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Bond Strength and Development Length Models for
Straight Plain Longitudinal Reinforcement in Tension

by Eyitayo A. Opabola

Previous experimental and analytical studies have shown that
state-of-practice provisions for evaluating the bond strength and
development length of plain bars are not appropriate. Existing
provisions tend to provide overconservative estimates of the
required development length of plain bars. Using a database of
518 development and 35 splice test specimens, this study proposes
simple models for evaluating the bond strength and development
length of plain round and square bars. The study demonstrates that
the bond strength of a plain bar depends on the casting position,
concrete strength, and the ratio of concrete cover to bar diameter.
The study also shows that the influence of the loading rate and
stirrup confinement level on the bond strength of plain bars may
be insignificant. Furthermore, it is shown that the bar size factor
in ACI 318 for deformed bars is not justified for plain bars. Using
the proposed model, it is concluded that the required development
length of a bottom-cast plain bar is 1.33 times that of a bottom-cast
deformed bar. Also, the required development length of a top-cast
plain bar is two times that of a top-cast deformed bar. The proposed
model in this paper is recommended for incorporation into assess-
ment standards.

Keywords: bond strength; development length; existing structures; plain
bars; splice length.

INTRODUCTION

A significant number of existing multi-story reinforced
concrete (RC) frame and wall structures in seismically active
regions of the world were designed prior to the 1960s when
the use of plain longitudinal reinforcement was allowed by
building standards.!?> By the start of the 1960s, recognizing
the better concrete-reinforcing bar bond-slip behavior of
deformed bars, deformed bars became widely adopted as
longitudinal reinforcement in concrete structures. Since
then, most research studies have focused on the behavior of
concrete structures with deformed bars.

In recent years, however, there has been renewed interest
in improving the understanding of the behavior of concrete
structures with plain longitudinal reinforcement. The
renewed interest is a result of the increased societal demands
on expected performance objectives of older-type structures
under seismic demands and the socioeconomic implications
of evaluating these structures using inadequate and conser-
vative seismic assessment provisions. It is well-known
that improved knowledge of structural behavior is critical
to developing refined assessment provisions that may help
avoid unwarranted intervention strategies in certain concrete
structures with plain longitudinal reinforcement. With the
aim of enhancing the understanding of the behavior of older-
type structures, recent analytical and experimental studies
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have focused on assessing the behavior and performance of
concrete structures with plain longitudinal reinforcement on
the global level,® component level,** and material level®’
under various loading conditions.

Of interest to the current study are the existing assessment
provisions for evaluating the development and splice lengths
of straight plain bars. Two existing assessment provi-
sions are considered in this study: ASCE/SEI 41-17% and
ACI 562-19.° ASCE/SEI 41-17 provisions for the seismic
assessment of existing buildings recommend that the devel-
opment length of a plain bar should be taken as twice the
development length of a deformed bar determined in accor-
dance with ACI 318-19.° It is noteworthy that /; s, = 2 %
Ly deformea has been in place since ACI 318-51."" Experimental
and analytical studies'>!* have suggested that the rule may
be too conservative for evaluating the lateral strength of RC
columns with longitudinal plain bars.

ACI 562-19° makes provisions for the assessment,
repair, and rehabilitation of existing concrete structures.
ACI 562-19 recommends that a preliminary assessment of
existing concrete structures should be carried out using the
code provisions that were in effect when the structure was
constructed. Aside from the expected high level of conser-
vatism in these older design codes, as will be discussed
later, ACI 562-19 recommendations can potentially result
in a considerable nonuniformity in preliminary assessment
results for similar structures built in different design eras.
This is because the understanding and codification of the
concrete-plain bar bond provisions evolved significantly
between 1910 and 1963 (that is, from the 1910 Standard
Building Regulations for the Use of Reinforced Concrete'*
to ACI 318-63"%) (refer to Table 1).

Although experimental results as early as 1913'¢ high-
lighted the significance of casting position effects on the
concrete-reinforcing bar bond behavior, it was not until 1951
that the ACI Building Code started considering the influ-
ence of casting position on bond provisions. Prior to 1951,
the bond stress in straight plain bars was limited to 0.04f.,
where f.' is the concrete compressive strength (Table 1).
Assuming a concrete compressive strength of 14 MPa
(2000 psi) (the typical compressive strength of 1920s
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Table 1—Bond provisions for plain bars in United States from 1910 to 1963

Design code Bond provisions for plain bars
0.55 MPa (80 psi)
1910 Standard Building Regulations for the Use of Reinforced Concrete' 1.03 MPa (150 psi) in cases where adequate mechanical anchorage is
provided
1920 Standard Building Regulations for the Use of Reinforced Concrete!” 0.04£.

ACI501-36-T'8

0.04/.' for beams, slabs, and one-way footings

ACI 318-41"

0.041. < 1.1 MPa (160 psi) for beams, slabs, and one-way footings

ACI 318-47%

0.04f." < 1.1 MPa (160 psi) for beams, slabs, and one-way footings
0.06f.' < 1.38 MPa (200 psi) when end hooks are provided

ACI 318-51"

0.03f." < 0.724 MPa (105 psi) for top bars
0.0457." < 1.09 MPa (158 psi) for bars other than top bars; plain bars
must be hooked

Working stress design
ACI 318-63"

u=1.7Nf//D < 1.1 MPa (160 psi) for top bars
u=2.4£"/D < 1.1 MPa (160 psi) for bars other than top bars

Ultimate strength design

u=23.35V£/D < 1.72 MPa (250 psi) for top bars.
u= 4.75\//;'/D < 1.72 MPa (250 psi) for bars other than top bars

concrete components®), the 1920 provisions are similar to
the 1910 Standard Building Regulations'* bond stress limit
of 0.55 MPa.

The ACI 318-51 provisions reduced the bond stress limit
for top-cast plain bars to 0.03f. from the bond stress of
0.04/. provided for all casting positions in pre-ACI 318-51
provisions. On the other hand, a bond stress limit of 0.045f.’
was provided for bottom-cast plain bars in ACI 318-51.
Hence, according to ACI 318-51, the required development
length of a top-cast plain bar is 1.5 times that of a bottom-
cast plain bar. ACI 318-63, on the other hand, provided that
the required development length of a top-cast plain bar is 1.4
times that of a bottom-cast plain bar. Also, the upper limit
for the bond stress in top-cast bars was increased to 1.1 MPa
(160 psi) from 0.724 MPa (105 psi) in ACI 318-51.

From ACI 562-19’s point of view, based on the previously
discussed variations in bond provisions in pre-1960s ACI
Codes, there is bound to be a significant nonuniformity in
preliminary assessment results for structures with similar
reinforcement detailing but built in different design eras.
Likewise, as previously mentioned, experimental studies
have suggested that the ASCE/SEI 41 bond provisions
may result in the overconservative estimation of the lateral
strength of RC columns. To address all these, it is important
to develop refined formulations for predicting the develop-
ment and splice length of straight plain bars.

This paper proposes a formulation for predicting the
development and splice length of plain bars. Using a collated
database of 518 development test specimens subjected
to monotonic loading, simple formulations are proposed
for evaluating the bond strength and development length
of plain bars. The adequacy of the proposed development
length formulation for evaluating the splice length of plain
bars was subsequently validated using a database of 35
splice test specimens with square and round plain longitu-
dinal reinforcement.

RESEARCH SIGNIFICANCE
Practicing engineers are required to assess the perfor-
mance of RC structures from various design eras and with
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Table 2—Range of properties for development test
database (refer to Data set | in Appendix)

Parameter Minimum Maximum Mean Median
I MPa 9.7 (1.4) 61.6 (8.9) 30.6 (4.4) 27.4 (4.0)
(ksi)
dp, mm (in.) | 6.35(0.25) | 31.75(1.25) | 17.5(0.7) 16 (0.63)
Iy/d, 2.4 30 13.5 14.4
cpld), 1.5 15.7 3.7 24

Note: £ is concrete compressive strength; d, is bar diameter; /,/d,, is ratio of provided
development length to bar diameter; ¢,/d, is ratio of concrete cover to bar diameter.

various vulnerabilities using codified assessment provisions.
To tackle the socioeconomic impact of inadequate and over-
conservative provisions in state-of-practice standards, it is
important to develop refined assessment procedures. In this
paper, a simple formulation has been developed for eval-
uating the bond strength and development length of plain
bars. The proposed formulation is recommended for adop-
tion by state-of-practice provisions.

EXPERIMENTAL DATABASE

Data set |

For this study, two groups of data sets were collated. The
first data set consists of development tests on plain longitu-
dinal bars with or without transverse reinforcement. Only
monotonic tests were considered in Data set I. Data set I
consists of 518 straight plain bar specimens collated from
test programs published in the last 110 years. All the speci-
mens in Data set I experienced a pullout failure. Due to the
fact that beam-end tests provide more realistic measures
of bond strength,?! the initial database was segregated into
pullout and beam-end test data subsets. However, a compar-
ison of the test data from these subsets (that is, pullout and
beam-end tests) did not suggest a significant influence of test
configuration on the measured bond strength of plain bars.
Hence, both data sets were combined for this study. As subse-
quently discussed in this paper, the transverse reinforcement
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confinement effect is also not significant on measured bond
strength. The database is presented in the Appendix.”

The range of key parameters in Data set I is presented in
Table 2. The majority of the test specimens in the database
have compressive strength between 10 and 30 MPa (1.45 and
4.35 ksi). This range covers the lower-bound compressive
strength in pre-1960s concrete components (refer to ASCE/
SEI 41-17%). Information on measured steel properties was
not typically reported in the older tests. In the modern tests
where steel material properties were provided, the measured
yield strength ranged from 247 to 380 MPa (36 to 55 ksi).

In terms of casting position, the proportion of bottom-cast,
top-cast, and vertical-cast test specimens is 34%, 36%, and
30%, respectively. Eighty-two percent of all the test speci-
mens had no transverse reinforcement, while the remaining
18% had transverse reinforcement. Information on trans-
verse reinforcement spacing is provided in the database.

Data set Il

Data set II consists of splice specimens. Only tests with
straight splices were considered for this data set, and only 35
test data were sourced. It is noteworthy that all 35 test data
have similar beam dimensions (305 x 410 mm [12 x 16 in.])
and shear span (1370 mm [54 in.]). The key variables in the
data set are bar size (ranging from No. 6 to 10), bar shape
(circular and square), provided splice length (ranging from
13d, to 64d,), and casting position. The concrete compres-
sive strength in Data set I ranged from 17 to 36 MPa (2.5 to
5.2 ksi). The yield strength of the longitudinal reinforcement
ranged from 310 to 350 MPa (45 to 50.8 ksi). Key test data
on specimens in Data set II are presented in the Appendix.
It is noted that all the specimens in Data set II, except spec-
imens 19-1010 C B and 19-1210 C B, experienced bond
failure.

SUMMARY OF EXPERIMENTAL FINDINGS

The overall behavior and serviceability of RC structures
rely on the stress transfer between the longitudinal reinforce-
ment and surrounding concrete. This stress transfer depends
on the anchorage and bond mechanism. The bond mechanism
comprises three components: chemical adhesion, frictional
resistance, and mechanical interlock.?'?> Unlike deformed
bars, the absence of ribs in plain bars means the mechanical
interlock contribution to the concrete-plain reinforcing bar is
negligible.?!?* The frictional resistance is induced when the
reinforcement slips relative to the surrounding concrete.?*

Various experimental programs in the last century have
explored the influence of the mechanical properties of the
surrounding concrete, the volume of concrete around the
bar (related to the bar-to-bar spacing and concrete cover),
casting position, surface condition of the bar (corrosion level
and coating), bar geometry (presence of ribs, rib geometry,
and bar shape), and presence of confinement from transverse
reinforcement on the bond resistance of plain bars (refer
to the database in the Appendix). The results from these

"The Appendix is available at www.concrete.org/publications in PDF format,
appended to the online version of the published paper. It is also available in hard copy
from ACI headquarters for a fee equal to the cost of reproduction plus handling at the
time of the request.
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Fig. I—Influence of casting position on bond strength of
plain bars with and without transverse reinforcement (TR).
(Note: ACI 318-19 provisions are intended for deformed
bars only.)

experimental programs will be adopted to achieve the aims
of this study. Prior to that, the subsequent subsections focus
on discussing the influence of the aforementioned parame-
ters on the concrete-plain bar bond resistance using experi-
mental observations from Data set I.

Influence of casting position

As far back as 1913, studies have looked at the influ-
ence of casting position on the bond strength of plain bars.
Abrams'® observed that the bond strength of vertical-cast
plain bar specimens could be up to 75% larger than the bond
strength of horizontal-cast plain bar specimens cast from the
same concrete batch. Abrams concluded that the difference
is associated with the pullout direction relative to the direc-
tion of the concrete settlement.

Several studies®*>2” on plain bars have also concluded that
the bond strength of horizontal-cast specimens decreases as
the concrete depth below a bar increases. The influence of
casting position on horizontal-cast specimens has generally
been observed in experimental programs and recognized by
ACI 318 since 1951." The development length of top-cast
plain bars was proposed to be 1.5 and 1.4 times the devel-
opment length of bottom-cast plain bars in ACI 318-51 and
ACI 318-63, respectively. It is noted that top-cast bars have
always been defined in ACI 318 as horizontal-cast bars with
more than 12 in. (300 mm) of concrete below the bar.

A subset of top-cast and bottom-cast plain bar specimens
were selected from the collated database in this study. Only
top-cast plain bar specimens with corresponding bottom-
cast plain bar specimens molded from the same concrete
batch were considered in this subset. A comparison of the
normalized measured bond strength of the top-cast and
bottom-cast specimens in the subset is presented in Fig. 1.
As shown in Fig. 1, both ACI 318-51"! (factor of 1.5) and
ACI 318-63"° (factor of 1.4) underestimate the magnitude by
which the bond strength of bottom-cast specimens is larger
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Fig. 2—Relationship between bond strength and concrete compressive strength adopting power coefficient (p) of: (a) p = 1/4;

(b)p=1/2;and (c)p = 1.

than the bond strength of corresponding top-cast specimens.
Likewise, the ASCE/SEI 41-17 approach of adopting ACI
318-19’s casting position coefficient of 1.3 for top-cast bars
is also inadequate (note that the ACI 318-19 casting position
coefficients were calibrated to tests on deformed bars). For
the considered subset in this study, as shown in Fig. 1, the
ratio of the bond strength of a bottom-cast specimen to the
bond strength of a corresponding top-cast specimen has a
mean of 2.1 and a coefficient of variation of 38%.

Influence of concrete strength

Concrete-reinforcing bar bond behavior is influenced by
concrete properties—tensile strength, compressive strength,
concrete mixture (that is, the mixture ratio of constituents,
aggregate size, and aggregate type), fracture energy, and
so on.!6:21:222628 The effect of concrete properties on bond
strength is typically represented using concrete compres-
sive strength using a power function (that is, T, o /). Past
studies??>?%3? and design codes'">'>!7 have adopted the power
coefficient p ranging from 1/4 to 1.0 for plain and deformed
bars. As mentioned earlier, pre-1960s ACI design provisions
adopted a power coefficient of 1.0, while ACI 318-63 provi-
sions adopted a power coefficient of 1/2 for evaluating the
bond strength of plain bars.

Figure 2 presents the relationship between bond strength
and compressive strength with power coefficients of 1/4, 1/2,
and 1 using only test data from experimental programs that
have considered concrete strength as a test variable.?®*! The
bottom-cast and top-cast test bins are from Chana®® with a
¢p/d), of approximately 2. On the other hand, the vertical-cast
test data are from Mo and Chan?®' with a ¢;/d, of 6. It is note-
worthy that other power coefficients were also considered
aside from the power coefficients represented in Fig. 2. Based
on the available data for plain bars, there is no justification
to consider any power coefficient superior to the other. Addi-
tional test data may be needed to explore further the justifi-
cation of a power coefficient for the relationship between
concrete strength and bond strength of concrete-embedded
plain bars. As adopted in past studies and current ACI 318

168

provisions, however, a power coefficient of 1/2 is adopted
in this study to evaluate the bond strength of plain bars. It
is noted that the discussions in this subsection are based
on limited test data. Additional test data on specimens with
concrete strength as a variable are needed to further validate
the discussions presented in this subsection.

Figure 2 shows that the relationship between concrete
strength and bond strength is dependent on the casting posi-
tion. Figure 2 also suggests that concrete strength has a
lesser significance on top-cast plain bars. However, there is
not sufficient test data to conclude the influence of concrete
strength on the bond strength of top-cast plain bars.

Influence of concrete cover

The failure mode of a concrete-reinforcing bar bond is
typically related to the concrete cover.?! It is well-known
that there is a failure mode transition from a splitting failure
mechanism to a pullout failure as concrete cover increases.*?
However, due to experimental evidence that bond failure of
plain bars is typically through pullout failure, the influence
of concrete cover on the bond strength of plain bars was
typically considered insignificant.

In this section, the influence of concrete cover on the
bond strength of plain bars is discussed using only test data
from experimental programs that have considered concrete
cover as a test variable.*'?” Figure 3(a) looks at the influ-
ence of the ratio of concrete cover to bar diameter (c,/d})
on the bond strength (normalized by the square root of the
compressive strength) for bottom-cast specimens with and
without transverse reinforcement. The influence of the ratio
of concrete cover to bar diameter (c¢;/d},) on the bond strength
(normalized by the square root of the compressive strength)
for top-cast specimens with and without transverse rein-
forcement is presented in Fig. 3(b). Lastly, Fig. 3(c) depicts
the influence of the ratio of concrete cover to bar diameter
(cy/dp) on the bond strength (normalized by the square root
of the compressive strength) for vertical-cast specimens
without transverse reinforcement based on test data from
Abrams.'® As shown in Fig. 3, irrespective of the casting
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Fig. 3—Influence of concrete cover on bond strength of plain bars (TR is transverse reinforcement). (Note: Only test data from
experimental programs that have considered concrete cover as test variable are considered herein.)

position, the bond strength of plain bars increases with an
increase in provided concrete cover. However, for plain bars
with a ¢,/d), greater than 2.5, the mean bond strength was not
influenced by the c¢,/d,. Interestingly, a c,/d), of 2.5 is typi-
cally considered the transition point between splitting failure
and pullout failure in deformed bars.3? In comparison with
the data presented in Fig. 3(a) for bottom-cast specimens,
Fig. 3(b) shows that a larger scatter is observed in top-cast
specimens. This scatter suggests that the bond behavior of
top-cast specimens is susceptible to a high level of vari-
ability. A critical review of experimental results®® showed
that test-to-test variability in nominally identical bottom-
cast specimens ranged from 9 to 17%, while test-to-test
variability in nominally identical top-cast specimens ranged
from 17 to 33% (that is, approximately twice that of the
bottom-cast specimens), thereby suggesting that the scatter
in Fig. 3 is representative. Additional test data are needed to
draw conclusions on the scatter for vertical-cast specimens.
It is noteworthy that pre-1963 ACI Codes do not consider
the influence of the ¢,/d, on the bond strength of plain bars.
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Influence of confinement from transverse
reinforcement

As discussed in past studies, confinement from trans-
verse reinforcement inhibits the progression of splitting
cracks, and a sufficient amount of transverse reinforce-
ment can cause a failure mode switch from splitting to a
pullout failure mechanism. However, in plain bars with and
without transverse reinforcement, pullout failure is typi-
cally observed,?*?’ thereby suggesting that the bond failure
in plain bars does not rely on the presence and quantity of
transverse reinforcement.

Figure 4(a) presents experimental results on tests
where the presence of transverse reinforcement was a vari-
able. As shown in Fig. 4(a), irrespective of casting positions,
the presence of transverse reinforcement did not result in a
significant increase in bond strength. Figure 4(b) presents
experimental results from Metzinger?’ where transverse
reinforcement spacing was a variable. The results presented
in Fig. 4(b) show that reducing the ratio of transverse rein-
forcement spacing to longitudinal bar diameter (s/d)) from
9.4 to 3.1 did not result in a significant increase in bond
strength. Based on these experimental results, it is concluded
that the presence and spacing of transverse reinforcement do
not significantly influence the bond strength of plain bars.

30,32

25,26
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Fig. 5—Influence of loading rate on bond strength of plain bars.

It is noteworthy that pre-1963 ACI Codes do not consider
the influence of transverse reinforcement on bond strength.
Additional tests are, however, needed to draw solid conclu-
sions on the influence of transverse reinforcement confine-
ment on the bond strength of plain bars.

Influence of loading rate

In recognition of the fact that the loading rate influences
concrete behavior under tension and compression, a few
experimental tests®'** have been carried out to understand
the influence of loading rate on the bond strength of plain
bars. While it has been generally concluded that the loading
rate is influential on the bond strength of deformed bars,
experimental tests on plain bars show that the influence of
the loading rate on the bond strength of plain bars may be
negligible.

Figure 5 presents results from the experimental
programs®'-33 that have looked at the influence of loading
rate on the bond strength of plain bars. As shown in Fig. 5,

170

1
0.8 f
5
B
206 I LT
I~§Q =
~04
3
g
(%)
02 r
0 1 1 1
0 20 40 60 80
Loading rate (kN/min)

(b) Tests by Mo and Chan®!

for bar sizes ranging from 12 to 20 mm, the influence of
the loading rate may be negligible. Based on the conclusions
from these experimental programs, it can be assumed that
there may be no need to account for the loading rate effects
on the bond strength of plain bars. Additional tests are,
however, needed to draw solid conclusions on the influence
of loading rate on the bond strength of plain bars.

PROPOSED MODEL

Based on discussions presented in the previous section, it
is concluded that the bond stress of plain bars is sensitive to
concrete compressive strength, casting position, and the ratio
of concrete cover to bar diameter (c,/d,). However, the bond
stress of straight plain bars is not sensitive to the presence of
transverse reinforcement and loading rate. Figure 6 presents
measured data on the influence of the casting position and
¢p/d), on the ratio of measured bond stress to the square root
of concrete compressive strength for all the specimens in the
database.

ACI Structural Journal/November 2022
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As previously mentioned and shown in Fig. 6, experi-
mental data suggest that the influence of concrete cover
confinement becomes less significant as the ¢,/d, becomes
greater than 2.5. There is, however, a large scatter in the
top-cast data set (refer to Fig. 6). As mentioned earlier, this
scatter is attributed to the significant test-to-test variability in
top-cast specimens.

Neglecting the contribution of transverse reinforcement,
the strength of a concrete-plain bar bond can be computed
using Eq. (1) to (3).

For top-cast

Tm_ax:o,n(;_bj (in MPa) (1)

J7 )

For bottom-cast

Far _ o,zz[;_bj (in MPa) )

J7 )

For vertical-cast

Far _ 0,33[;_17] (in MPa) 3)

J7 )
where ¢,/d, should not be taken greater than 2.5.

From Eq. (1) to (3), it is concluded that for the collated
data set, the bond strength of a bottom-cast plain bar is twice
that of a top-cast, and that of a vertical-cast is three times that
of a top-cast. Combining Eq. (1) to (3), the bond strength of
a concrete-embedded plain bar is computed as

T 022 ( <

b

j (in MPa) 4)

where y,, equals 2.0 for top-cast, 1.0 for bottom-cast, and
0.67 for vertical-cast.

Given that ACI 318 provisions consider the influence of
bar diameter on the bond strength of deformed bars (that is,
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Table 3—Statistics of ratio of measured-to-
computed bond strength using Eq. (4)

Coefficient of
Mean Median variation, %
Bottom-cast 1.0 1.0 23
Top-cast 1.0 0.97 33
Vertical-cast 1.0 1.0 11
All specimens 1.0 1.0 25

bar diameter coefficient ), it was decided to explore the
possibility of incorporating the influence of bar diameter
into Eq. (4) for plain bars. Figure 7 looks at the influence
of bar diameter on the model error of Eq. (4), defined as
the ratio of measured bond strength to the computed bond
strength using Eq. (4). As shown in Fig. 7, a strong justifi-
cation cannot be provided for the incorporation of the bar
diameter coefficient y, for plain bars. It is also noted that
ACI Committee 408%' also concluded that the ACI 318 v,
factor of 0.8 for No. 6 (19 mm) and smaller deformed bars is
not justified. Figure 7 shows that the ACI Committee 408!
conclusion for deformed bars may be valid for plain bars as
well.

Table 3 provides the statistics of the ratio of measured-
to-computed bond strength of plain bars using Eq. (4). As
shown in Table 3, the highest coefficient of variation is asso-
ciated with the top-cast data set. For all the columns in Data
set I, Eq. (4) provides a ratio of measured-to-computed esti-
mate with a mean of 1.0 and a coefficient of variation of
25%.

A lognormal cumulative distribution function (CDF) is
fitted to the distribution of measured-to-calculated bond
strength values. The median estimates for the CDFs are
presented in Table 3. Table 4 presents multipliers to Eq. (4)
to achieve various probabilities of exceedance for different
casting positions.

Assuming a uniform bond stress, Eq. (4) can be expressed
as

! 6 /)

d, plain = _\ljcp db (ln MPa) (5)
5 7 <
c dh
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Table 4—Multipliers to Eq. (4) to achieve specific
probabilities of exceedance

Multiplier to achieve probability of exceedance
35% 20% 5%
Bottom-cast 0.9 0.8 0.67
Top-cast 0.86 0.74 0.57
Vertical-cast 0.95 0.9 0.83
All specimens 0.88 0.79 0.65

where ., equals 2.0 for top-cast, 1.0 for bottom-cast, and
0.67 for vertical-cast.
In imperial units, Eq. (5) can be rewritten as

1 / o
ld,plain = E\ch — db (1n pS]) (6)
i)

9

dh

COMPARISON WITH EXISTING MODELS

A number of formulations have been proposed to eval-
uate the bond strength of concrete-embedded plain bars
under uniaxial tensile stresses. Other studies have also
proposed formulations for predicting the bond strength of
concrete-embedded plain bars under lateral tensile-compres-
sive stresses.>* This section focuses on the bond strength of
concrete-embedded plain bars under uniaxial tensile stresses.

Feldman et al.?* developed a formulation for predicting the
bond strength of concrete-embedded plain bars, accounting
for the influence of casting position, bar shape, and the
ratio of concrete cover to bar diameter. In comparison with
ACI 318 provisions for deformed bars, the Feldman et al.?
formulation assumes that the bond strength is proportional to
the square root of ¢,/d,.

T C
—“me —(35k |-~ (in MPa) (7)
NG \d,

where k; is a top-cast ratio equal to 1.0 for all bottom-cast
bars, 0.4 for round bars in the top-cast position, and 0.6 for
square bars in the top-cast position.

Model Code 19903 proposed a bond strength of 0.3/, for
concrete-embedded plain bars with good bond conditions
(that is, bottom-cast) and 0.15Vf. for concrete-embedded
plain bars with bad bond conditions (that is, top-cast).

ASCE/SEI 41-17% recommends that the development
length of plain bars is twice that of deformed bars evaluated
using the ACI 318 provisions. Assuming a uniform bond
stress, this would correspond to a bond strength of

Tpu 014 (¢, +k,
db

N

where y, equals 1.0 for No. 7 (22 mm) bars and larger or 0.8
for No. 6 (19 mm) bars and smaller; and v, equals 1.3 for
top-cast and 1.0 for other casts.

According to the ultimate strength design (USD) approach
of ACI 318-63,'5 the maximum bond strength would be

J (in MPa) (8)

172

e g TOT LT2MPR N ipa and mm)  (9)

RN
where kg3 is equal to 1.0 for top-cast and 1.4 for other casts.

As mentioned earlier, a maximum bond strength of 0.04f.
< 1.1 MPa is provided by pre-1950s ACI Codes, while a
value of 0.045f. < 1.09 MPa and 0.03f. < 0.724 MPa are
provided for bottom-cast and top-cast plain bars, respec-
tively, by ACI 318-51."!

The adequacy of all the formulations presented earlier is
presented in Fig. 8 and Table 5. For the purpose of figure
clarity, the formulations are binned into three groups.
Figure 8(a) compares the proposed, Feldman et al.’®
and ASCE/SEI 41-17% formulations; 8(b) compares the
proposed, ACI 318-63,"5 and ACI 318-51!! formulations;
and 8(c) compares the proposed, Model Code 1990, and
pre-1950s ACI Code formulations.'*!7-20

As shown in Table 5, the proposed model provides the
best estimate of the bond strength of plain bars. On average,
the Feldman et al.** model is 20% and 50% more conserva-
tive than the proposed model for top-cast and vertical-cast
plain bars, respectively. The ASCE/SEI 41-17% approach
provides a good mean measured-to-predicted ratio, but the
model scatters are quite significant.

Comparing the pre-1970s ACI Building Codes, in terms
of the mean measured-to-predicted ratio, the ACI 318-63'3
model performs better than its predecessors (that is, ACI
318-51,"" ACI 318-47.%° and so on). The higher level of
conservatism in the pre-1960s Codes is associated with the
inherent conservatism of the working stress design approach
adopted by these Codes. The model scatters for all pre-1970s
ACI Building Codes are relatively larger than those of the
proposed model.

DEVELOPMENT LENGTH: PLAIN BARS VERSUS
DEFORMED BARS

As earlier mentioned, ASCE/SEI 41-178 specifies that the
development length of a plain bar is twice that of deformed
bars evaluated using the ACI 318 provisions. This section
compares the proposed development length of plain bars
(Eq. (5)) to the ACI 318 development length for deformed
bars (Eq. (10))

/s

! Dy, ——
d ,deformed 10 tV¥s f, c, +Ktr
c db

where vy, equals 1.0 for No. 7 (22 mm) bars and larger, or
0.8 for No. 6 (19 mm) bars and smaller; and v, equals 1.3 for
top-cast and 1.0 for bottom-cast.

The comparison is carried out by computing the ratio of
computed development length of plain bars using Eq. (5)
and that computed using Eq. (10). Given that ACI 318
combines bottom-cast and top-cast (that is, refers to both
cases as “others”), for comparison purposes, it was decided
to adopt a y,, value of 1.0 for both bottom-cast and verti-
cal-cast when adopting Eq. (5). Given the previous conclu-
sion that the stirrup confinement effect is negligible, K, is
taken as zero.

d, (in MPa) (10)
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Table 5—Comparison of existing models for predicting the bond strength of plain bars

Top-cast Bottom-cast Vertical-cast All specimens
Mean CoV Mean CoV Mean CoV Mean CoV
Proposed (Eq. (4)) 1.0 33 1.0 2 1.0 1 1.0 25
Feldman et al.** 1.2 35 0.9 27 1.5 12 1.2 32
ASCE/SEI 41-178 0.8 39 1.0 43 1.3 46 1.3 43
Model Code 1990% 1.6 38 1.6 33 2.7 13 1.8 38
ACI 318-63'3 (USD) 0.7 40 1.3 33 2.1 30 1.3 54
ACI 318-51" 1.9 37 2.7 40 5.2 19 3.0 54
Pre-1950 ACI'+17-20 1.3 38 25 37 5.8 21 3.0 67
Note: CoV is coefficient of variation.
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Fig. 8—Adequacy of considered models for predicting bond strength of plain bars.

Table 6 compares the computed development lengths
for plain bars using Eq. (5) to the computed development
. As shown in
Table 6, the ratio of the computed development length for
plain bars using Eq. (6) to the computed development length

lengths for deformed bars using Eq. (10)

ACI Structural Journal/November 2022

for deformed bars using Eq. (10) (/g piain'la deformea) 18 depen-
dent on the casting position and bar size. However, it is
important to note the influence of bar size on the calculated
La plain’ L deformea 18 attributed to the y; factor in ACI 318 provi-
sions. If the ACI 318 v factor is neglected in Eq. (10), as
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Table 6—Ratio of computed development
length for plain bars using Eq. (5) to computed
development length for deformed bars using
Eq. (10)

Table 7—Ratio of computed development
length for plain bars using Eq. (5) to computed
development length for deformed bars using
Eq. (10) (neglecting ACI 318 )

La plain' la deformed La plain' la deformed
Bar size Top casting Other casting Bar size Top casting Other casting
d,>No. 7 2.05 1.33 d,>No. 7 2.05 1.33
dy <No. 6 2.56 1.67 dy <No. 6 2.05 1.33
previously discussed in this paper, the development length 200 ~
of a top-cast plain bar is twice that of a top-cast deformed £ ©Circular - Bottom-cast 02’
bar and 1.33 times that of other casts (Table 7). —*o":'n OCircular - Top-cast - -~
Therefore, the current study recommends that the devel- 5 150 o Square - Bottom-cast D/,/
opment length of a top-cast plain bar be taken as twice that % % ISquare - Top-cast d:']@/ °
. - = 4
of a top-cast deformed bar evaluated using the ACI 318 % = =
provisions, and that the development length of a plain bar 5 ,3100 I 2
with other casting positions be taken as 1.33 times that of a ; a Q =’ o
deformed bar with other casting positions evaluated using 2 s | O
the ACI 318 provisions. For all casting positions, the = -8t
bar size factor and K, should be ignored for estimating the & 7
. e
development length of plain bars. 0 k2 . . s
0 50 100 150 200

SPLICE LENGTH OF PLAIN BARS

In older-type concrete components with splices within the
region of maximum moment demand, it is important to eval-
uate the maximum developable tensile stress in the splices.
It is well-known that force transfer between bars in a lap
splice is through the surrounding concrete; hence, the bond
strength of the lapped plain bars and the provided splice
length influence the maximum developable tensile stress in
the splices.

This section explores the adequacy of Eq. (5) in evaluating
the maximum developable tensile stress in the splices of 35
beam specimens with spliced straight plain bars in Data set
1L

For each specimen, the maximum developable tensile
stress (f;) is computed using Eq. (11). For the square bars,
the bar diameter (d,,;) is converted to an equivalent circular
diameter dj, ;.. = 1.13d,,;. The predicted tensile strength of the
splice is evaluated from the predicted f;.

L,

1= 52, (11)

/

d, plain

where /, is the provided splice length; and /;,, is the
required development length evaluated using Eq. (5).

A comparison of the measured peak tensile force and
predicted tensile strength of the splices in the test speci-
mens is presented in Fig. 9. As shown in Fig. 9, Eq. (11)
provides a good estimate of the measured peak tensile force
in the splices with a mean measured-to-predicted ratio of 1.1
and a coefficient of variation of 18%. It is also noteworthy
that Eq. (11) provides a good estimate irrespective of bar
shape, with a mean measured-to-predicted ratio of 0.9 and
1.1 for the bottom-cast and top-cast square bars; hence, it
was concluded that, as adopted in ASCE/SEI 41-17,% no
bar shape factor is necessary. It is also noteworthy that the
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Fig. 9—Comparison of measured peak tensile force and
predicted tensile strength in splices for Data set I1.

experimental data do not suggest that the bar size influences
the bond strength of spliced plain bars.

Based on the databases adopted in this study, the model
error of Eq. (5) for evaluating the development length (that
is, a mean measured-to-computed ratio of 1.0 and a coeffi-
cient of variation of 25%) and splice length (that is, a mean
measured-to-computed ratio of 1.0 and a coefficient of vari-
ation of 18%) are quite similar. Hence, it is concluded that,
on average, developed plain bars and lap-spliced plain bars
develop the same strength given the same length.

CONCLUSIONS

Using experimental data from 518 development tests and
35 splice tests on plain bars, this paper proposed models for
predicting the bond strength and development length of plain
round and square bars. As a first step, using the experimental
results from the collated test data, it was demonstrated
that the bond strength of plain bars is sensitive to concrete
compressive strength, casting position, and concrete cover.
However, available data suggest that the bond strength of
straight plain bars is not sensitive to the presence of trans-
verse reinforcement and loading rate.

Subsequently, simple models were proposed for evalu-
ating the bond strength and development length of plain bars.
The proposed models account for the influence of concrete
compressive strength, casting position, and concrete cover.
The study shows that the bar size factor in ACI 318 for
deformed bars is not justified for plain bars. For the devel-
opment tests, the proposed bond strength model provides a
ratio of measured-to-computed estimate with a mean of 1.0
and a coefficient of variation of 25%. For the splice tests,
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the proposed development length model provides a ratio of
measured-to-computed estimate with a mean of 1.0 and a
coefficient of variation of 18%.

By comparing the proposed development length for plain
bars to the ACI 318-19 development length for deformed
bars, the current study recommends that the development
length of a top-cast plain bar be taken as twice that of a
top-cast deformed bar evaluated using the ACI 318 provi-
sions. It also recommends that the development length of a
plain bar with other casting positions be taken as 1.33 times
that of a deformed bar with other casting positions evaluated
using the ACI 318 provisions. For all casting positions, the
ACI 318 bar size and confinement factors should be ignored
for estimating the development length of plain bars.

It is noted that the proposed models have been developed
based on limited test data. Additional tests are needed to
further validate the developed models.
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