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Compression development and lap-splice length provisions in
ACI 318-19 §25.4.9 and §25.5.5 are reexamined after an example
was used to show that existing provisions can produce unexpected
results in some design conditions, such as compression lap splices
longer than tension lap splices. A historical review of ACI Building
Codes shows that existing compression bond length provisions are
largely based on provisions adopted before test data were avail-
able. The provisions in ACI 318-19 are compared with a database
of 89 test results and shown to poorly fit the data. Several compres-
sion and tension bond equations are also examined and found to
fit the data better. It is shown that compression development and
lap-splice lengths can be based on several expressions available
in the literature for tension development length with minor modifi-
cation, including the ACI 318-19 equation for tension development
length. Using this approach would simplify design by eliminating
the use of different expressions to calculate tension and compres-
sion development lengths, prevent calculated lengths from being
longer in compression than in tension, and provide a better fit to
available data.
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INTRODUCTION

The bond between deformed steel bars and concrete relies
on similar mechanisms'? in compression and tension, with
mechanical interlock of the bar deformations and concrete
playing an important role. Bars in compression addition-
ally benefit from end bearing, so bond lengths should be
shorter for compression. Despite the similarities, bond equa-
tions often look quite different in form and complexity for
compression and tension. This is evident in Tables 1 and 2,
which list several equations relating bar stress with develop-
ment length in compression and tension.

The fib Model Code 20103 provisions for lap-splice length
represent an exception in that a single expression is used
for compression and tension. Equation (1) (refer to Table 1)
includes the term F)/4, that is zero for tension, thereby
ensuring that calculated lengths are shorter for compres-
sion. Counter to expectations, ACI 318-19* can produce a
calculated compression lap-splice length that is consider-
ably longer than the tension lap splice length for the same
target stress. Consider a lap-splice of bottom-cast No. 8
(25 mm) Grade 80 (550) uncoated bars in a beam with £, =
8000 psi (55 MPa) and closely spaced stirrups such that the
confinement terms, y, = 0.75 for compression development
(not splice) length and (¢, + K,,)/d, = 2.5 for both tension
development and splice length, are applicable. The compres-
sion lap-splice length (£, from Eq. (2)) is 48 in. (1220 mm);
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20% longer than the 40 in. (1020 mm) Class B tension
lap-splice length (£, from Eq. (9), which is based on Eq. (8)).
ACI 318-19* §10.7.5.2 permits multiplying £, by 0.83 in a
well-confined column, resulting in a 40 in. (1020 mm) long
lap splice. ;. is also 2.7 times the compression development
length, 4., of 18 in. (457 mm) per Eq. (3) for this case.

Comparing Eq. (2), (3), (8), and (9) makes apparent the
reasons for these differences. Equation (2) for 4. is only a
function of bar diameter and yield stress. The calculated
{,. is increased by one-third when the concrete compres-
sive strength is less than 3000 psi (21 MPa), but concrete
strength is not otherwise accounted for. In columns, ACI
318-19* §10.7.5.2.1 allows £, to be multiplied by 0.83 or
0.75 if the lap splice is enclosed throughout its length by
sufficient ties or spiral reinforcement. Sufficient, in this
case, refers to an effective reinforcement ratio of ties not
less than 0.0015 in both directions or spirals that meet ACI
318-19* §25.7.3. The provisions do not account for smaller
quantities of transverse reinforcement in columns or any
amount of transverse reinforcement in other members. This
contrasts with equations for £, (Eq. (3)), £, (Eq. (8)), and £,
(Eq. (9)), which account for bar diameter, concrete compres-
sive strength, lightweight concrete, and confinement. Equa-
tions (8) and (9) also account for reinforcement grade, epoxy
coating, casting position, bar spacing, and cover.

There is a need to examine Eq. (2) and (3) given the differ-
ences evident in the reasonable design scenario described
previously, where £, = 1.2{,, despite the beneficial role of
end bearing in compression and £, = 2.7¢,. in compression
(for this example) when £, = 1.3¢; in tension. This paper
provides a historical review of compression bond provi-
sions in the ACI Building Code and then uses a database of
compression lap-splice data assembled by ACI Committee
408' to examine the expressions for compression bond
lengths in Table 1. The suitability of the tension bond length
equations in Table 2 is also considered with the aim of
consolidating code provisions, similar to the approach used
in the fib Model Code® (Eq. (1)).
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Table 1—Compression bond length equations

Source Equation Units Eq.
3 ; d, I~
fib MC? lap splice Coeiy = 4—ﬁ7d(ﬂu—Fh/Ab) in.-1b (SI) 1
0.00051,d, for f, < 60,000 psi
l.= (0.0009f, —24)d, for 60,000 < £, < 80,000 psi } > 12 in. in.-1b
ACI 318-19* max ((0.0009/; — 24)d;; €. for £, > 80,000 psi .
Compression Lap - 2
Splice 0.071f.dy for f, < 420 MPa
L= (0.13f,—24)d, for 420 < f, < 550 MPa } > 300 mm SI
max ((0.13f, —24)dy; () for f, > 550 MPa
£4.= max by dy; 0.0003f,p,dy; 8 in. 3 ~f < 100 psi in.-Ib
ACI 318-19* < 50/1@ > yYWrdp, s\Ve =
Compression 3
Development p
Cu= max{%db; 0.043 7,y dy; 200 mm};\j;? < 83 MPa ST
ACI 318-19* Modi- Lsemoa = (0.0009f, — 24)d, in.-Ib 4
fied Lap Splice Coomod = (0.13f, — 24)d, SI
Frcums =( 1695 + 354 +0.026 ”f” NA in.-1b
Cairns® Compression JsCairns 7 d, ) ¢ st
Lap Splice t’
ﬁ,c,,,-,,w=<1 42—+294+032 "f" )@ ST
2
—-198-215
0. 82«/ K, = . .
se,Chun = —K d, <Eq. (2);71, < 1.76, \[f! < 100 psi in.-Ib
Chun et al.® b
Compression Lap 6
. 2
Splice
05 \/_ -16.4-1.86 ©
Loc.Clun = 7 dy<Eq. 2); l < 1.76, \f! < 8.3 MPa SI
11.1+1.5—
b
0.117f, .
Chun et al.” Coe.Chuns = ; \UT’ —-52)d, < Eq.(2) in.-Ib
Compression Lap Yse\Je 7
i impli 1.4f,
Splice, Simplified Cre :< f)., B 52) dy, < Eq. (2) SI
el

“Confinement modifiers from ACI 318-19* §10.7.5.2.1 were used where applicable: £, may be multiplied by 0.83 or 0.75 if the splice is enclosed throughout its length by sufficient
ties or spiral reinforcement. Sufficient refers to an effective reinforcement ratio of ties not less than 0.0015 in both directions or spirals that meet ACI 318-19* §25.7.3.

7f, was only measured and reported by Pfister and Mattock.® Where f,, was not reported, 60,000 psi (420 MPa) was assumed for calculations herein.

Note: Refer to notation section for definitions. Notation used herein is largely consistent with source documents, except that ACI 318-19* notation was adopted where variables

were duplicative.

BACKGROUND OF ACI 318-19* COMPRESSION
BOND LENGTH PROVISIONS

Compression lap-splice length

The 1936 ACI 501-36T'3 code was the first from ACI to
require a minimum lap-splice length. The requirement, which
applied to columns and walls, was expressed as a minimum
length of 24d, for “intermediate grade steel” and 30d,, for
“rail steel,” with increases proportional to f, for higher-grade
bars. The lap-splice length was required to increase by
one-third for £’ <3000 psi (21 MPa), similar to Eq. (2). ACI
318-63'* extended these requirements to compression bars
in beams and expressed the minimum lengths as a function
of bar grade (24d,, and 30d, for Grade 60 and 75 [420 and
520] bars).

The expressions in ACI 318-71'5 for compression
lap-splice length had a different form than in prior codes,
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with the length based on the longer of the compression devel-
opment length and the first two expressions for £, in Eq. (2),
with reductions permitted for well-confined lap splices. The
commentary indicated the new provisions were intended to
produce a result for Grade 60 (420) bars enclosed with ties
(24.9dy), similar to prior codes (24d,). Test results® were the
basis for the second expression in Eq. (2), which increases
linearly with, but is not proportional to, f; to account for end
bearing.

Limited changes have been adopted since 1971. ACI
318-89'¢ was the first to not require checking both £, and
{,. when designing a compression lap splice, which had little
effect because £, generally controlled it. ACI 318-19* was
the first to include the third expression in Eq. (2), which
adds £, (based on Eq. (9)) as a minimum for bars with f, >
80,000 psi (550 MPa). ACI 318-19* requirements for &,
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Table 2—Tension bond length equations

Source Equation Units Eq.
3 L vy, L (et K, .
bi=|— L d,> 12 in;\f < 100 psi, ( ’)525 in.-Ib
PN { + K”J dy
ACI 318-19* Tension d
8
Development
; - + K,
o= L S ywyy, dy>300 mmy\f’ < 8.3 MPa, (Cb 7 ’)52.5 SI
LIAJL (¢, +K, b
db
ACI 318-19* Tension 1.0¢, (Class A splice) .
. - “ ; -Ib (SI
Lap Splice o 7(1.3 {4 (Class B splice))2 12 in. (300 mm) 10 (5D ’
L 24000 |y pa
P 0.82/0% ! 4> {12in,. cw+1<,,,4ox) -4 _—
d,408 6 3[ca)+Km4nx] b — 16db s db = n.-
ACI 408R-03' Tension d 10
Development f,
( o35 — 7. 4w]y/,ﬁ/l
P 0.82f; 4> [300 mm_ CW+Ktr,408) <4 SI
d,408 : 83[6w+K1r,408J b = 16dh 5 dh =
. 70’1,
o 1 Lywy, ‘l2in.. (c,,mK,,) -
dherise 90 Af10% (cb(l‘)Lepage +K, ) 16d,° dy B in.-1b
N
Lepage et al.’ Tension b 1
Development , 6 Sy, g s 1300 mm (cba)+K,,,) 4
Ghepase 13 //Lfvo.zs[ Dpepage +K, ] b= 16d, ° dy - SI
c 70111
9. 107£2d, 12 in. .
Canbay and Frosch'’ Cacanty = Tdb - { 16dy,° {f's 100 psi in-Ib .
Tension Development 0.0003172/d, 300
[zl,Canba_v:4\R§ AL > { . 6’;’“‘ /< 8.3 MPa SI
16,0102 | 30,000N,4 :
s = 1000035 40| (€02, 30,000 ek in.Ib
Frosch et al.!! Tension Jsrosen = 1000/ dy dy nAy 13
Pevelopment =24 ,o,zs(fd,fm-h)o's €0\0% | 210N A, SI
Ss Frosen = 24fc dy (db ) nd,

"Equation (13) provides a mean bond strength, unlike others in Tables 1 and 2, which are for design.

Note: Refer to notation section for definitions. Notation used herein is largely consistent with source documents, except that ACI 318-19* notation was adopted where variables

were duplicative.

(Eq. (2)) produce outcomes for Grade 60 (420) bars that are
similar to the detailing requirements for columns and walls
first published in 1936'3 before test data were first published
in 1963.%

Compression development length

Prior to ACI 318-71," bar development requirements
were expressed in terms of a bond stress limit. ACI 318-47!7
limited bond stress to the lesser of 0.05f. and 200 psi
(1.4 MPa), which is similar to the 0.05/. limit first published
in 1920'® and the 150 psi (1.0 MPa) limit from Standard
No. 4 published in 1910." ACI 318-51%° treated tension and
compression development differently, allowing higher bond
stress limits of 0.1/, and 350 psi (2.4 MPa) for compres-
sion. Setting the product of these limits, bond length, and
bar perimeter equal to the product of bar area and 0.4f, (the
allowable bar stress) produces minimum lengths of (f,//.")d,

ACI Structural Journal/November 2025

and 0.00029f,d,, (0.042f,d}, SI), the latter of which is similar
to Eq. (3) from ACI 318-19.*

ACI 318-63'% was the first to include code provisions
for ultimate strength design, where bar force demands are
based on f; instead of 0.4f,. Bond stresses for compression
development were limited to the lesser of 13+/f,psi and
800 psi (1.14f,MPa and 5.5 MPa). For these limits,
setting the product of bond stress, bond length, and bar
perimeter equal to the product of bar area and f, produces
minimum lengths of (}}/(SZ\HC',psi))db and 0.00031f,d,
((£/(4.3\f/,MPa))d, and 0.045f,d, in SI), which also
resemble Eq. (3). The ACI 318-63'* commentary indicates
these provisions were based on the view that: 1) bond stress
limits should be calibrated to produce results consistent with
compression lap-splice length provisions; and 2) more bar
force can be developed in compression than in tension for
the same lap-splice length.
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Subsequent ACI code editions included minor revisions.
ACI 318-71' required a minimum development length
rather than limiting bond stress, with equations equiva-
lent to Eq. (3) without y, and 4. The calculated length was
permitted to be reduced if enclosed within a spiral. ACI
318-89'¢ allowed shorter compression development lengths
if enclosed by ties meeting minimum requirements. ACI
318-08%! introduced / in Eq. (3) and ACI 318-14%? intro-
duced y,, modifying the form of the expression but not the
content of the provisions.

As with compression lap-splice equations, the ACI
318-19* equations for compression development length
produce values that are largely similar to those obtained
from provisions adopted before test data were first published
in 1963.% The 1963 and 1971 ACI Code provisions'*!® that
form the basis for compression development length (Eq. (3))
were selected to produce results consistent with compression
lap-splice length requirements that had worked in practice.

RESEARCH SIGNIFICANCE

This study evaluates ACI 318-19* compression
development and lap-splice length provisions using a histor-
ical review of ACI Building Code provisions and a database
of compression test data.'? Findings show that current provi-
sions are a poor fit of the data and can be overly conser-
vative, whereas several other equations fit the data well.
Recommendations are made for calculating compression
bond lengths by modifying ACI 318-19* tension develop-
ment length provisions, resulting in simpler provisions that
fit the data better.

DATABASE DESCRIPTION

Test results from a database of columns with lap-spliced
bars under compression are used to evaluate bond length
equations. No distinction is made in this analysis between
equations for development or lap-splice lengths, an approach
that is justified by prior work,? which observed that develop-
ment and splice lengths are interchangeable. This approach
has previously been applied to tension bond lengths,?*
and the ACI 318-19* and ACI 408R-03' equations for bar
development (Eq. (8) and (10)) are based on tests of lap
splices.

This study used data from Group 1 of the ACI 408
compression lap-splice database,'? which contains results
from 91 tests of columns with lap-spliced bars subjected to
monotonic compression. Two specimens with f; .., < 40 ksi
(276 MPa) were removed to limit the scope to specimens
exhibiting stresses closer to those designed for in practice,
producing an analysis database with 89 specimens used in
this study. Figure 1 shows the cross sections of columns in
the database and Fig. 2 shows the distribution of several
variables within the analysis database (right border not
inclusive).

All lap-spliced bars had bond and bearing interactions
with the concrete. Either half or all the column bars were
lap spliced, and no columns had staggered lap splices. Four
specimens had circular cross sections, while the other 85
had rectangular cross sections with a ratio of long to short
sides between 1.0 and 1.4. The circular columns had six

116

longitudinal bars, and the rectangular columns had either
four or six longitudinal bars. The lap-spliced reinforcement
consisted of No. 7, 8, or 9 (22, 25, or 29 mm) reinforcing
bars (Fig. 2(a)), which are reasonably representative of the
bar sizes used in columns, walls, and beams in practice.

Approximately half (47%) of the columns had transverse
reinforcement within the lap splice consisting of evenly
spaced ties, hoops, or a spiral. Figures 2(b) and (c) show
that (¢, + K,,)/d, ranged from 1.25 to 3.75 and K,,/d), ranged
from 0 to 2, suggesting that cover was relatively large in
many specimens (cy/d, > K, /d, in 89% of specimens). In
ACI 318-19,* (¢, + K,)/d, is part of the tension develop-
ment length equation, but it is used here because no analo-
gous term is available in ACI 318-19 for compression bond
lengths.

The distribution of concrete compressive strengths is
shown in Fig. 2(d). Concrete compressive strength was
measured using either 4 x 8 in. (100 x 200 mm) or 6 x 12 in.
(150 x 300 mm) cylinders. To reduce scatter in compression
test results associated with differences in specimen type and
size, ACI Committee 408'? converted the measured strengths
to that of an equivalent 6 x 12 in. (150 x 300 mm) cylinder
strength, f;. .., using factors proposed in Reineck et al.”’ £ .,
was obtained by multiplying results from 4 x 8 in. (100 x
200 mm) or 6 x 12 in. (150 x 300 mm) cylinders by 0.97
and 1.00, respectively. The converted concrete compressive
strengths ranged from 3.5 to 14.2 ksi (24 to 98 MPa).

The distribution of f; .., is shown in Fig. 2(e). Values of £; ;.
were based on readings from strain gauges on the lap-spliced
bars, except for four specimens from Pfister and Mattock,?
for which f; ,.,, was inferred from the total column axial force
assuming that the fraction of the total force carried by rein-
forcement away from the splice was the same among spec-
imens with similar materials and reinforcement ratios. As
described in Pfister and Mattock,® the fraction of the total
force carried by reinforcement, which varied as the force
increased, was obtained from a separate test of a specimen
with continuous reinforcement. This method was verified in
separate tests using strain-gauged longitudinal bars. Speci-
mens had f; ., = 40 to 83 ksi (280 to 572 MPa), with most
specimens (70%) having f; ., between 50 and 70 ksi (340
and 480 MPa). In no case did f; .., exceed the yield stress.

Lap splices had lengths of 3.5 to 30 in. (89 to 760 mm)
(Fig. 2(f)), but the majority were shorter than 14 in.
(360 mm). Given this distribution, and to avoid reducing the
number of tests in the database too severely, no minimum
bond length was applied in the analyses even though many
equations in Tables 1 and 2 have minimum lengths. This
choice is reasonable given that every splice developed f; o5, >
40 ksi (275 MPa).

The database was examined for correlations between vari-
ables arising from decisions made by researchers. f; .,y and
t,/d, were found to be somewhat correlated in this database
(Fig. 3, with R? = 0.42). All specimens with f; ., > 10 ksi
(69 MPa) also had ¢/d, < 10. No other correlations were
observed among the variables plotted in Fig. 2.2

The analysis database reports bar stress near the end of the
bar, referred to as the bearing stress, for 77 of the 89 spec-
imens. These stresses were inferred from strains measured
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Fig. 2—Histograms of variables in database. (Note: 1 ksi = 6.895 MPa; 1 in. = 25.4 mm.)

at dj, from the bar end.®’* Figure 4 shows bearing stress,
which ranged between approximately 10 and 30 ksi (69 and
210 MPa), versus f; ., fs rest» £s/dp, and K,,/dy. By inspection,
bearing stress has a modest positive correlation with f; ./, a
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negative correlation with £,/d,, and no correlation with f; ..y,
and K,,/d,. The negative correlation with £,/d, is important
because lap splices in practice are mostly longer than 20d,,
where no end bearing data are available. Similar tests on
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10 specimens with only end bearing (no bond within the
lap splice)?>2? exhibited a mean bearing stress of 30.0 ksi
(207 MPa) at failure with a coefficient of variation (CV) of
0.15, showing that higher bearing stresses are possible if the
bonded length is zero. The negative correlation with £,/d,, is
reasonable because a short compression lap splice is more
able to engage bond and bearing mechanisms simultane-
ously than a long lap splice.

ACI 318-19* EQUATIONS FOR COMPRESSION
BOND LENGTH
Compression lap splice length
The ACI 318-19* compression lap-splice provisions
(Eq. (2)) were compared with the database using 7/C, the
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ratio of bar stress at failure, f; .., to a calculated bar stress
at failure, f; ..., where the latter was obtained by solving
Eq. (2) for bar stress, replacing f, with f; ..., and omitting the
limits of 12 in. (300 mm) and £,,. The choice of expression
within Eq. (2) was based on f; ., (using f; ..;- Was infeasible
because there were cases where the first equation would give
an f; ... suggesting the second equation applied, whereas
the second equation would give an f; ... suggesting the first
equation applied). The factors in ACI 318-19* §10.7.5.2.1
that account for transverse reinforcement were included
where applicable.

The mean 7/C for Eq. (2) was 2.58, with CV = 0.60 and
values ranging from 0.97 to 6.50. Figure 5 shows 7/C versus
Jeeni> fs.testr Cs/dp, and (¢, + K,,)/d,, with open circles for spec-
imens with £; < 12 in. (300 mm), the minimum required for
compression lap splices in ACI 318-19.* The largest 7/C
values are for specimens with f; ., > 10 ksi (69 MPa), f; ;s <
60 ksi (420 MPa), and ¢, < 10d,. The second expression in
Eq. (2), which governs for 60,000 < £, < 80,000 psi (420 <
J» <550 MPa), produces reasonable conservatism for speci-
mens with f; ..., > 60 ksi (420 MPa), with 7/C mostly between
1 and 2. The first expression in Eq. (2), which governs f, <
60,000 psi (420 MPa), produces considerable scatter. These
comparisons suggest that the second expression in Eq. (2) is
more appropriate for design than the first.

The solid circles in Fig. 5 identify the 17 specimens with
¢, > 12 in. (300 mm), which had 7/C between 0.97 and 2.0.
Among these, the scatter is somewhat greater for f; ., <
60,000 psi (420 MPa) (CV = 0.23) than for f; .., > 60,000 psi
(420 MPa) (CV = 0.12). The differences between the six
specimens with f ., < 60,000 psi (420 MPa) and the 11
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Fig. 4—Bearing stress inferred from strain gauges versus several variables (results are shown from 77 specimens with strain

gauges near bar ends). (Note: 1 ksi = 6.895 MPa.)
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Fig. 5—T/C for ACI 318-19* compression lap-splice length (Eq. (2)). (Note: I ksi = 6.895 MPa.)

specimens with £ .., > 60,000 psi (420 MPa) are statistically
significant based on a two-tailed Student’s t-test assuming
equal variances (p = 0.05), affirming that the second expres-
sion in Eq. (2) fits the data better.

Overall, the ACI 318-19* equations for lap-splice length
provide a good fit for the limited data with £, > 12 in.
(300 mm) and f; ., > 60,000 psi (420 MPa), but not for spec-
imens with shorter splices and higher f. ., (recall that £,/d,
and f; .,; are correlated; refer to Fig. 3).

Compression development length

ACI 318-19* compression development length provisions
(Eq. (3)) were also compared with the database using 7/C,
where f; ... was obtained by solving Eq. (3) for bar stress
without applying the limit of 8 in. (200 mm). The mean 7/C
for Eq. (3) was 1.62 with CV = 0.44, and values ranging
from 0.58 to 3.50. Equation (3) has a lower mean (1.62
versus 2.58) and smaller CV (0.44 versus 0.60) than Eq. (2).

Figure 6 shows 7/C Versus fg i, fs rest» Us/dp, and (¢ + Ky,)/
dy, with open circles showing specimens with £, < 8 in.
(200 mm), the minimum required for compression develop-
ment in ACI 318-19.* The plots show that the highest 7/C
values correspond to specimens with £, < 10d, and f; ., >
10 ksi (69 MPa). Most (16 of 17) specimens with £; > 10d,
have 7/C < 1.0, showing that Eq. (3) is unconservative for
the longer lengths typically found in practice. The ACI
318-19* compression development length provisions in
§25.4.9 should not be used for splices.
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COMPARISONS WITH OTHER COMPRESSION
BOND LENGTH EQUATIONS

Table 1 shows the seven compression bond length equa-
tions considered (refer to notation for definitions and
assumed values). Equations (1) to (3) are from fib MC20103
and ACI 318-19,* Eq. (4) is a modification of Eq. (2) made
in response to the results in Fig. 5, and Eq. (5) to (7) were
selected from the literature (Ref. 5 to 7, respectively). Equa-
tions (1) and (5) to (7) account for end bearing, transverse
reinforcement, and concrete compressive strength. Equa-
tion (2) accounts for end bearing where f, > 60,000 psi
(420 MPa) but not concrete compressive strength, and only
accounts for transverse reinforcement when splices are in
columns. Equation (3) accounts for transverse reinforce-
ment and concrete compressive strength but not end bearing.
Comparisons are made using 7/C = f; oolfs.carc Neglecting
minimum length requirements.

Figure 7 shows the range, mean, and CV of the 7/C for
each of the compression bond length equations in Table 1.
Plots of 7/C versus several variables are provided for Eq. (1)
to (7) in Valentini et al.?® The ACI 318-19* compression
lap-splice provision (Eq. (2)) provides the worst fit, with
a mean 7/C of 2.58 and CV of 0.60. Applying the second
expression in Eq. (2) to all specimens instead of discrimi-
nating by steel stress (Eq. (4)) improves the fit, with a mean
T/C of 1.58, CV of 0.16, and a minimum 7/C of 0.97.

Figure 7 shows that Eq. (4) to (7) in Table 1 provide a
better fit with the data set than either Eq. (1), (2), or (3).
Equation (7) from Chun et al.” provides a particularly good

119



wd T — T T T T T T 04 ' . : .
2 |[oes<edomin} 1 i g i 8 ||oes<edemin| Poo
—
= i T T T S R R S R« 2= > i i P i
g Lo Eo2Boming | foobrfd o hof2 B R B L
© 1 1 i 1 ] 1 1 ] 1 1 ] b ] 1 (0] i 1 1 1
m T A A A A - R [an] | : é‘p 1 |
o) [ S o A R R A R o i o O : i
B R I B Ak S e e e T N B R I R B
AN S ke ;  ode, |
EERERERRE REL IORE 3 | P SIS
L IR RS St a e S R e i R dreemmonae R Tk 4 LA R
S oliide i e T = | AL N
ﬁo I T T T T S B ﬁo
0 5 ' 10 ' 15 0 20 40 60 80 100
Concrete Compressive Strength, £, ., [ksi] Bar Stress at Failure, f; s [Ksi]
(a) (b)
)] 4 i | H w4 s 1 H
g o : ; o €s < &dc,min g : boo o &s < dc,min
) I i £s > edc,mi p] i E o &5 > &dc,min
(g 31 E """" Pt pTTTTTT ~ = 23 ‘8 B - B
0 g : : : s} ' 8 : (:?
o ' H 1 H H
82 1t . e oooneeooee 82t dem G -
© % ' : ! © : Lo o
1 1 1 1 1 : °
3 | | | 3, eg.m;“: i
© 1 f------------ T | R e o1 ----------- SREE" R ubls St SEEEEEEEEEE e,
= | $ ' o L =:
g, s s s L i i |
0 10 20 30 40 0 1 2 3 4
Splice Length to Diameter Ratio, €4/d, (cot+Ky) 1 dp
(c) (d)
Fig. 6—T/C for ACI 318-19* compression development length (Eq. (3)). (Note: I ksi = 6.895 MPa.)
7
@ _
gs 5
N
P T e | | e et
ccg L
-04 5 (e
0}
53 | Max_ V(0
3 — 2.58
[ 322N [ RSN [ S ) NSRS SR o T
g Mean 1.75 1.62 H 1.58 1.52
Z, Lol 1 ) S I At I Ml £ 1.21
0} -
= Min
0
Eq.: (1) (2) (3) (4) (5) (6) (7)
fib MC2010 [3] ACI318-19 [4] ACI318-19 [4] ACI318-19[4] Cairns[5] Chunetal.[6] Chunetal.[7]
Compression Compression Compression Modified Compression Compression Compression
Lap Splice Lap Splice Development Compression Lap Splice Lap Splice Lap Splice
Lap Splice (Complex) (Simplified)
CV: 0.22 0.60 0.44 0.16 0.14 0.12 0.13

Fig. 7—T/C for compression bond length equations.

fit, with a mean 7/C of 1.21 and CV of 0.13 despite including
only f,, /o', dp, and . (which is a function of K,/d,). The
upper limit on Eq. (6) and (7), wherein the calculated length
should not exceed Eq. (2), was not applied for these compar-
isons. If it had been applied, Eq. (2) would have controlled
five of the 89 specimens and lowered the CV to 0.11 and
0.10 for Eq. (6) and (7), respectively. The five specimens
where Eq. (2) controlled were five of the seven specimens
with £,/d, > 20.
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COMPARISONS WITH TENSION BOND LENGTH
EQUATIONS

The prior section shows that several equations exhibit a
reasonable fit with the database of compression lap-splice
tests and could be candidates for use in design. This section
explores whether existing tension bond length equations can
also be used for compression bond lengths with minor modi-
fication. Use of one equation for bond in compression and
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tension would simplify design and eliminate cases where
calculated lengths are longer in compression than in tension.

Table 2 shows six tension bond length equations, Eq. (8)
to (13). These equations account for yield stress and concrete
compressive strength, and all except Eq. (12) explicitly
account for concrete cover and transverse reinforcement.
Each of these equations was considered in the following
analyses, except for Eq. (9), which is redundant with Eq. (8).

Methods for comparing tension bond length
equations to database

Table 3 shows 7/C statistics for Eq. (8) and (10) to (13)
applied in their original form and modified using three
different methods. All five equations, applied in their original
form, have 7/C > 1.0 for all specimens in the analysis data-
base, with mean 7/C values between 1.73 and 3.67. These
high means occur partly because the equations in Table 2 do
not account for end bearing. Three methods were considered
for adjusting the tension bond length equations to account
for end bearing, each calibrated to obtain a minimum 7/C
of 1.0 (that is, zero % fractile). This was done for simplicity
and consistency, and because many of the specimens with
the lowest 7/C values are those with lap splices longer than
10d, (Fig. 5 and 6), like many splices in practice. Equations
can readily be modified to obtain a different fractile.

Method 1: 1, length multiplier—Method 1 converts the
calculated tension bond length to a compression bond length
by multiplying the tension bond length from selected equa-
tions in Table 2 by ry, as shown in Eq. (14).

{1 =1’1€d (14)

To obtain 7/C ratios, f; ... Was substituted for £, (or f; in
Eq. (13)); the equation was solved for f; ... and 7/C was
calculated as f; jo5/f; cate- The | values were selected for each
equation to produce a minimum 7/C of 1.0. Method 1 incor-
rectly assumes that force attributed to end bearing is propor-
tional to bond length (Fig. 4 shows end bearing and bond
length are negatively correlated), but it was nevertheless
considered given its simplicity.

Method 2: 1, bar stress multiplier—Method 2 accounts
for end bearing by reducing the bar stress that must be
developed through bond using a bar stress factor, r,, that
differs for each equation and, as with |, was selected to
produce a minimum 77/C of 1.0. So, a bar stress 7, f; cic Was
substituted for f, (or f; in Eq. (13)) in the selected Table 2
equations. Each of the equations was then solved for f; .., and
T/C was calculated as f; /f; carc (Table 3). For some equa-
tions, Methods 1 and 2 produced the same result. Method
2 is considered given its simplicity, although it incorrectly
assumes that the force transferred by end bearing is propor-
tional to bar stress, which is not supported by Fig. 4.

Method 3: t; end bearing—Method 3 accounts for end
bearing by substituting (f; ... — 73) for £, (or f; in Eq. (13)),
where r; is the bar stress attributed to end bearing and has
units of stress. Each equation was then solved for f; .., and
T/C was calculated as f; jo5/f; cate- The 13 value is a constant
that differs for each equation that, as with »; and r,, was
selected to produce a minimum 7/C of 1.0.
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Table 3—T/C statistics for original and modified
tension bond length equations

ACI ACI Lepage | Canbay and Frosch
318-19 408R-03 et al. Frosch etal.
Eq. (8) Eq.(10) | Eq.(11) Eq. (12) Eq. (13)"
Original equation
Mean 3.67 1.76 2.02 2.00 1.73
SD 1.82 0.23 0.35 0.42 0.38
Ccv 0.50 0.13 0.17 0.21 0.22
Max 9.55 2.30 2.76 3.30 2.67
Min 1.60 1.19 1.35 1.27 1.01
Method 1
r 0.62 0.69 0.66 0.62 0.97
Mean 2.29 1.51 1.75 1.58 1.71
SD 1.13 0.24 0.36 0.33 0.38
Ccv 0.50 0.16 0.21 0.21 0.22
Max 5.96 2.09 2.58 2.61 2.67
Min 1.00 1.00 1.00 1.00 1.00
Method 2
) 0.62 0.84 0.74 0.79 0.99
Mean 2.29 1.47 1.50 1.58 1.72
SD 1.13 0.19 0.26 0.33 0.38
Ccv 0.50 0.13 0.17 0.21 0.22
Max 5.96 1.92 2.06 2.61 2.64
Min 1.00 1.00 1.00 1.00 1.00
Method 3
. 22,100 psi | 8100 psi 131;;00 12,200 psi 600 psi
(152 MPa) | (56 MPa) (93 MPa) (84 MPa) | (4.1 MPa)
Mean 1.47 1.42 1.38 1.41 1.70
SD 0.29 0.16 0.19 0.22 0.37
(A% 0.20 0.12 0.14 0.16 0.22
Max 2.24 1.81 1.81 2.10 2.61
Min 1.00 1.00 1.00 1.00 1.00

“Equation (13) provides mean bond strength, unlike others in Tables 1 and 2, which
are for design.

The fib Model Code (Eq. (1)) uses a similar approach,
wherein the compression lap-splice length is calculated for
a bar stress of f,, — F;/A, where F), is the force attributed to
end bearing (Eq. (1)). Because F), is also a function of 4,,
F/A4, is independent of bar area. The value of r; in Method 3
was also taken to be independent of bar arca. Separate
analyses show that making 3 a function of f; ., or (¢, + K,,)/
d,, does not improve fit to the data. Figure 4(c) suggests that 73
should be a function of £,/d,, but doing so adds complexity
without meaningfully improving fit to the data. Unlike the
fib Model Code 2010, which defines F), to be a function of
concrete compressive strength, 73 is taken as a constant for
simplicity and as reported later, because of the satisfactory
result when evaluated against the available test data.
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Results

Table 3 shows the mean, standard deviation, CV, and range
of the 7/C obtained for five tension bond length equations
under four conditions: in their original form and when modi-
fied using Methods 1 through 3 (7, r,, and 73). The spread of
T/C values are shown in Fig. 8 and 9 for the original tension
bond length equations and when modified with Method 3.

Table 3 and Fig. 8 show that Eq. (10) through (13) are all
better fits to the compression lap-splice data than the ACI
318-19* provisions for compression lap splices (Eq. (2)) or
Eq. (8) from ACI 318-19,* which has the highest mean (3.67)
and scatter (CV = 0.50) among the tension bond length equa-
tions considered. The other four tension bond length equa-
tions have CV values of 0.13 to 0.22, which are similar to the
CV values of 0.12 to 0.22 for the compression bond length
equations in Fig. 7. These results indicate that tension bond
length equations can be used for compression bond lengths
without losing precision.

Table 3 shows that Method 1 gives a minimum 7/C of 1.0
for Eq. (8) and (10) to (12) with r, values between 0.62 and
0.69, and for Eq. (13) with , = 0.97. Table 3 also shows that
ry = 0.62 applied to Eq. (8) would result in similar accuracy
and precision as existing code provisions: mean 7/C of 2.29,
compared with 2.58 and 1.62 for Eq. (2) and (3), and CV of
0.50, compared with 0.60 and 0.44 for Eq. (2) and (3) (refer
to Fig. 7). Method 2 produces better precision than Method 1
for Eq. (10) and (11) (CV =0.13 versus 0.16 for Eq. (10) and
0.17 versus 0.21 for Eq. (11)). Table 3 and Fig. 9 show that
Method 3 results in the best accuracy and precision of the
methods considered, with CV from 0.12 to 0.22. Using r; =
22,100 psi (152 MPa) with Eq. (8), the ACI 318-19* tension
development length equation produces CV = 0.20. This
is better than obtained with Eq. (1) from the fib MC2010°
and Eq. (2) and (3) from ACI 318-19,* and not far from the
performance of Eq. (5) to (7) that were developed for bond
in compression. The lowest CV values in Fig. 9 are similar
to those in Fig. 7.

Table 3 and Fig. 9 show that, among the five tension bond
length equations, Eq. (10), the modified ACI 408R-03!
equation, exhibited the best fit of the data (mean 7/C = 1.42,
range = 0.81, and CV = 0.12). Equations (11) and (12) (the
modified Lepage et al.? and Canbay and Frosch'® equations)
produced similar fits to the test data (CV = 0.14 and 0.16,
respectively), followed by Eq. (8) and (13) (the modified
ACI 318-19* and Frosch et al.!! equations) (CV = 0.20 and
0.22, respectively).

RECOMMENDATIONS

Results suggest there are several options for improving
ACI 318-19* equations for compression bond lengths. Any
proposal should: 1) simplify building code requirements;
2) eliminate the possibility that calculated bond lengths are
longer in compression than in tension; 3) provide a reason-
ably good fit to test data; and 4) exhibit trends with respect
to key variables that suggest the changes will be safe when
used outside the range of the available data.

With these criteria and recognizing that changes to tension
development length provisions were outside the scope of
this study, the authors recommend Eq. (15) for development
lengths in tension and compression. Given the consequences
of lap-splice failures, and to maximize consistency between
compression and tension bond requirements, the authors
furthermore recommend that Class A and B requirements
for tension lap-splices be applied to compression lap splices
(that is, a Class B compression lap splice would be 1.3 times
the output of Eq. (15)). It is, however, noted that ACI 408R-
03! argues for eliminating this 1.3 multiplier
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where f;, = 20,000 psi (140 MPa) for Grade 40 and 60 (280
and 420) bars in compression and 0 psi (0 MPa) otherwise.
The authors recommend f, = 0 ksi (0 MPa) for Grade 80
and 100 (550 and 690) bars because there are few test data
for high bar stresses and due to the negative correlation in
Fig. 4(c). f, can be modified to obtain higher fractiles (for
example, 28,000 for 10% fractile for Grades 40 and 60).

To qualify for £, = 20,000 psi (140 MPa), there must be
adequate distance between the end of the bar and the nearest
free surface perpendicular to the bar for the concrete to resist
the bearing force without breakout. The authors recommend
the 5d, minimum in fib MC2010.

Figure 10 shows 7/C versus ficu foess Cs/dp, and
(cp + K,)/d), for Eq. (15) with f, = 20,000 psi (140 MPa),
which has a mean 7/C = 1.55 and CV = 0.21. Comparing
Fig. 10 with Fig. 5 and 6 shows that Eq. (15) provides a
better fit of the available data than the existing code provi-
sions (Fig. 5 and 6 for Eq. (2) and (3)). Equation (15) is
similarly conservative across the range of f; cs, f; res» and (cp
+ K,,)/d, values. The nearly flat trend in Fig. 10(a), partic-
ularly for f.., < 10,000 psi (69 MPa), supports setting
f» as a constant instead of a function of concrete strength
(Fig. 10(a) also shows 7/C increases for f; ;> 10,000 psi [69
MPal). Equation (15) exhibits a downward trend versus ¢/d,,
in Fig. 10(c), but the trend is relatively flat for splices longer
than 10d,. All splices longer than 10d, have 7/C values
between 1 and 1.5, indicating that f, = 20,000 psi (140 MPa)
produces reasonable values for lengths common in practice.

Figure 11 shows lengths calculated using Eq. (15) with
/5 = 20,000 psi (140 MPa) and lengths from ACI 318-19*
provisions for 4., €4, and ¢, (Eq. (2), (3) and (8)) for
Grade 60 (420) bars and different confinement conditions.
Lengths calculated with Eq. (15) are generally between
those obtained from Eq. (2) and (3) when (¢, + K,,)/d, = 1.5
and y, = 1.0, and similar to Eq. (3) when (¢, + K,,)/d, = 2.5
and y, = 0.83. Equation (15) lengths never exceed ¢, from
Eq. (8).
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SUMMARY AND CONCLUSIONS

A design example showed that ACI 318-19* compression
lap-splice lengths (§25.5.5) can be longer than a Class B
tension lap splice (§25.5.2). This is counter to expectations
because compression lap splices benefit from end bearing.
The same example showed that ACI 318-19* compression
lap-splice lengths (§25.5.5) can also be substantially longer
than the compression development length (§25.4.9). This is
also counter to expectations because for tension, development
and lap-splice lengths can be considered interchangeable.?

To better understand the problem and explore alternatives,
a historical review of ACI 318 Building Codes was under-
taken and a database of compression lap splice test results
obtained from ACI Committee 408'2 was used to evaluate
expressions for bond in compression. Comparisons are made
throughout using 7/C = f; jes/fs.cale- The following conclu-
sions are drawn:

1. A historical review of ACI 318 Building Code provi-
sions showed that the ACI 318-19* expression for compres-
sion lap-splice length of Grade 60 (420) bars (Eq. (2)) in
§25.5.5 is based on detailing requirements for columns and
walls that were first published in 1936'* before test data were
available. Likewise, the ACI 318-19* equations for compres-
sion development length (Eq. (3)) in §25.4.9 are based on
bond stress limits originally published in ACI 318-51%
and ACI 318-63,'* which were selected to produce lengths
similar to lap splice lengths that had been shown to work in
practice.

2. The ACI 318-19* compression lap-splice length equa-
tions (§25.5.5) exhibit a poor fit to the database of 89
compression lap splice test results, with a mean 7/C of 2.58
and coefficient of variation (CV) = 0.60, although many
available results are from tests with splices shorter than the
minimum required.

3. The ACI 318-19* compression development length
equations (§25.4.9) exhibit a poor fit to the database of 89
test results, with a mean 7/C of 1.62 and CV = 0.44. Section
25.4.9 is also unconservative for the longer lengths typically
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found in practice, with most (16 of 17) specimens with a lap
splice longer than 10d, having 7/C between 0.5 and 1.0.

4. The compression lap-splice length requirements in ACI
318-19* §25.5.5 can be improved and simplified by using
item (b) in §25.5.5.1 for all bar stresses (Eq. (4)). Equa-
tion (4) has a mean 7/C of 1.58 and CV = 0.16, although
it omits relevant variables and can produce longer design
lengths than for tension development. Equations from
Cairns® and Chun et al.%” fit the data better.
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5. The five tension development length equations in
Table 3 all provided similar or better fits of the data than ACI
318-19* §25.5.5, with the ACI 408R-03' equation exhibiting
the lowest CV of 0.13.

6. Of the methods considered for adapting tension bond
equations, Method 3, in which bond length is calculated as
bar stress minus a constant that represents bearing at the
end of the splice, provided the best fit of the database for all
tension equations in Table 3.
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7. Equation (15), an adaptation of the tension develop-
ment length expression in ACI 318-19,% based on Method
3, is recommended for calculating development lengths in
tension and compression. Use of Eq. (15) would simplify
the building code, eliminate the possibility that calculated
bond lengths are longer in compression than in tension, and
provide a reasonably good fit to existing test data.
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NOTATION
A, =  cross-sectional area of lap-spliced bar, in.> (mm?)
A, = cross-sectional area of transverse reinforcement within spacing
s that crosses potential splitting plane, in.? (mm?)
c = Cpinaos T 0.5d}, in. (mm)
¢, = lesser of: (a) distance from center of bar or wire to nearest

concrete surface; and (b) one-half center-to-center spacing of
bars or wires developed, in. (mm)

¢, = bottom clear cover, in. (mm)

Cnaraos=  MAax(cy’; Caos), in. (mm)

Crmax fib= m?X(Cs‘i; cs’o)’ ln (mm)
Conin, 408~ mm(cb*; Cs,408), . (Mm)
Cmingip= Min(cy , Cy, Cy0), N (MmM)

Ca08 =  min(cy; +0.25 in. [6.4 mm], ¢,,), in. (mm)

¢ = halfof bar clear spacing, in. (mm)

¢, =  side clear cover, in. (mm)

d, = nominal bar diameter of lap-spliced or developed bar, in. (mm)

F, = force developed by end bearing, 60f;,4, for compression and 0
for tension, 1b (kN)

f,, = bar stress attributed to bearing, psi (MPa)

fra = design ultimate bond stress, with terms for compression
normal to splitting plane set to zero, (02 + 0t3)fpq0 < Min(2.5f540,18
(\ferpsi/ye[1.5\fx, MPa/y.]), psi (MPa)

frao = Dbasic bond strength, 717217374(fet/3620  psi)y.  (minansia
(fo/25 MPa)’3/y,)

f' = specified concrete compressive strength, psi (MPa)

Jeew = measured concrete compressive strength for equivalent 6 x
12 in. (150 x 300 mm) cylinder per Reineck et al.,?” psi (MPa)

fa =  characteristic concrete compressive concrete strength, taken as
f;,cyh pSI (MPa)

fscale =  calculated stress in steel reinforcement based on measured spec-
imen and material properties, psi (MPa)

fiwese =  steel reinforcement stress at failure in tests, psi (MPa)
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5 specified yield stress, psi (MPa)

fra = design yield stress, f,/ys, psi (MPa)

Jfw =  characteristic value of yield stress, taken as f,, psi (MPa)

S = specified yield stress of transverse reinforcement, psi (MPa)

K, = transverse reinforcement index, 404,/(sn), in. (mm)

K403 =  transverse reinforcement index, 0.52t,t';A”\[}TC’ /(sn)in.
[6.26t,244,~[f;' /(sn)ymm

K, =  transverse reinforcement index, 4,/(nd,s) < 0.05

ks =  transverse reinforcement detailing factor, taken as 10 for circular
columns and 20 for rectangular columns

t; = calculated tension development length, per ACI 318-19*
§25.4.2.4, except where subscripts indicate otherwise, in. (mm)

t4 = calculated compression development length, per ACI 318-19*

§25.4.9, except where subscripts indicate otherwise, in. (mm)
¢, = provided lap-splice length, in. (mm)
t,. = calculated compression lap-splice length, per ACI 318-19*
§25.5.5.1, except where subscripts indicate otherwise, in. (mm)

ty = calculated tension lap-splice length per ACI 318-19* §25.5.2.1,
in. (mm)

0, b,

3 = calculated length per Methods, 1, 2, and 3, in. (mm)

Ny = number of stirrup groups within lap-splice length

n = number of bars being developed or lap spliced

P = threshold for statistical significance based on Student’s t-test

R, = relative rib area, taken as projected rib area normal to bar axis

divided by product of nominal bar perimeter and average center-
to-center rib spacing

R> = coefficient of determination

r,

s = factors used in Methods 1, 2, and 3, unitless, unitless, and psi
(MPa)

K = center-to-center spacing of transverse reinforcement, in. (mm)

7IC = f.;.,zes/fs,ralc

ty = bar size factor, 0.78d, + 0.22 in. (0.03d, + 0.22 mm), in. (mm)

t, = relative rib area factor, 9.6R, + 0.28 < 1.72

a, = bar size factor, taken as 0.020, 0.020, and 0.022 in. (0.5, 0.5, and
0.57 mm) for No. 7, 8, and 9 (22, 25, and 29 mm) bars, in. (mm)

a = cover factor, yCyin b/ db(Ca il Cominin) >

a3 =  transverse reinforcement factor, k(K s — a,/(2 in.[SO mm])) > 0

p = surface coating factor, taken as 1.0

J = factor for presence of transverse reinforcement within 4d, of
ends of lap splice, 1 if transverse reinforcement is placed at ends
or 0 if not

ye = partial safety factor for concrete, taken as 1.5

ys = partial safety factor for reinforcing steel, taken as 1.15

m = bar deformation factor, taken as 1.75

n, =  casting position factor, taken as 1.0

73 =  bar diameter factor, (1 in. [25 mm]/d,)*? < 1

ns = yield stress factor, taken as (73,000 psi [S00 MPa])/f; es)"*?

A = lightweight concrete factor, taken as 1.0

© = 0.1¢u408/Cinaog T 0.9 < 1.25

Wrepage=  bar cover factor per Lepage et al.,” taken as 1.0

w. = surface coatings factor, taken as 1.0

wy =  Dbar grade factor, taken as 1.0 for f; ., < 80 ksi (550 MPa) and
1.15 for 80 ksi (550 MPa) < f; .., < 100 ksi (690 MPa)

w, = confining reinforcement factor, taken as 0.75 for spirals and 1.0
otherwise

w, =  bar size factor, taken as 1.0

w,. = transverse reinforcement factor, 1 + 0.084K,/d,

w, = casting position factor, taken as 1.0

w, = yieldstress factor, 1.5 — (30,000 psi [210 MPa])/f; carc > 0.75
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