete
factor to include effect of relative rib area on bond strength
yield strength of transverse reinforcement
devel opment/splice length
relative rib area = projected rib areanormal to bar axis/(normal
bar perimeter x center-to-center rib spacing)
spacing of transverse reinforcement

cwm :Ul_~<’“;6“o'i‘cg-pxopiﬂ or>

U Uge = calculated bond strength
Ue = local bond strength
Ugest = measured bond strength
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