Compression Lap Splices of Straight Bars and
Compression Development of Headed and Hooked Bars in
Beam-Column Joints

By
© 2022

Guido Andrés Valentini
Ingeniero Civil, Universidad Nacional de Rosario, 2019

Submitted to the graduate degree program in Civil, Environmental & Architectural Engineering
and the Graduate Faculty of the University of Kansas in partial fulfillment of the requirements
for the degree of Master of Science in Civil (Structural) Engineering.

Chair: Rémy Lequesne

Andrés Lepage

David Darwin

Date Defended: 02 September 2022



The thesis committee for Guido Andrés Valentini certifies that this
is the approved version of the following thesis:

Compression Lap Splices of Straight Bars and
Compression Development of Headed and Hooked Bars in
Beam-Column Joints

Chair: Rémy Lequesne

Date Approved: 04 September 2022



iii
Abstract

ACI 318-19 Building Code provisions for compression lap splices and for headed and
hooked bar development in special moment frame (SMF) joints were evaluated against databases
of test results. Recommendations are made for simplifying and improving code requirements.

Compression lap splice length provisions (ACI 318-19 §25.5.5) were shown to produce
calculated lengths longer than Class B tension lap splice lengths under certain design conditions
and also to be a poor fit to a database of 89 test results (it must be emphasized that 72 specimens
in the database violated the ACI 318-19 minimum lap splice length). It was shown that several
equations exist that better fit the dataset, and that it may be possible to define the compression lap
splice length as a function of the tension development length. Use of tension development length
equations for compression lap splice design is a practical, more accurate alternative to 825.5.5 that
eliminates the need to calculate both tension and compression development lengths and prevents
design cases where calculated lengths are longer in compression than in tension.

Analyses show that ACI 318-19 §18.8.2.2 should not require that headed and hooked bars
satisfy 825.4.9. Comparisons with results from exterior beam-column connections with headed or
hooked beam reinforcement terminating in the joint show that satisfying §25.4.9 is not a necessary
condition for preventing anchorage distress in SMF joints. None of the 55 specimens (36 with
headed bars and 19 with hooked bars) with drift capacities above 3% and no evidence of anchorage
distress satisfied §25.4.9. The analyses also show that complying with §18.8.5.2 is not a necessary
condition for joints with headed bars to exhibit satisfactory behavior, suggesting that §25.4.4,
which §18.8.5.2 refers to, may be overly conservative. Other equations were considered and found

to better fit the data.
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Chapter 1: Introduction
1.1 Background and Motivation

For reinforced concrete to function as a composite, concrete and steel bars must interact
such that forces in one material can transfer into the other. This interaction is referred to as bond,
which is understood to result from multiple mechanisms. Bond first manifests by mechanical
adhesion between the two materials, but this is a relatively weak mechanism that is eliminated by
small relative displacements (bar slip). Bar slip causes frictional forces to develop as a result of
the roughness of the interface. Finally, in deformed bars, mechanical anchorage takes place due to
bearing of bar deformations against the concrete. For bars in compression, a fourth mechanism is
active: bearing of the end of the bar against concrete.

Bond research has been primarily focused on bars in tension [1]. ACI 408R-03 [1] and fib
bulletin 72 [2] provide thorough reports on bond and development of straight reinforcing bars in
tension. ACI 408R-03 states that bond of straight bars is primarily governed by:

e The mechanical properties of the concrete (tensile and bearing strength),

e The volume of concrete around the bars (related to concrete cover and bar spacing),

e The presence of confinement in the form of transverse reinforcement (ties, spirals), which
controls crack propagation,

e The surface condition of the bar, and

e The geometry of the bar (deformation height, spacing, width, and face angle).

Comparatively little research has been conducted to investigate bond of bars in
compression. In general, bond in compression is understood to be affected by the same factors as

in tension, except that end bearing in compression is also important.



For design, the length required for a reinforcing bar embedded in concrete to transfer a
force equal to Afy through bond is referred to as the development length. The force in question can

be either tension and compression, leading to design requirements for tension development length,

/g9, and compression development length, /qc, for straight bars. The overlap length required to

transfer force between bars is referred to as lap splice length. There are design requirements for

tension lap splice length, /s, which are related to /4, and compression lap splice length, /sc, which

are not related to /qc. Due to the beneficial contribution of end bearing to bond in compression, /qc

and /sc should be no longer than /4 and /s, respectively. However, as will be described in Chapter

2, the ACI 318-19 [1] provisions for /4. sometimes produce required lengths that are substantially

longer than /4. This problem motivates the work in Chapter 2.

Headed and hooked bars, which are common in beam-column joints and other connections,
transfer tension force in a bar to the concrete through a combination of bond along the straight

portion of the bar and bearing of the head or hook against concrete. The development lengths of

headed and hooked bars (¢q4nh and Zat, respectively) are based on tests under direct tension. Due in

part to the lack of tests of headed and hooked bars in compression, heads and hooks are not
generally considered effective for transferring compression forces to concrete. Nevertheless, there
are applications, such as in beam-column joints subjected to earthquake-induced shaking, where
headed and hooked bars are subjected to cyclic tension and compression forces. Very little research

has been aimed at understanding the behavior of headed and hooked bars in compression, and it is



unclear whether the design of headed and hooked bars in joints should consider compression force
demands.

ACI 318-19 [1] governs the design of special moment frames (SMF) and prescribes that
reinforcement terminating in a joint must be detailed so that both the tension and compression
development lengths are satisfied. The work in Chapters 3 and 4 will show that it is not necessary
for either headed or hooked bars to satisfy the compression development length requirements to
obtain acceptable beam-column joint behavior under reversed cyclic displacements. Moreover,
Chapter 3 will show that the tension development requirements for headed bars also appear

exceedingly conservative in SMF joints.

1.2 Scope

In Chapter 2, the ACI 408R-03 database of compression lap splice test results [4] was used
to evaluate ACI 318-19 provisions for compression development and lap splice length. ACI 318-
19 provisions are shown to be imprecise and highly conservative. Equations from other design
standards and researchers were evaluated and recommendations are made for improving and
simplifying ACI 319-19 provisions for compression development.

In Chapter 3, databases compiled by Kang et al. [5] and Ghimire et al. [6] are used to
evaluate development length provisions for headed bars in SMF joints. The databases include test
results from exterior reinforced concrete beam-column joint specimens with headed bars subjected
to reversed cyclic loading. Recommendations are made for improving ACI 318-19 provisions.

In Chapter 4, a database assembled by the author is used to evaluate development length

provisions for headed bars in SMF joints. The database includes results from tests of exterior



reinforced concrete beam-column joint specimens with hooked bars that are subjected to reversed
cyclic loading. Recommendations are made for improving ACI 318-19 provisions.
Chapter 5 provides a summary of major findings and recommendations from prior chapters.

Notation is defined within each chapter. Citations are provided for references in Chapter 6.

1.3 Notation
Ap = cross-sectional area of reinforcing bar (in.?)
fy = specified yield stress for non-prestressed steel reinforcement (psi)
Ly = tension development length (in.)
Ldc = compression development length (in.)
lsc = compression lap splice length (in.)
lst = tension lap splice length (in.)
Lah = headed bar tension development length (in.)

Lgt = hooked bar tension development length (in.)



Chapter 2: Development and Lap Splice Length of Straight Bars in Compression

2.1 Introduction

Section 25.5.5 of ACI 318-19 [3] requires that the compression lap splice length, /s, satisfy

Eqg. (1), which is a function of the specified yield stress of the reinforcing steel and the bar diameter,

with a minimum required length of 12 in. (300 mm).

() max{0.0005 fydb ; 12 in.} for f, < 60,000 psi

(b) max{(0.0009 fy - 24) dv ; 12in.} ¢, 60,000 psi < f, < 80,000 psi Ea. (1)
Ib-in.

(c) max{(0.0009 fy - 24) dp ; (st for 80,000 psi < fy : :

The provisions are applicable to No. 11 or smaller deformed bars in compression. The
calculated splice length is to be increased by one-third when the concrete compressive strength is
less than 3000 psi (21 MPa), but otherwise the provisions do not account for concrete compressive
strength. For compression lap splices in columns, Chapter 10 of ACI 318-19 (810.7.5.2.1) allows
the calculated lap splice length to be reduced by 17 or 25% if the splice is enclosed throughout its
length by sufficient ties or spiral reinforcement. Sufficient refers, in this case, to an effective
reinforcement ratio of ties greater or equal than 0.0015 in both directions throughout the splice
length or spirals that meet ACI 318-19 requirements throughout the splice length, respectively.
The provisions do not account for smaller quantities of transverse reinforcement in columns or for
any quantity of transverse reinforcement for lap splices in members other than columns.

This contrasts with other ACI 318-19 equations related to bond, which do account for
several of these variables. Consider the tension development length (§25.4.2), tension lap splice
length (825.5.2), and compression development length (825.4.9) equations, shown in Egs. (2) to
(4), respectively. These equations not only include the steel reinforcement yield stress and bar

diameter, but also the concrete compressive strength and factors accounting for lightweight



concrete and transverse reinforcement. Equations (2) and (3) furthermore include modification
factors accounting for reinforcement grade, epoxy coating, bar size, reinforcement casting

position, and concrete cover.

v VI g - 121, Eq. (2)

3 f
407\t [Cb + Ktr,m] [1b-in.]
db

(4 =max

1.0, (Class A splice)
st — . Eq. (3)
1.3¢, (Class B splice) [Ib-in.]
fyy : Eq. (4
(. = yrr - 0. . . CI()
i maX{SOX g d, ; 0.0003 fy\yrdID ;8 1n} [lb-in]

Since tension development, compression development, and compression lap splicing
provisions represent very similar physical phenomena, it would be reasonable to expect that these
provisions account for the same variables. The fact that they do not can lead to questionable (and
possibly inefficient) designs. One of the issues is that in certain cases the calculated compression
lap splice length can be considerably longer than the respective tension lap splice length. For
instance, a lap splice of No. 8 (25 mm) Grade 80 (550) uncoated bars in a column with a concrete
compressive strength of 8000 psi (55 MPa) and closely spaced ties would be 48 in. (1220 mm)
according to Eq. 1 (825.5.5), 20% longer than the tension lap splice length of 40 in. (1020 mm)
calculated with Eg. 3 (825.5.2) for Class B lap splices. Even though 810.7.5.2 permits the
calculated compression lap splice length to be reduced to 40 in. (1020 mm), that reduction is only
permitted in columns. Furthermore, the compression lap splice length is almost three times the

compression development length of 18 in. (457 mm) calculated with Eq. 4 (§25.4.9).



The fact that /sc > /st in a reasonable design scenario is cause to question whether Section

25.5.5 (Eqg. 1) can be improved. There is a need to identify equations for compression lap splice
length that account for key variables (such as bar yield stress, bar diameter, concrete compressive
strength, and transverse reinforcement) and produce calculated lengths that are less than tension

lap splice lengths.

2.2 Database Description

This study examined the results in Group 1 of the ACI 408 compression lap splice database
[4], which contains results from 91 tests of columns with lap-spliced bars subjected to monotonic
compression. A summary of specimen variables is provided in Appendix A. The cross sections of
columns in the database are shown in Figure 1. The distribution of important variables within the
database are shown in Figures 2 through 7.

Most of the columns (87 out of 91) had rectangular cross-sections, and the ratio of wide-
to-narrow cross-sectional dimension was nominally between 1.0 and 1.4. Four specimens had
circular cross sections. All lap-spliced bars had bond and bearing interactions with the concrete
and the reported bar stress at lap splice failure did not exceed the yield stress. To limit the scope
to specimens exhibiting stresses similar to those observed in practice, the two specimens that failed
with steel stresses below 40 ksi (275 MPa) were removed from the dataset, resulting in a set of

results from 89 tests.
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Figure 1 — Cross-sections of column specimens in database (from Refs. [7, 8, 9, 10])

The column longitudinal reinforcement, which was lap spliced, consisted of either No. 7,
8,0r9 (22, 25, or 29 mm) reinforcing bars (Figure 2). These bar sizes are reasonably representative
of the bar sizes used in columns, walls, and beams where compression lap splices are common in
practice. The rectangular columns in the database had either four or six longitudinal bars and the
circular columns had six longitudinal bars. Either half or all the column bars were lap spliced, and
there were no columns with staggered lap splices in this dataset.

Approximately half (47%) of the columns had transverse reinforcement within the lap
splice consisting of evenly spaced ties or hoops in the rectangular columns or a spiral in the circular
columns. Figure 3 shows the distribution of the value obtained from (c» + Kir,318)/db, Which ranged
from 2.0 to 4.25, and Figure 4 shows the distribution of Ky 318/db, which ranged from 0 to 1.75. In
this database, cn/dy was greater than Kir31s/dy in 80% of the specimens. In ACI 318-19, (cp +

Kir,318)/dp is part of the tension development length equation and does not apply for compression



development, but it is used here because no analogous term is available within the building code
for compression lap splices.

The distribution of concrete compressive strengths and reinforcement stresses at failure are
shown in Figure 5 and Figure 6, respectively. Concrete compressive strength was measured using
either 4 by 8 in. (100 by 200 mm) or 6 by 12 in. (150 by 300 mm) cylinders. To reduce scatter in
results associated with differences in cylinder size, the measured strengths were converted to an
equivalent 6 by 12 in. (150 by 300 mm) cylinder using the method described by Reineck et al. [11]
(fie,mod Was obtained by multiplying results from 4 by 8 in. (100 by 200 mm) or 6 by 12 in. (150
by 300 mm) cylinders by (0.92/0.95) and 1.00, respectively). The converted concrete compressive
strengths ranged from 3.5 to 14.2 ksi (24 to 98 MPa). Specimens failed with bar stresses of 40 to
83 ksi (275 to 570 MPa), with most specimens (80%) failing at bar stresses between 50 and 70 ksi
(345 to 482 MPa). Bar stresses were inferred from readings from strain gauges on the lap-spliced
reinforcement, except for four specimens reported by Pfister and Mattock [7]. The bar stresses in
these tests were inferred using a method calibrated against bar strain measurements.

The lap splices had lengths of 3.5 to 30 in. (89 to 760 mm) (Figure 7), but the majority
were shorter than 14 in. (356 mm). Given this distribution, and to avoid reducing the number of
tests in the database too severely, no minimum lap splice length was applied in the analyses even

though ACI 318-19 requires a minimum length of 12 in. (300 mm).
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When assessing equations using a dataset, it is important to acknowledge unintended biases
within the dataset. Such biases can occur because, as shown in Figures 2 through 7, the variables
are not randomly distributed. Decisions made by researchers can also, inadvertently, cause
independent variables to be correlated within a database. For example, it was found that concrete
compressive strength and lap splice length are somewhat correlated in this database (Figure 8). All
specimens with a concrete compressive strength above 10 ksi (69 MPa) also had a lap splice length
of not more than 12 in. (300 mm). No other correlations were observed among the variables plotted

in Figures 2 through 7. Plots similar to Figure 8 for other sets of variables are in Appendix B.
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Figure 8 — Correlation between concrete compressive strength and lap splice length
(1 in. =25.4 mm, 1 ksi = 6.895 MPa)

2.3 Comparisons with Design Equations

The database was used to evaluate the ACI 318-19 [3] compression lap splice provisions
in Eq. (1) (825.5.5). This was done by comparing the bar stress at failure, fsest, against fs caic, which
was obtained by solving the design equations in Eq. (1) for bar stress and replacing fy with fs caic to
obtain Eq. (5). The stress fscaic is @ function of the provided lap splice length and bar diameter,

with the choice of equation (a), (b), or (c) based on the measured failure stress.
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(a) fsc/(00005db) fOI’ fs,test S 60,000 pSl
(b) (£sc | dy + 24)/0.0009  for 60,000 psi < fsest < 80,000 psi Eq. (5)
(¢) (€sc !/ dp +24)/0.0009 for fstest > 80,000 psi

A test-to-calculated stress ratio (T/C) was then calculated for each specimen as the quotient
of fstest and fscaic. The modification factor in ACI 318-19 §10.7.5.2.1 that accounts for transverse
reinforcement was included where it was applicable. The mean T/C for the database for Eq. (5)
was 2.58 with a coeficient of variation, CV, of 0.60, and values ranging from 0.97 to 6.50. This is
a high mean and CV indicating that the ACI provisions are imprecise and sometimes overly
conservative.

To better understand the trends, T/C values are plotted in Figures 9 through 12 versus

several variables known to govern bond: (cb + Kir,318)/db, fic,mod, fstest, and £s. Figure 9 includes no

limits on (c» + Kir,318)/db because this term does not apply to compression lap splices (the limit of
2.5 for tension bar development is omitted). The ACI 318-19 minimum lap splice length of 12 in.

(300 mm) was also not applied as a limit, although these plots do distinguish between specimens

with lap splice lengths of at least /scmin = 12 in. (300 mm) and those with shorter lap splices.
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Figures 9 and 10 suggest that ACI 318-19 §25.5.5 tends to become more conservative as
the provided confinement and the concrete compressive strength increase, although there is
considerable scatter. Figure 11 shows that Eq. 5(b) produces substantially less scatter for bar
stresses greater than 60 ksi than Eq. 5(a) produces for bar stresses less than 60 ksi. By inspection,
it is also clear that Eq. 5(a) is considerably more conservative than Eqg. 5(b). Figure 12 shows that
the provisions become less conservative with longer lap splice lengths.

The scatter in Figures 9 through 12 increases for specimens with ficmod > 10,000 psi (69
MPa) and fstest < 60,000 psi (420 MPa), which coincides with use of the equation applicable for
fstest < 60,000 psi. Many specimens with ficmod > 10,000 psi (69 MPa) tended to have short lap

splice lengths (below the ACI minimum) and, thus, also had lower bar stresses at failure. The black
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circles in Figures 9 through 12, representing the 17 specimens with /s > 12 in. (300 mm), had T/C

values between 0.97 and 2.0. Among these 17 specimens, the scatter is still greater for fstest <
60,000 psi than for fs st > 60,000 psi (Figure 11). Given this scatter, and given that these equations
sometimes produce calculated lap splice lengths that are longer for compression than tension, there

is a need to consider alternative expressions for design of compression lap splices.

2.4 Comparisons with other Compression Development Length Equations
2.4.1 Equations Considered

In addition to the comparisons with the ACI 318-19 [3] provisions, T/C values were
calculated for another six expressions for either compression development length or compression
lap splice length. These include: part (b) of the compression lap splice provisions from ACI 318-
19 8 25.5.5.1, the ACI 318-19 825.4.9 compression development length provisions, the ‘complex’
equation proposed by Chun, Lee, and Oh [9], the ‘simplified’ equation proposed by Chun, Lee,
and Oh [12], the equation proposed by Cairns [13], and the fib Model Code [14] provisions.

)] Expression (b) of ACI 318-19 §25.5.5.1 compression lap splice length provisions

(with §10.7.5.2.1 modifiers for confinement)

The ACI 318-19 lap splice length provisions (Eq. (1)) prescribe three different expressions
(a, b, and c) for length, depending on the value of the steel reinforcement yield stress. Here only
expression (b), reproduced in Eq. (6), is considered, regardless of the steel stress at failure. The
minimum required lap splice length of 12 in. was omitted for this comparison. The confinement

modifiers from §10.7.5.2.1 were used where applicable.

Esc = (00009 fy - 24) db Eq (6)
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i) Development of straight bars in compression (ACI 318-19 §25.4.9)
Equation (4), which is repeated below, shows the ACI 318-19 [3] compression
development length (825.4.9) equations. The Code imposes a minimum compression development

length of 8 in., which was omitted in these comparisons.

f oy Eq. (4)
(. = Y, : 0.0003f. v d q.
" max{sox £ W b} [Ib-in.]

WhereﬁélOO psi. Factor A was 1.0 because no specimens in this database had lightweight

concrete. The confining reinforcement factor, yr, was also always 1.0 except for the four circular

column specimens reported in Pfister and Mattock [7].

iii) ‘Complex’ equation for compression lap splices from Chun, Lee, and Oh [9]
Chunetal. [8, 9, 10] report results from tests of columns with compression lap splices with
and without confinement. They propose Eq. (7), referred to herein as the ‘complex’ equation, to

distinguish it from the ‘simplified” Eq. (8) proposed by the same authors.

2

f
—Y—--198-215
|, | 0.82yf,
db Ktr,318
[Ib-in.]

0.0005f, if f, <60,000 psi
0.0009f, —24 if f, >60,000 psi

|
where Ko <176 ; —<
db db




17

iv) ‘Simplified’ equation for compression lap splices proposed by Chun, Lee, and Oh.
[12]
The simplified equation from Chun, Lee, and Oh [12], Eq. (8), is indeed much simpler than
Eq. (7). Aside from simplicity, it is notable that Eq. (8) includes concrete compressive strength to

the quarter power as opposed to its square root.

| laf,
= = W_SZ
db Wsc fc Eq (8)
i Ky . | B 0.071f, if f, < 420 MPa [SI]
Wi =1+0.084 38 ; =< :
Ve =HH0084= T g T 043F, —24 if T, > 420 MPa
V) Compression lap splice equation proposed by Cairns [13]

Cairns [13] proposed Eqg. (9) for compression lap splice strength based on tension splice
equations using test data from different sources. The equation highlights the role of transverse
reinforcement and end bearing in the compression problem. Based on the empirical finding that
compression lap splices tend to fail when transverse reinforcement yields [14], this compression
splice equation uses the yield stress of the transverse reinforcing steel, f,r. Within the available
database, this parameter was only measured and reported by Pfister and Mattock [7]. Where no
information about the transverse reinforcing steel was reported, a yield stress of 60 ksi was

assumed for calculating T/C.

o
. =(16.9% + 3540026 2 b | 1 Eq. (9)
d, s-d, [1b-in.]
Vi) fib Model Code [15] provisions
The fib 2010 Model Code method is notably different from the other equations considered.

First, a basic bond strength is calculated from the characteristic concrete compressive strength, fe,
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bar diameter, bar surface characteristics, bar position during casting, and characteristic strength of
steel reinfocement. This basic bond strength is then modified to obtain a design bond strength,
depending on concrete cover, bar spacing, and other factors affecting confinement. Finally, the
design bond strength is used to determine a required length of lap splice in compression, Iy. These
provisions are reproduced in Eq. (10) in the original SI units. A minimum lap length, lpmin, is

prescribed but has been omited in this work.

Length of lap in compression:

%)
b= 4f (fyd _Fh/AE); fa = fu/vss R =60fA;
b
%) fyd . . .
l, =1, in = Max 0.7Zf— ; 15 ; 200 mm ¢ (ignored)
b

Design bond strength:

Eqg. (10)
fog = (0, +05) Fog o =2 Py /7, <2.5F55 5= 0.4 P, /7, < 154/ fy /Yc : [SI]

o, = ((:mm/Q)o'5 (Coax/Cin )O'15 for ribbed bars; o, =k, (Ktryfib —a, /50) >0.0
Ktr,fib = ntA%t/(nb & St) <0.05

Basic bond strength:

foro = MaMsMa (Fu/25)"° v,

2.4.2 Results
Figure 13 shows the range, mean, and CV of the T/C for each of these compression lap
splice or development length equations, and well as for the already discussed ACI 318-19

compression lap splice provisions. To examine whether the equations considered reasonably
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represent the effects of the considered variables on bond strength, a set of plots analogous to

Figures 9 through 12 are in Appendix C for each of the equations considerd in Figure 13.

7
Max ]

6 I USSP
= T S S
s
I e I
<
O g b e ]
z ) Mean st 258
- i B S E ”””””””””””””””””””””””””””””””””””””””””””””””””””””

— 158 162 H L5 175

P SV IS N s N i ., & 125 =124 OO0 L]

0

ACI318-19[3] ACI318-19[3] ACI318-19[3] Chunetal.[9] Chunetal. [12] Cairns [14]  fib MC2010 [15]
Compression Compression Compression Compression Compression Compression Compression
Splice Splice Eq. (b))  Development Splice (Complex) Splice (Simplif.) Splice Splice
CV: 0.60 0.16 0.44 0.12 0.13 0.14 0.22

Figure 13 — T/C for compression lap splice and development length equations

The worst performance in terms of scatter is the ACI 318-19 compression lap splice
provisions, with a CV of 0.60 (although it must be emphasized that all specimens with T/C > 2.0
violated the ACI 318-19 minimum lap splice length).

When solely applying Eq. (b) of the ACI 318-19 compression lap splice provisions to the
entire database, as opposed to discriminating by steel failure stress, the calculated stresses are
much closer to the measured values than when using the entire provision, with a mean of 1.58 and
CV of 0.16. Figure 66 in Appendix C shows that, although the scatter is low, use of Eq. (b) of ACI
318-19 does not appear to properly account for effects of confinment or concrete compressive
strength. Furthermore, it produces relatively low T/C values for lap splices longer than 20d, and
for the only specimen with a bar stress greater than 75 ksi.

The ACI 318-19 compression development length equations exhibited more scatter than

Eq. (b) of the compression lap splice provisions, with a mean of 1.62 and CV of 0.44. Although
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not shown here, removing the 100 psi (0.69 MPa) limit on +/ f. did not result in a substantial

improvement for the ACI 318-19 development length equation and is not recommended. Figure
67 in Appendix C shows the ACI 318-19 compression development length equations do not
properly account for effects of confinment or concrete compressive strength. Furthermore, they
produce T/C values below 1.0 for lap splices longer than 12d, and for the only specimen with a
bar stress greater than 75 ksi. It would not be acceptable to use the ACI 318-19 §25.4.9
compression development length provisions for compression lap splice design.

The two equations proposed by Chun, Lee, and Oh [9, 12] show similar results in terms of
mean and CV, and they are the most accurate and precise of the equations referenced in Figure 13.
The simplified equation in particular, which includes only four independent variables (fy, £, db,
and Ky 318), provides a very good fit with the data given its simplicity. Figure 68 and Figure 69 in
Appendix C show that the ‘complex’ equation properly accounts for effects of confinement,
concrete compressive strength, and lap splice length, with T/C values that are similar across the
range of these variables in the database. Furthermore, the ‘complex’ equation becomes slightly
more conservative for higher bar stresses, which is desireable since only one test result is available
for bar stresses greater than 75 ksi. The ‘simplified’ equation also does a good job accounting for
effects of confinement and concrete compressive strength and tends to become more conservative
for longer lap splices and higher bar stresses. It appears that either equation is a candidate for use
in design.

The Cairns [13] equation also produces a very good fit to the data, with a mean of 1.52 and
CV of 0.14. This equation is the only one considered that uses the yield stress of the transverse
reinforcing steel, fy:. Figure 70 in Appendix C shows that this equation also does a good job

accounting for effects of confinement, concrete compressive strength, and lap splice length, with
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T/C values that are similar across the range of these variables in the database. Furthermore, it
becomes more conservative for higher bar stresses, which is desireable since only one test result
is available for bar stresses greater than 75 ksi. This equation is a candidate for use in design.

The fib Model Code [15] design provisions have a mean T/C of 1.75 and CV of 0.22 and
are more complex than the other equations considered. They are considerably more accurate and
precise than the ACI 318-19 provisions but less accurate and precise than the equations proposed
by researchers. Figure 71 in Appendix C shows that fib Model Code design provisions also do a
good job accounting for effects of confinement, concrete compressive strength, bar stress, and lap
splice length, with T/C values that are similar across the range of these variables in the database.

These provisions appear appropriate for use in design.

2.5 Comparisons with Tension Development Equations
2.5.1 Equations Considered

The prior section demonstrates that several equations exist that fit the database of
compression lap splice tests relatively well and might be candidates for use in design.
Nevertheless, since the mechanics of bond are similar for bars in tension and compression, this
section explores the potential to use existing tension development length equations for design of
compression lap splices. Tension development has long been studied and designers are familiar
using equations for tension development length. If feasible, use of the same or similar equations
for design of compression and tension lap splices would simplify design.

Six equations were considered: the ACI 318-19 [3] tension development length equation;
the ACI 408R-03 [1] tension development length equation; an equation proposed by Lepage,

Yasso, and Darwin [16]; an equation proposed by Darwin, Lutz, and Zuo [17]; an equation
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proposed by Canbay and Frosch [18]; and an equation proposed by Frosch, Fleet, and Glucksman

[19].

)} ACI 318-19 [3] tension development length for deformed bars and wires
ACI 318-19 [3] §25.4.2 prescribes that the tension development length for deformed bars

and wires shall be the greater of (a) and (b) in Eq. 11:

Development length shall be the greater of (a) and (b):

A AAZ

@ o=
" |40 A N [Cb + Ktr,318j
db

d, (b) 12 in. (ignored)

with v, v, andy, per Table 25.4.2.5 (with linear interpolation for Eq. (11)
[Ib-in.]

depending on the bar stress). For bars with f,> 80,000 psi spaced < 6 in. on

center, transverse reinforcement shall be provided such that K, 5,4 > 0.5d,

Ky a1s = 42:“ ; y f <100 psi ; L%&]SZB s W, <17
b

ACI 318-19 defines Kir31g as a factor that represents the contribution of transverse
reinforcement across potential splitting planes and whose determination involves the
considereation of multiple splitting scenarios in seach of the most unfavorable case.

The values of the reinfocement grade factor g used for design are tabulated in ACI 318-
19 and are a function of only bar grade. In this section, yg was defined as a linear function of fs caic

rather than bar grade:



23

Eq. (12)

yg = 0.55 + fs calc/40,000 [Ib-in.]

This required an iterative solution process to solve for fs caic, since fscaic Was both an input

and output.

i) ACI 408R-03 [1] tension development length equation
The recommendations for tension development length by ACI Committee 408 account for
numerous parameters, including transverse reinforcement, concrete cover, bar geometry, bar

stress, and concrete strength (Eq. (13)).

f
—Y—— 24000 |apr
5 {d) .I:c(1/4 ]

~d
db 76.3[C0)+ Ktr,408}

db
with: » = 0.1 Zm—aX+0.9 <125 ; . =96R +0.28<1.72 ; Eq. (13)
min [Ib-in.]
{,20.03d, 4022 : K, =222A g, gy
’ sSn
f <80 ksi Cot K <40 ; Lesqg
Y d d
b b

iii) Lepage, Yasso, and Darwin [16] equation

The equation recommended in Lepage, Yasso, and Darwin [16], shown as Eq. (14), is also
derived from ACI 408R-03. It allows the use of higher-grade reinforcement and higher strength
concrete than permitted by the base equations. A reinforcement yield stress modification factor,

wy, 1S introduced to account for the fact that lap splice length and bar grade are not proportional.
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As with the ACI 318-19 §25.4.2 tension development length equation, solving for fs caic in this case

requires extra attention because the steel stress variable is present both as a proportional factor for

(q and in the definition of yy. An iterative solution process is required to solve for fscalc.

[)d — i fy\VtWeWy
d, 90 2 fC,1/4 ( Co®+ Ky 336 j
d,

with v, =1.5- 3O'f000 >0.75 ; (cbm_Kth <40

y b

iv) Darwin, Lutz and Zuo [17] equation

Eq. (14)
[Ib-in.]

The equation recommended in Darwin, Lutz and Zuo [17] (Eg. (15)) is based on the ACI

408R-03 tension development length equations. The variable Kir4os is replaced with K, which

eliminates the term representing the effect of relative rib area. The upper limit for the confinement

term, in this case (Cow+K 'w/dy), is 4, similar to ACI 408R-03.

f
( f S —2400c0j\|/t\41e A
(4=

15[ &@F Ky
db

with: @ = 0.1 S, 09<125 t, =0.03d,+0.22
C

d

min

< A f ; [C®+K'tr]g4_0

T 2sn

b

Eq. (15)
[Ib-in.]
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V) Canbay and Frosch [18] equation

Canbay and Frosch [18] proposed a simplified design equation applicable for the design
of beams and slabs. The proposed expression, which can be used to calculate either development
or lap splice lengths, depends only on the yield stress and bar diameter of the longitudinal

reinforcement and the concrete compressive strength.

¢, 09-10°f2.[d, Eq. (16)

d, f [Ib-in.]

c

vi) Frosch, Fleet, and Glucksman [19] equation
Frosch, Fleet, and Glucksman [19] recommend a design expression for bond strength (not
development length). The first term deals with the contribution of concrete to bond strength, while

the second term accounts for transverse reinforcement.

f= () ('—J (Cijoi—”“s(“"*) Eq. (17
PN d, ) \d, N, A [Ib-in.]

2.5.2 Methods for Evaluating Tension Development Equations Against Database
There is an important difference between the mechanics of bond for bars in tension and
compression: bars in compression benefit from end bearing of the bar against concrete. To develop
the same bar force, a shorter lap splice length should be needed in compression than in tension.
Therefore, in addition to assessing T/C values for the tension equations (Table 1). Three
methods for adjusting the tension development length equations were also considered. Each of

these methods was calibrated to obtain @ minimum T/C value of 1.0 when compared against the
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database of compression lap splice tests. This minimum T/C value was selected for simplicity and

consistency, and may not reflect the appropriate level of conservatism for design.

Method #1: r1 length multiplier

Method 1 for converting the calculated length in tension to a calculated length in

compression is shown in Eq. (18). Each calculated tension development length, /¢, was multiplied

by r1, a constant that differs for each equation that was selected to produce a minimum T/C of 1.0

when compared with the test results in the database, that is, to achieve a 0% fractal.
(=110, Eqg. (18)

SC

For instance, for the ACI 408R-03 [1] equation, this results in:

f
Ld)fy'm — 240000JOLBX
=N Id,408 =0 : db EQ. .(19)
76 B(CO‘) + Ktr,408 J [Ib-ln']

This method is simple and intuitive, but also not exactly correct: the force transferred by
end bearing is unlikely to be proportional to development length. This approach is still considered

given its simplicity.

Method #2: ro bar stress multiplier

If a bar developed in compression transfers force to the concrete through end bearing, then

for the same target yield stress, less force must transfer through bond in compression than in
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tension. Method 2 assumes that the tension development length equations represent the length
necessary to transfer a given force through bond. In Method 2, the calculated lap splice length in
compression is obtained from the tension development length equations for a bar stress of rfy (Eq.
(20)). Multiplier r. affects fy everywhere it may appear in the equations, including variables that

are a function of fy such as wy in the Lepage, Yasso and Darwin equation.

le=Ly(rf,) Eq. (20)

The r; value is a constant that differs for each equation that, as with r1, was selected to
produce a minimum T/C of 1.0, which corresponds to a 0% fractal.

As with Method 1, Method 2 is simple and intuitive, but also not exactly correct: the force

transferred by end bearing is unlikely to be proportional to bar stress. This approach is still

considered given its simplicity.

Method #3: wy modifier in Lepage, Yasso. and Darwin equation [16]

The Lepage, Yasso, and Darwin [16] equation includes the reinforcement yield stress factor
in Eq. (21). Their tension development length equation [Eg. (15)] is proportional to this factor,
which has the form A — B / fy, where A is 1.5 and B is 30,000 psi.

_ 30,000
Y, =15 - == 2 075 Eq. (21)
y

Method 3 consists of modifying the constant B to obtain a minimum T/C of 1.0, which

again corresponds to a 0% fractal. The calculated value of B is 55,600, which is rounded to 50,000.



28

2.5.3 Results
Table 1 summarizes the T/C statistics obtained for the six considered tension development

length equations and shows how their behavior changes with the derived ry, rz, and vy, factors.

Table 1 — Summary of T/C statistics for original and altered tension development equations

ACI 318-19 ACI 408R- Lepage et Darwinet  Canbay and Frosch et
[3] 03 [1] al. [16] al. [17] Frosch [18] al. [19]
Original Equation
mean 1.94 1.76 2.02 1.74 2.00 1.82
SD 0.64 0.23 0.35 0.21 0.42 0.37
cv 0.33 0.13 0.17 0.12 0.21 0.20
max 3.65 2.30 2.76 2.28 3.30 2.85
min 1.05 1.19 1.35 1.28 1.27 1.08
with r1
r 0.94 0.69 0.66 0.63 0.62 0.85
mean 1.84 151 1.75 1.44 1.58 1.68
SD 0.60 0.24 0.36 0.23 0.33 0.34
cv 0.33 0.16 0.21 0.16 0.21 0.20
max 3.46 2.09 2.58 1.97 2.61 2.64
min 1.00 1.00 1.00 1.00 1.00 1.00
with r2
r 0.96 0.84 0.74 0.78 0.79 0.93
mean 1.85 1.47 1.50 1.36 1.58 1.69
SD 0.61 0.19 0.26 0.16 0.33 0.34
cv 0.33 0.13 0.17 0.12 0.21 0.20
max 3.49 1.92 2.06 1.78 2.61 2.64
min 1.00 1.00 1.00 1.00 1.00 1.00
with optimized yy (A=1.5, B=50,000)
mean 1.39
SD 0.20
cv 0.14
max 1.82
min 1.00

Figures 14, 15, and 16 are analogous to Figure 13 and show the range, mean, and CV of
the T/C for each tension development equation considered, including the value of r1 and r> where

applicable.
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Figure 15 — T/C for tension development length equations including r1 multiplier
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Figure 17 — T/C for Lepage et al. [16] recommended provisions with modified vy

Table 1 and Figure 14 show that the unaltered tension development length equations all
have lower mean and CV values than the current ACI 318-19 provisions for compression lap
splices. The ACI 318-19 tension development length equation has the highest mean (1.94) and
scatter (CV of 0.33) of the six tension development equations considered. The other five
unmodified tension development length equations in Figure 14 have CV values that are similar to

the most precise compression lap splice equations shown in Figure 13 (CV values were 0.12 to
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0.21 for tension equations in Figure 14 and 0.12 to 0.22 for compression equations in Figure 13).
These results strongly suggest that it may be possible to determine compression lap splice lengths
as a function of tension lap splice lengths without losing precision.

Moreover, Figures 15, 16, and 17 suggest that all three methods for modifying the tension
development length equations to obtain a 0% fractal have potential, with the bar stress (r2)
multiplier resulting in marginally better accuracy and precision than the bar length (r1) multiplier
for the ACI 408R-03, Lepage et al., and Darwin et al. equations. Both the r1 and r, approaches
produce the same result for the remaining equations.

Figure 18 shows T/C for the ACI 408R-03 tension development equation versus ficmod for
(a) the original equation, (b) the equation with ri1, and (c) the equation with r2. For the original
equation, Figure 18(a), the values of T/C range from 1.19 to 2.30. In Figure 18(b), when r1 is under
effect, the minimum value of T/C becomes 1.00, as per the definition of ri. Figure 18(c) with r
also has a minimum T/C value of 1.00, but the range of values is reduced compared to Figure
18(b). The trend line is also somewhat more horizontal in Figure 18(c) than in Figure 18(b), which
along with the reduced scatter, shows that for this equation r produces a marginally better fit to

the data than either r1 or the original equation.
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Figure 18 — Behavior of ACI 408R-03 [1] tension development length in terms of T/C against ficmed : () original
equation (b) with r; = 0.69 (c) with r, = 0.84

Appendix D has a set of plots analogous to those in Figures 9 through 12 that show the

behavior of each equation in terms of T/C in relation to variables versus (Co + Kir,318)/db, f1cmod,

fs test, and Ls.

Collectively, the plots in Appendix D show that all of the tension development equations
considered more effectively account for the key variables than the ACI 318-19 compression lap

splice provisions. Of the tension equations considered, the ACI 318-19 development length
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equation is the least effective at representing the effects of (cp + Kir318)/db, ficmod, fstest, and /s, as

evidenced by the clearly sloped trendline in the Appendix D plots.

The ACI 408R-03, Lepage et al., Darwin et al., and Frosch et al. equations all have
trendlines with nearly zero slope when T/C is plotted versus (c» + Kir318)/db, Suggesting these
equations effectively account for cover and transverse reinforcement.

Of the equations considered, the ACI 408R-03 and Darwin et al. equations are most
effective at representing the effect of concrete compressive strength. The Lepage et al., Canbay
and Frosch, and Frosch et al. equations behave similarly in terms of T/C versus ficmod.

All of the equations considered, except for the ACI 318-19 tension development length
equation, exhibit a positive trend between T/C and bar stress, indicating more conservatism for
higher bar stresses. This is a fortunate trend given the sparse data for bar stresses greater than 70
ksi.

The six equations become less conservative as the provided lap splice length increases,
similar to the compression equations, with the ACI 318-19 tension development length equation
exhibiting the most extreme trend.

The plots in Appendix D show that the application of ry, r, or the optimized yy do not alter
these general trends.

Collectively, these results show that it may be possible to base compression lap splice
requirements on tension development length provisions. For example, it might be feasible to set
the compression development length equal to ry times the tension development length. This
approach simplifies the building code and ensures that calculated compression development
lengths will never exceed the tension development length. Another appealing aspect of the length

multiplier (r1) method is that it avoids a separate length calculation for bar subjected to both tension
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and compression. As most research on bond has been focused on the behavior in tension, tension
development length equations tend to account for more relevant variables and to be supported by
more experimental data than compression development length equations.

The bar stress (r2) multiplier approach produces a somewhat better fit to the data than the
ri1 approach, particularly for the ACI 408R-03, Lepage et al., and Darwin et al. equations. The
improvement is evident from the somewhat lower mean and CV values obtained with the r
approach. Both the r1 and r> approaches produce the same result for the remaining equations.
Depending on the tension development length equation, the r, approach might produce more
accurate and precise results, but also requires that the tension development length equation to be
recomputed. This is slightly less convenient than using a fraction of an already calculated length
(r1 approach).

Use of an revised definition for yy in the Lepage et al. equation leads to similar scatter as

the r2 approach.

2.6 Conclusions

1. ACI 318-19 [3] equations for compression lap splice length in §25.5.5 can produce
calculated lengths that are substantially longer than the length of a Class B tension lap
splice (825.5.2). This is counter to expectations since compression lap splices benefit from
end bearing and tension lap splices do not.

2. ACI 318-19 equations for compression lap splice length in 825.5.5 were not a good fit to
the database of 89 test results, with a mean T/C of 2.58 and a coefficient of variation (CV)

of 0.60 (although it must be emphasized that all specimens with T/C > 2.0 violated the ACI



35

318-19 minimum lap splice length). A reason for these outcomes is that §25.5.5 does not
account for relevant variables including confinement and concrete compressive strength.
Compression lap splice length requirements in §25.5.5 can be improved and simplified by
removing Eq. (a) from §25.5.5 and applying Eq. (b) to all design bar stress ranges (Eqg. (b)
is currently limited to bar stresses greater than 60 ksi). Equation (b) alone has a mean T/C
of 1.58 and a CV of 0.16 when compared with the database, although it still omits key
variables and can produce design lengths that are longer than the tension development
length. Equations proposed by Cairns [13] and Chun, Lee, and Oh [9,12] were also shown
to produce more accurate and precise fits to the available data.
Six tension development length equations were considered, and all provided a more
accurate and precise fit to the dataset than ACI 318-19 §25.5.5. Use of tension development
length equations for compression lap splice design would produce more consistent
conservatism relative to the database, eliminate the need to calculate both tension and
compression development lengths, and prevent design cases where calculated lengths are
longer in compression than in tension. A drawback of this approach is that calculated
compression lengths would also be longer than currently required for many common design
cases.
Three methods were considered for making compression lap splice length a function of
tension development length without causing excessive conservatism:
a. Length multiplier, r1: Compression lap splice length can be defined as r1 times the
tension development length, where r1 < 1. To illustrate the concept, values of ry
were derived for six tension development length equations to achieve a minimum

T/C of 1.0, although other definitions of acceptable reliability might be appropriate.
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2.7 Notation

Ap =
As =

Ast =

Atr =

Cb =

Cmax =

Cmin =
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Stress multiplier, r.: Compression lap splice length can be calculated using tension
development length equations, but for a stress of rofy, where r> < 1. The stress
reduction is because some portion of bar force is transferred through end bearing
and not bond. To illustrate the concept, values of r. were derived for six tension
development length equations to achieve a minimum T/C of 1.0, although other
definitions of acceptable reliability might be appropriate.

Optimized yy: The tension development length equation from Lepage, Yasso and
Darwin [16] contains a yy value that was rederived to better fit the compression lap
splice database and achieve a minimum T/C of 1.0, although other definitions of

acceptable reliability might be appropriate.

cross-sectional area of spliced bar (in.?)

cross-sectional area of spliced bar in fib 2010 Model Code [15] (mm?)
cross-sectional area of one leg of a confining bar, according to fib 2010 Model
Code [15] (mm?)

total cross-sectional area of all transverse reinforcement within spacing s that
crosses the potential plane of splitting through the reinforcement being
developed (in.?)

lesser of: (a) the distance from center of a bar or wire to nearest concrete
surface, and (b) one-half the center-to-center spacing of bars or wires
developed (in.)

maximum(cy ; Cs) (in.)

smaller of minimum concrete cover or %2 of the clear spacing between bars (in.)



Cs =
Csi =
Cso =

db =

flc,mod

! =
fo =
fod =

fod,0 =

fs =

fs,calc -

fs,test -

kg =

Ktr 318 =

Ktr 408 =

minimum [Cso ; Csi + 0.25in.] (in.)

Y of the bar clear spacing (in.)

side concrete cover for reinforcing bar (in.)

nominal diameter or bar being spliced (in.)

measured concrete compressive strength per Reineck [11] in reference to

a 12x6 in. cylinder (ksi)
specified concrete compressive strength (psi)

total bond strength according to Frosch, Fleet, and Glucksman [19] (ksi)
design bond strength in fib 2010 Model Code [15] (MPa)

basic bond strength in fib 2010 Model Code [15] (MPa)

characteristic value of compressive concrete strength in fib 2010 Model
Code [15] (MPa)

60 foa As in fib 2010 Model Code [15] (N)

specified yield stress for non-prestressed steel reinforcement, psi

design yield stress of reinforcing steel in tension in fib 2010 Model Code

[15]

37

steel reinforcement characteristic strength in fib 2010 Model Code [15] (MPa)

tensile stress in steel reinforcement (psi)

tensile stress in steel reinforcement that has been derived from provisions and

calculated with measured specimen and material properties (psi)

measured stress in steel reinforcement (psi)

effectiveness factor dependent on the reinforcement detail for the design bond

strength in fib 2010 Model Code [15]

40A¢ / sn transverse reinforcement index according to ACI 318-19 (in.)

(0.52 trta Awr/sn) 4/ £, , transverse reinforcement index according to ACI 408R-
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03 [1] (in.)

(ta Aer \/f )/2sn, transverse reinforcement index according to Darwin et al.
[17] (in.)

ntAst/(Nb @D st) density of transverse reinforcement, relative to the anchored or

lapped bars, according to fib 2010 Model Code [15]. Originally “Ky” in source.

lap length in fib 2010 Model Code [15] (mm)

calculated development length (in.)

development length of straight bars in tension, as required by the recommended

provisions by ACI 408R-03 [1], Eq. 4-11a. Originally “l¢” in source. (in.)

provided lap splice length of a specimen (in.)
compression splice length, as required by ACI 318-19 §25.5.2.1 (in.)

tension lap splice length for deformed bars and deformed wires in tension, as

required by ACI 318-19 §25.5.2.1 (in.)

number of bars being developed or lap spliced at a potential splitting plane
number of legs of confining reinforcement crossing a potential splitting failure
surface at a section, according to fib 2010 Model Code [15]

number of longitudinal reinforcing bars according to Frosch, Fleet, and
Glucksman [19]

number of legs of transverse reinforcement crossing the splice plane according
to Frosch, Fleet, and Glucksman [19]

number of stirrups in the splice region according to Frosch, Fleet, and
Glucksman [19]

mean compression stress perpendicular to the potential splitting failure surface

at the ultimate limit state, according to fib 2010 Model Code [15] (MPa)
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relative area. Ratio of the projected rib area normal to the bar axis to the product
of the nominal bar perimeter and the average center-to-center rib spacing.
longitudinal spacing of confining reinforcement, fib 2010 Model Code [15]
(mm)

Test-to-calculated steel stress ratio, i.e., the ratio between fs st and fs caic.

term representing the effect of bar size on the steel contribution to total bond
force for tension development length (ACI 408R-03 [1])

term representing the effect of relative rib area on the steel contribution to total
bond force for tension development length (ACI 408R-03 [1])

factor representing the influence of passive confinement from cover in the
design bond strength in fib 2010 Model Code [15]

factor representing the influence of passive confinement from transverse
reinforcement in the design bond strength in fib 2010 Model Code [15]
transverse reinforcement multiplier in the ‘complex’ compression lap splice
equation by Chun et al. [9]. (1 in transverse reinforcement is placed at ends or
the value of 0 if not)

1.5, partial safety coefficient for bond in basic bond strength in fib 2010 Model
Code [15]

coefficient affecting basic bond strength depending on reinforcement surface
(1.75 for ribbed bars, 1.4 for fusion bonded epoxy coated ribbed bars) in fib
2010 Model Code [15]

coefficient affecting basic bond strength representing reinforcement casting
position (1.4 when good bond conditions are obtained, 0.7 otherwise) in fib
2010 Model Code [15]

coefficient affecting basic bond strength representing bar diameter (1.0 for @ <
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25 mm, (@/25)°2 for @ > 25 mm) in fib 2010 Model Code [15]

coefficient affecting basic bond strength representing steel reinforcement
characteristic strength (1.2 for fyx= 400 MPa, 1.0 for fyx = 500 MPa, 0.85 for fyk
=600 MPa, 0.75 for fyxk = 700 MPa, 0.68 for fyx = 800 MPa, interpolation
permitted) in fib 2010 Model Code [15]

Diameter of bar being lap spliced, fib 2010 Model Code [15] (mm)
0.1(Cmax/Cmin) + 0.9 < 1.25, in the ACI 408R-03 tension development length
equation [1]

reinforcement grade modification factor in the ACI 318-19 [1] tension
development length equation, calculated here as yg = 0.55 + fs caic/40,000
(definition in source: 1.0 for Grade 40 or Grade 60, 1.15 for Grade 80, 1.3 for
Grade 100)

reinforcement coating modification factor in the ACI 318-19 [1] tension
development length equation (1.5 for epoxy-coated or zinc and epoxy dual-
coated reinforcement with clear cover less than 3dy or clear spacing less than 6
dv, 1.2 for epoxy-coated or zinc and epoxy dual-coated reinforcement for all
other conditions, 1.0 for uncoated or zinc-coated (galvanized) reinforcement)
casting position modification factor in the ACI 318-19 [1] tension
development length equation (1.3 if more than 12 in. of fresh concrete placed
below horizontal reinforcement, 1.0 otherwise)

confining reinforcement modification factor for the development length of
deformed bars and wires in compression in ACI 318-19 [3] §25.4.9 (0.75 for
reinforcement enclosed within a spiral, a circular continuously wound tie with
db> Y4 in. and pitch not more than 4 in., No. 4 bar or D20 wire ties in accordance

with ACI 318-19 §25.7.2 spaced no more than 4 in. on center, or hoops in
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accordance with ACI 318-19 825.7.4 spaced no more than 4 in. on center ; 1.0

otherwise)

size factor modification factor in the ACI 318-19 [1] tension development
length equation (1.0 for No. 7 and larger bars, 0.8 for No. 6 and smaller
bars and deformed wires)

1+ 0.084 (Kir318/ db) in the ‘simplified” compression lap splice equation by
Chun et al.[12]

reinforcement yield stress factor in the Lepage et al. [16] recommended
provisions for tension development length

factor accounting for lightweight concrete (1.00 for normalweight concrete,
0.75 for lightweight concrete) in ACI 318-19 [3] tension development

length (825.4.2) and compression development length (825.4.9)
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Chapter 3: Embedment Length of Headed Bars in Special Moment Frames

3.1 Introduction

Reinforcing bars terminating in a head transmit forces into concrete though two
mechanisms: bond along the surface of the bar and bearing forces at the head. Compared with
hooked bars, use of headed bars for development can reduce reinforcement congestion, promoting
ease of construction and quality control. Headed bars can be useful in frame exterior joints, where
the beam longitudinal reinforcement must be anchored into the column and the reinforcement
detailing can be challenging.

Use of headed bars in reinforced concrete construction is permitted and regulated by ACI
318-19 [3]. For design of frames not designated as special moment frames (SMF), the development

of headed bars in tension is prescribed by Chapter 25 of ACI 318-19. According to §25.4.4, the

development length /qt,25.4.4 for headed deformed bars in tension shall be:

f
[y e s = MaX {[ Vel pWoneas Ve ]db“’; 84,6 in} Eq. (22)
e 75,1

where e, Wp, Wohead, and yc are modification factors associated with epoxy coating, parallel tie
reinforcement, headed bar location, and concrete strength, respectively.
Requirements for development of hooked, headed, and straight reinforcement in joints of
SMFs are articulated in 818.8.2.2:
“Longitudinal reinforcement terminated in a joint shall extend to the far face of the joint
core and shall be developed in tension in accordance with 18.8.5 and in compression in

accordance with 25.4.9.” - ACI 318-19 [3] §18.8.2.2
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For developing headed bars in tension, §18.8.5.2 requires using Eq. (22) from §25.4.4 after
replacing fy with 1.25 fy. This requirement is consistent with the general provision in §18.8.2.1 for
SMFs:

“Forces in longitudinal beam reinforcement at the joint face shall be calculated assuming
that the stress in the flexural tensile reinforcement is 1.25f,” - ACI 318-19 §18.8.2.1

Equation (22) thus becomes Eq. (23) for developing headed bars in SMF joints:

1.25f ]
ﬁdt,18.8.5.2 = Mmax {[ yif;‘l’pf‘l'jo,headwc Jdbls; 8d,,6 m-} Eq. (23)

The language in 818.8.2.2 that requires consideration of both tension and compression
development has been present in successive versions of the ACI Building Code since ACI 318-83.
Even though earthquakes are expected to subject beam reinforcement terminating in a joint to both
tension and compression force demands, the language of 818.8.2.2 is not clear about whether it is
sufficient for a headed bar to satisfy only §18.8.5 or must satisfy both §18.8.5 and §25.4.9. It could
be interpreted that the reference to §25.4.9 is only for straight bars in compression since §25.4.9
has no guidance for how it should be applied to headed or hooked bars. This was clarified with
new commentary in ACI 318-14:

“For bars in compression, the development length corresponds to the straight portion of a
hooked or headed bar measured from the critical section to the onset of the bend for hooked
bars and from the critical section to the head for headed bars.” - ACI 318-14 [20]
8R18.8.2.2

Prior to ACI 318-14, an engineer might have assumed that a headed bar satisfying 818.8.5

was adequately developed because tension development is often more critical than compression
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development. The new commentary in §R18.8.2.2 of ACI 318-14 makes clear that engineers must
design headed bars so they comply with both §18.8.5 and §25.4.9.
The compression development length required for joints of SMFs by 818.8.2.2, in

accordance with §25.4.9, is the longer of the lengths obtained from Eq. (24):

f, v,
504/ f/

Cae 500 = max{ d, ; 0.0003 fy\Vrdb} Eqg. (24)

where vy is a confining reinforcement modification factor and 4/ f, <10 ksi .

The implications of designing headed bars for compression development (825.4.9) are

illustrated in Figure 19. Figure 19 shows the ratio between the required headed bar compression

development length, fdqc2549 (ACI 318-19 825.4.9), and the required headed bar tension

development length, /qt1885.2 (ACI 318-19 818.8.5.2, which is 1.25 times the length obtained from

825.4.4), versus specified concrete compressive strength. Separate lines in the figure show the
trends obtained for different bar sizes. A steel yield stress of 60 ksi was assumed for all cases.
Unitary values were assumed for the epoxy coating, parallel tie reinforcement, and bar location
modification factors (we = wp= y ohead = 1.0) for calculating tension development length, while a
value of 0.75 was assumed for the confining reinforcement modification factor for calculating
compression development length (yr = 0.75). These assumptions are valid for uncoated headed

bars terminating inside a well-confined joint.
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Figure 19 — Ratio of compression to tension development lengths for headed bars (§25.4.9 versus §18.8.5) versus
specified concrete compressive strength

Figure 19 shows that, for e = yp= W ohead = 1.0 and yr = 0.75, the required compression
development length is longer than the required tension development length for No. 8 and smaller
headed bars, regardless of the concrete compressive strength. The same is true for No. 9, No. 10,
and No. 11 headed bars when the concrete compressive strength is greater than 6 , 7, and 8 ksi,

respectively. In joints that do not satisfy the conditions necessary to obtain yp = 1 (i.e. At > 0.4Ans),

(418852 IS likely to be longer than /qc,25.4.9 because yp = 1.6.

This chapter explores whether the compression development length should indeed
frequently govern the embedment length of headed bars in joints of special moment frames. This
is done by examining results from tests of exterior beam-column joints with headed beam

reinforcement under reversed cyclic displacements.
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3.2 Database Description

A database of test results was used to evaluate headed bar development. The database
(Appendix E) includes results from 35 exterior cast-in-place reinforced concrete beam-column
joint specimens subjected to reversed cyclic loading. Figure 20 shows a schematic of a

representative specimen.
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Figure 20 — Schematic of specimens in database (elevation and cross-sections)

Results were obtained from Adachi and Kiyoshi [21]; Bashandy [22]; Chun et al. [23];

Ishida et al. [24]; Kang, Ha, and Choi [25]; Kato [26]; Lee and Yu [27]; Matsushima et al. [28];
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Murakami, Fuji, and Kubota [29]; Takeuchi et al. [30]; Tazaki, Kusuhara, and Shiohara [31];
Wallace et al. [32]; and Yoshida, Ishibashi, and Nakamura [33]. The specimens in the database in
Appendix E were selected from databases published by Kang et al. [5] and Ghimire et al. [6]. The
35 specimens were selected for meeting the following criteria: specimens were included in both
the Kang et al. [5] and Ghimire et al. [6] databases, the connection had a continuous column and
at least one beam with headed bars terminating in the joint, and beam longitudinal reinforcement
yield stress was not more than 85 ksi.

All specimens contained transverse reinforcement within the joint consisting of either
column ties (21, or 60% of, specimens) or hoops (14, or 40% of, specimens) enclosing the column
longitudinal reinforcement. The use of ties (with 90-degree hooks instead of 135-degree hooks)
makes clear that not all joints in the database met the requirements for joint confinement in SMFs.
The specimens had measured concrete compressive strengths of 3.5 to 10.3 ksi, No. 5 to No. 11
beam longitudinal bars, and measured beam longitudinal reinforcement yield stresses of 53 to 85
ksi. The distributions of measured concrete compressive strength, headed bar diameter, and
measured steel yield stress are shown in Figures 21, 22, and 23, respectively. The provided
embedment lengths of the headed bars, ¢p, defined as the distance from the face of the column to
the bearing face of the head, as shown in Figure 20, ranged between 6.0 and 17.3 times the headed

bar diameter and had the distribution shown in Figure 24.
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The specimens were all subjected to a series of fully reversed cyclic displacements of
increasing magnitude. The strengths of the specimens were all limited by beam longitudinal bar
yielding. No specimen in the database exhibited failure by anchorage or shear, but rather by
deterioration of the joint or the beam near the joint throughout the reversed loading cycles.

Specimen drift was defined as the vertical displacement of the beam end during testing
divided by the beam length measured to the centroid of the column (Ly in Figure 20). The drift
ratio capacities in the database were reported by Ghimire et al. [6] based on the following

definition: do.gpeak 1s “the drift ratio at drop to 80% [of] peak load (post peak)” based on an envelope
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of the force-drift ratio results that links the peaks of the loading cycles. The reported 8o.gpeak Values
are the average of values obtained in each loading direction.

The distribution of drift ratio capacities is shown in Figure 25. Drift ratio capacities over
3% are taken to indicate acceptable seismic behavior. All specimens in the database had drift ratio

capacities exceeding 3% and therefore exhibited acceptable behavior.

12

10 +

No. of Specimens
(o]

SAPRNRNEIRN NN SN NN
'Q~ 'Q~ '0~ '0. ,Q‘ 9¢ ,Q. 'Q~ 'Q~ gj
T I FHFFIFNFS
RN NSNS N

6O.Speak

Figure 25 — Histogram of 8o.gpeak

The nominal beam flexural strength was calculated at the face of the column using Eqg.
(25):

Mn = f, Ans (d — a/2) Eqg. (25)

The contribution of compression reinforcement to flexural strength was neglected. In every
case the beam section neglecting compression reinforcement was under-reinforced (steel strain
greater than or equal to the yield strain estimated as fy / Es).

The maximum bending moment in the beams, Mpeax, Was calculated as the force applied to

the beam tip times the clear shear span of the beam (distance from the point load to the column
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face). Mpeak ranged from 950 to 5800 Kip-in., while the nominal flexural strength, My, ranged from
820 to 4600 kip-in. The resulting peak-to-nominal strength ratios, Mpea/Mn, were from 0.92 to
1.27 (Figure 26). Most specimens therefore exhibited beam strengths exceeding their nominal
flexural strength based on measured material properties. The relatively high 8o.gpeak and Mpeak/Mn
values suggest that beam longitudinal bars yielded in every test, likely producing anchorage force
demands at the face of the joint at least equal to the product of bar yield stress and cross-sectional
area.
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Figure 26 — Histogram of Meax /M

The nominal joint shear strength, Vi, was calculated in accordance with ACI 318-19

§18.8.4 using Eq. (26).

V, =R A Eq. (26)

where Ry is a coefficient representing whether a transverse beam is present and had a value of
either 12 or 15 for the specimens in the database. The effective joint area Aj, shown schematically
in Figure 27, consists of the product of the joint depth in the plane parallel to the reinforcement
generating shear (the height of the column section for these specimens) and the effective joint

width, defined as the lesser of bc , (bo+hc), and (be+2x).
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Figure 27 — Definition of effective joint area (plan view), adapted from ACI 318-19 [3] Fig. R15.4.2

Joint shear demand, Vp, was estimated with Eq. (27). Equation 27 is equivalent to the
equation used in Ghimire et al. [6] except that the second term, which represents the column shear
outside of the joint, is multiplied by Lu/Ln. This is necessary because Mpeak is calculated at the

column face.

M M
Vp 2[ peak jnA’ fy _ Lpeak Li Eq (27)

C n

The value of V, ranged from 60 to 350 kip while V, ranged from 100 to 580 kip. The
resulting Vo/Vh ranged from 0.26 to 1.27 (Figure 28). For most specimens, the shear demand was
less than the nominal shear strength. Even specimens with the highest V,/Vi did not exhibit shear

failures before reaching 3% drift ratio.
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Two main failure modes were identified by Kang et al. [5] for specimens in the database:
beam flexure and joint failure after yielding of the beam reinforcement. A beam flexure failure
mode indicates a loss of strength after several post-yield cycles due to damage within the beam
clear span, which might include longitudinal bar fracture or buckling, concrete crushing, or shear
strength decay. Relatively large drift capacities are expected for this failure mode in well-detailed
doubly-reinforced beams with low shear stresses. In contrast, specimens with joint failures after
yielding of beam reinforcement exhibited damage to concrete within the joint that limited the
connection deformation capacity. Of the nine specimens that exhibited joint failure after yielding
of the beam reinforcement, three had V,/Vn > 1 and six had joint transverse reinforcement ratios

that were less than 75% of that recommended in ACI 352 [34] according to Kang et al. [5].

Figures 29, 30, and 31 show &o.speak, Mpeak/Mn and Vp/Vn versus /p/dp, respectively. Closed

circles and open triangles correspond to beam failure and joint failure after yielding of the beam
reinforcement. Figure 29 shows that specimens where a beam flexural failure was reported
exhibited larger drift capacities than those with joint failures after yielding of beam reinforcement,

as expected. All but one of the specimens with a beam flexural failure had drift ratio capacities not
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less than 0.04, whereas specimens with a joint failure after yielding of beam reinforcement all had

drift ratio capacities of 0.03 to 0.04. No correlation is observed between 8o.gpeak and /p/dp.

Figure 30 shows that the specimens with the greater peak moments, with respect to their
nominal flexural strength, tended to be those with a relatively longer headed bar embedment
length, although the trend is not very strong. It also appears that specimens with joint failure after
beam yielding tended to have, on average, somewhat lower Mpea/Mn. Figure 31 shows that every

specimen with V,/V, > 1.0 exhibited joint failure after yielding of beam reinforcement, but no other

trends are evident. As expected, there is no correlation between Vp/Vn and /p/dp.
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Figure 30 — Mpeak/Mn versus £,(ACI 318-19)/dy
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3.3 Evaluation of Database Against Current Provisions

The embedment lengths provided for specimens in the database were compared against

lat,1885.2 and l4c25.4.9 to evaluate the appropriateness of the requirement in §18.8.2.2 that headed

bars in SMF joints satisfy the compression development length requirements of §25.4.9. Measured

material properties were used in all cases.

To calculate the compression development length, /qc2549, SOMe interpretation was

necessary to define the confining reinforcement modification factor, yr. This factor leads to a
reduction of the required compression development length when the transverse reinforcement
consists of:

e Aspiral,

e A circular continuously wound tie with dy > % in. and pitch not more than 4 in.,

e No. 4 bar or D20 wire ties in accordance with ACI 318-19 §25.7.2 spaced no more

than 4 in. on center, or
e Hoops in accordance with ACI 318-19 §25.7.4 spaced no more than 4 in. on center.
None of the specimens in the database, which were less than full scale, satisfy any of the

conditions necessary for yr = 0.75. However, it is arguably not appropriate to apply these
conditions, which are intended for full-scale columns, to the smaller-scale specimens in the
database. To identify specimens with transverse reinforcement similar to that required to obtain vy
= 0.75 in full-scale columns, a joint transverse reinforcement ratio was calculated for each

specimen with Eq. (28):

— Ar,lNlegs
sb

C

Py Eq. (28)
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Specimens were assumed to qualify for yr = 0.75 when pt > 0.5%, which is the transverse
reinforcement ratio in a square column with 20 in. sides and two legs of No. 4 ties spaced at 4 in.
(and thus qualifying for yr = 0.75). The threshold 0.5% value was selected to represent the

transverse reinforcement ratio required in a full-scale column to qualify for yr = 0.75.

3.3.1 Results

Figure 32 shows the headed bar embedment lengths versus the required compression

development length, /qc 2549, for all 35 specimens. This plot shows that the required compression

development length, /4c25.4.9, was always longer than the provided embedment length. In 4 cases

(11%) /¢p | fgc25.49 exceeded 2, and in one case it exceeded 3. Nonetheless, all the specimens

performed adequately under reversed cyclic loading without exhibiting anchorage failures. Figure

32 shows that providing an embedment length longer than /qc 2549 IS NOt necessary to prevent

bond/anchorage failures and obtain good connection behavior.
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Figure 32 — ¢p/dp versus fc2s.4.9/dp

Similarly, Figure 33 shows headed bar embedment lengths versus the required tension

development lengths, /4t18.85.2. Even though all 35 specimens exhibited good overall behavior with

So.apeak > 3% and beam longitudinal bar yielding, only two of the 35 specimens had /p > /qt1885.2. It

therefore appears that satisfying ¢, > /418852 IS also not necessary to prevent bond/anchorage

failures and obtain good overall connection behavior. Furthermore, Figure 33 has more scatter than

Figure 32, which indicates that /4t 18.8.52 can be excessively conservative in some design conditions.

In 14 (39%) cases, /p / 4t18.85.2 Was more than 2, including one specimens with /p / /4t 18.85.2 Of

44.
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® Beam Flexure A Joint Failure after Beam Yielding
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Figure 33 — ¢p/dp versus lat1885.2/do

These results show that satisfactory connection behavior, characterized by beam
longitudinal bar yielding and drift ratio capacities exceeding 3%, can be obtained without
satisfying the requirements of either 825.4.9 or §18.8.5.2. It is acknowledged that design
provisions should incorporate some conservatism, but the scatter and extent of conservatism shown

in Figures 32 and 33 are considerable.

3.4 Evaluation of Database Against Other Equations
Both §25.4.9 and §18.8.5.2 appear to be considerably, perhaps excessively, conservative
for headed bar development in special moment frame joints. This observation prompts

consideration of other equations that might better fit the dataset. Four equations are considered.
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3.4.1 Equations Considered
1) Development of headed bars in tension (ACI 318-14 §25.4.4)
ACI 318-14 [20] had different provisions for headed bar development than ACI 318-19.
Equation (29) is the development length equation for headed deformed bars in tension from
825.4.4 of ACI 318-14:

0.016 fy\ve ]
Kdt,318714 =max | ——— |d,; 8d,;6 in. Eq. (29)

@

Unlike ACI 318-19, ACI 318-14 capped the values of both the concrete compressive
strength and the reinforcing steel yield stress to 6,000 psi and 60,000 psi, respectively. In the
database, these limits are exceeded in 10 and 28 of the 35 specimens, respectively. These caps,
however, were due to a lack of test data at the time of publication, so, for the purpose of this

analysis, both limits are disregarded.

i) Development length of hooked bars in tension in SMF joints (ACI 318-19 §18.8.5.1).

Section 18.8.5.1 of ACI 318-19 has a development length equation for hooked bars in

tension, shown here as Eq. (30):

(, =max 0y - 8d,:6in Eq. (30)
" SN v

This equation is intended for use with hooked bars and is based on the hooked bar

development length provisions in §25.4 of ACI 318-14 and several earlier codes. It is considered
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here for headed bars because experience and test data do not support requiring substantially

different development lengths for hooked and headed bars.

iii) Ghimire et al. [6] descriptive equation

Ghimire et al. [6] concluded that the anchorage strength of headed bars in beam-column
joints under reversed cyclic loading can be estimated using descriptive equations derived from
monotonic tests. For the case of headed bars with confining reinforcement, Ghimire et al. proposed

the following descriptive equation:

T, = (781 f,0%0,2%%d,0% + 48800% db°'88j£0.06223ﬂ + o.543j Eq. (31)

b

with 0.0622c,, /d, +0.543<1.0and A, /n<0.3A

The embedment length associated with developing the yield stress of the headed bars,

denoted Zeny, can be solved for from Eq. (31) by replacing the anchorage strength Th by the product

of the measured value of the steel yield stress fy and the cross-sectional area of the (individual)

headed bar As.

1.03
f
Cony = CVA" _ 488002 d,’®
0.0622dﬂ+0.543 n

b

with 0.0622c,, /d, +0.543<1.0and A, /n<0.3A,

1
781 fcmo.24dbo.35

Eq. (32)

iv) ACI 408R-03 Tension development length with 0.7 reduction factor

The analyses of compression lap splices in Chapter 2 suggest that compression lap splice
length can be calculated as a fraction of the tension development length. The fraction differs

depending on which tension development equation is used. Here compression development is
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taken as 0.7 times the length obtained from the ACI 408R-03 tension development length equation
(Eg. (33)). If headed bars in special moment frame joints should be designed for compression
development, then the embedment lengths provided in the beam-column connection database

should generally exceed the length calculated with Eq. (33).

f
‘ d

b
763( Co+ Ktr,408 j Eq (33)
d,

Idc,408 = 0'7|d,408 =0.7 [

where a, B, and A are all unitary for this database, and with:

o= 015%™ 09<125 . t, =96R +0.28<1.72 . t, =0.03d,+0.22
C 1 1

min

_ 626trtd A\r f11/2 .

Ky a08 = o f/¥*<11.0 ; f, <80ksi;$=0.82

A relative rib area, Ry, of 0.0727 was assumed for all specimens based on recommendations
in ACI 408R-03.

Application of Eq. (33) to headed bars in joints requires some interpretation because
identification of potential splitting planes is not as obvious in a column-beam joint as is may be
for longitudinal bars in a column or beam; the definition of splitting plane does not readily apply
where breakout anchorage failures occur. To bracket the range of possible outcomes, two cases
are considered in these analyses: Kir40s = 0, which represents a lack of confining reinforcement,
and (co+ Kir408)/db = 4, the upper bound recommended in ACI 408R-03. These two cases bracket
the possible required tension development length and, lacking a precise quantification of

confinement, both are evaluated for each specimen.
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3.4.2 Results

Figures 34 through 39 are analogous to Figures 32 and 33. Each figure shows the
development length obtained from a design equation (Egs. 22, 29, 30, 32, and 33) plotted versus

the provided embedment length. These equations include the tension development length for

headed bars in non-earthquake-resistant construction, /42544 (EQ. (22)); the ACI 318-14 tension

development length for headed bars, /qt318-14, With no caps on concrete or steel strengths (Eq. 29);

the ACI 318-19 tension development length for hooked bars in special moment frames, Zan, (EQ.

30); the embedment length derived from the anchorage strength descriptive equation from Ghimire

et al. [6], Zeyn, (EQ. 32); and 0.7 times the ACI 408R-03 tension development length, lq4, (Eqg. 33)

with either Kir 408 = 0 (Case 1) or (Co+Ktr,408)/db = 4.0 (Case I1).
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Figure 34 — /p/dp versus /gt,25.4.4/dn
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Figure 35 — /p/dp versus /gt (ACI 318-14

§25.4.4 with no caps)/dy
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Figure 36 — ¢p/dp versus /an (ACI 318-19 §18.8.5.1)/dy Figure 37 — ¢p/dp versus leyn (Ghimire et al.)/dy
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Figure 39 — /y/ds versus 0.7l (ACI 408R-03 Case II: (C+Kir408)/dp = 4.0)/dp

Since none of the 35 specimens exhibited anchorage failures, it is reasonable to expect that
the provided embedment length typically exceeded or was close to the required development
lengths. That was not the case in Figures 32 and 33 , which demonstrated that ACI 318-19 §25.4.9

and 818.8.5.2 are both very conservative. Figures 34 through 39 show that all the equations

considered in this section, except for 0.7/4 Case | in Figure 38, perform better than /gt 18.852 from

ACI 318-19. In some specimens the provided embedment length exceeded the required lengths

calculated as /dt25.4.4, Ldn, Leyh and 0.71q Case 11, which is to be expected in specimens that do not

exhibit anchorage failures during reversed cycle loading testing.

The behaviors of /qt318-14, £dn, and 0.7/4 Case Il (Figures 35, 36, and 39) are all very similar:

some specimens had embedment lengths longer than required while most had embedment lengths
that were only somewhat shorter than required. These trends are reasonable for specimens that did

not exhibit bond/anchorage failures when compared against design equations with some inherent
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conservatism. Although further analyses are necessary, these results imply that /qt318-14, £dh,1885.1,

and 0.7/4 Case Il might be more appropriate for design of SMF joints than ACI 318-19 provisions.

The trends in Figure 37 for /eyn Stand out among the equations considered, with almost all

specimens having a longer provided length than what is obtained from the equation. This equation
is derived from a so-called descriptive equation, which, unlike design equations, has no built-in

safety factors. It should therefore be expected that specimens with no evidence of anchorage

failures likely have headed bar embedment lengths longer than Zeyn.

Table 2 provides another way to compare the different length requirements. The value of
each cell represents the mean ratio between the length in the row and the length in the column in
question for specimens in the database. An expanded version of the table with values for all lengths

against each other can be found in Appendix F.

Table 2 - Average length ratios: length in row / length in column

gp zehy

0 1 [1.32

Lat318-14, NO CAPS [EQ. (29)] 1.15| 1.55

lazs.a4 [EQ. (22)] 1.38 | 1.87
(18852 [EQ. (23)] 173 | 2.34
lao2s.49 [EQ. (24)] 154 | 2.02
lory [EQ. (32)] 076 | 1
lan [EQ. (30)] 1.10 | 1.45

0.71g.408, Case Il [Eq. (33)] 1.25|1.65
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The middle column of Table 2 shows that all the different length requirements, except for

Leny, SUrpass, on average, the embedment length that was provided in the specimens, with different

levels of conservatism. The tension development length required by the current ACI Building Code

provisions, /dt18.85.2, IS by far the most conservative of the equations considered. For the database

in question, 818.8.5.2 of ACI 318-19 requires, on average, 73% more embedment length than was

provided, even though the specimens did not exhibit anchorage failures. The next most

conservative is the compression development length requirement, /qc2549 from §25.4.9 of ACI

318-19, which would require, on average, 54% more embedment length than provided in

specimens that did not exhibit anchorage failures. In contrast, Zeny Was, on average, only 76% of

the provided lengths, which is to be expected for a descriptive equation compared against

specimens that did not exhibit anchorage failures.

The last column of Table 2 provides ratios of calculated lengths versus /eny obtained from

the descriptive equation in Eq. (31). If Zeny is taken as the length necessary to develop headed bars

in SMF joints without a safety factor, /p //eny should generally exceed 1.0 in specimens that did

not exhibit bond/anchorage failures. Table 2 shows ¢, //eny = 1.32 for this dataset. Furthermore, if

Leny 1 taken as the length necessary to develop headed bars in SMF joints without a safety factor,

the last column of Table 2 shows the extent of the conservatism embedded in various equations
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considered. Both /4t318-14 and /an,18.85.1 are approximately 50% longer than feny, whereas both

ldt18.85.2 and /qc25.4.9 are, on average, more than twice as long as Zeny.

3.5 Conclusions

1.

Satisfying the compression development length requirements of 825.4.9 is not a necessary
condition to obtain adequate joint behavior under cyclic loads. None of the 35 beam-column
connection specimens considered satisfied §25.4.9, even though all had drift ratio capacities
not less than 3% and no reported evidence of anchorage distress. Furthermore, §25.4.9
produced lengths that were, on average, double the lengths obtained from the Ghimire,
Darwin, and Lepage [16] descriptive equation for headed bar anchorage strength. ACI 318-
19 §18.8.2.2 should not require that headed bars satisfy §25.4.9.

Analyses suggest that satisfying the tension development length requirements of §18.8.5.2,
which refer to §25.4.4, is also not a necessary condition to obtain adequate joint behavior
under cyclic loads. Stated differently, §25.4.4 and thus §18.8.5.2 may be overly conservative
for joint design. Only two of the 35 beam-column connection specimens considered satisfied
818.8.5.2, even though all had drift ratio capacities not less than 3% and no reported evidence
of anchorage distress. Furthermore, 818.8.5.2 produced lengths that were, on average, 2.3
times the lengths obtained from the Ghimire, Darwin, and Lepage [6] descriptive equation
for headed bar anchorage strength.

The equation for headed bar development length from 825.4.4 of ACI 318-14 (without caps
on bar grade or concrete compressive strength) and the equation for hooked bar development

length in §18.8.5.1 of ACI 318-19 appear more appropriate for design of specimens like those
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in the database. Each was a more reasonable fit to the database and still conservate relative to

the Ghimire, Darwin, and Lepage [6] descriptive equation for headed bar anchorage strength.

3.6 Notation

a
Ap

Ahs

Atr,l

o
be

Cmax
Cmin
Cs
Csi

Cso

do

Es

depth of rectangular compression stress block in beam flexure (in.)
cross-sectional area of an individual headed bar (in.?)

total cross-sectional area of headed bars (in.?)

effective cross-sectional area of a joint in a plane parallel to plane of beam
reinforcement generating shear in the joint, per ACI 318-19 [3] 8R15.4.2 =
bjxhc (in.?)

cross-sectional area of a tie leg (in.?)

total cross-sectional area of effective confining reinforcement parallel

to the headed bars (in.?)

width of beam (in.)

width of column (in.)

effective joint width, see Figure 27 (in.)

maximum(Cy ; Cs) (in.)

smaller of minimum concrete cover or % of the clear spacing between bars (in.)
minimum(Cso ; Csi + 0.25 in) (in.)

Y of the bar clear spacing (in.)

side concrete cover for reinforcing bar (in.)

distance between centroid of beam longitudinal reinforcing bars and extreme
compression fiber of beam section (in.)

nominal diameter of a headed bar (in.)

modulus of elasticity of steel: 29.000 ksi
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hi
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Kir,408
n
Lo
Lc
Ln

Le

L

ld.408

Ldh

ldt,18.85.2

Ldt,25.4.4
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measured concrete compressive strength (psi)

measured yield stress of reinforcing steel in tension (ksi)
height of beam (in.)

height of column (in.)

transverse reinforcement index according to ACI 408R-03 [1]
number of headed bars in tension

beam span measured to the center of the column (in.)

length of column between inflection points (in.)

clear beam span (in.)

compression development length of straight bars or wires, as required by ACI
318-19 [3] §25.4.9 (in.)

provided embedment length of headed bars in a specimen, measured from the
critical section at the face of column (in.)

development length of straight bars in tension as required by ACI 318-19 [3]
§25.4.2 (in.)

development length of straight bars in tension, as required by the recommended

provisions by ACI 408R-03, Eq. 4-11a (in.). Originally “lg” in source.
development length of a hooked bar in tension, as required by ACI 318-19 [3]
818.8.5.1 for SMF joints (in.)

development length of headed bar in tension ACI 318-19 [3] §18.8.5.2 for SMF
joints (in.). Originally “/¢t” in source.
development length of headed bar in tension ACI 318-19 [3] §25.4.4 (in.).

Originally “/4t” in source.
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development length of headed bar in tension ACI 318-14 [20] §25.4.4 (in.).

Originally “/4t” in source.

embedment length of a headed bar necessary to develop its yield

strength, derived from the anchorage strength descriptive equation by Ghimire
et al. [6]

nominal bending moment capacity of the beam cross section at the face of the
column (kip-in.)

the maximum beam moment at the face of the column based on measured
forces (kip-in.)

number of legs within a layer of column ties or hoops

coefficient representing whether a transverse beam is present in the calculation
of the nominal joint shear Vy, according to ACI 318-19 [3] §15.4.2

spacing of column hoops or ties (in.)

term representing the effect of bar size on the steel contribution to total bond
force

term representing the effect of relative rib area on the steel contribution to total
bond force

nominal joint shear strength according to ACI 318-19 [3] §18.8.4 (kip)
horizontal joint shear demand at mid depth of the beam (kip)

anchorage strength of a headed bar, calculated using the descriptive

equation by Ghimire et al. [6]

the drift ratio when, after reaching the peak load, the load drops to 80% of the
peak load

strain of steel reinforcement
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lightweight concrete modification factor for the development length of
deformed bars and wires in compression (ACI 318-19 [3] §25.4.9) and the
development length of hooked bars in tension (ACI 318-19 [3] §25.4.3)

ratio of area of distributed transverse reinforcement to gross concrete area
perpendicular to that reinforcement

minimum required ratio of area of distributed transverse reinforcement to gross
concrete area perpendicular to that reinforcement (ACI 352R-02 [34])
concrete strength modification factor for the development length of headed bars
in tension (ACI 318-19 [3] §25.4.4)

epoxy coating modification factor for the development length of headed bars
in tension (ACI 318-19 [3] 825.4.4 and ACI 318-14 §25.4.4)

location modification factor for the development length of headed bars in
tension (ACI 318-19 [3] §25.4.4). Originally “yo” in source.

location modification factor for the development length of hooked bars in
tension (ACI 318-19 [3] §25.4.3)

parallel tie reinforcement modification factor for the development length of
headed bars in tension (ACI 318-19 [3] §25.4.4)

confining reinforcement modification factor for the development length of

deformed bars and wires in compression (ACI 318-19 [3] 825.4.9)
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Chapter 4: Embedment Length of Hooked Bars in Special Moment Frames

4.1 Introduction

Reinforcing bars terminating in a hook transmit forces into concrete through bond along
the straight and curved portions of the bar and through bearing of the curved portion against
concrete. Hooked bars are often used in frame exterior joints, where the beam longitudinal
reinforcement must be anchored into the column.

Use of hooked bars in reinforced concrete construction is permitted and regulated by ACI
318-19 [3]. For design of frames not designated as special moment frames (SMF), the development

of hooked bars in tension is prescribed by Chapter 25 of ACI 318-19. According to §25.4.3, the

development length /dn25.4.3 for hooked deformed bars in tension shall be:

f .
{ gn 2543 = MaxX Mdb”’ ; 8d, ; 6in. Eq. (34)
5544/ f/

where A, e, Wr, Wo, and yc are modification factors associated with lightweight concrete, epoxy
coating, confining reinforcement, hooked bar location, and concrete strength, respectively.
Requirements for development of hooked, headed, and straight reinforcement in joints of
SMFs are articulated in §18.8.2.2:
“Longitudinal reinforcement terminated in a joint shall extend to the far face of the joint
core and shall be developed in tension in accordance with 18.8.5 and in compression in
accordance with 25.4.9.” - ACI 318-19 [3] §18.8.2.2
For developing hooked bars in tension in SMFs, ACI 318-19 §18.8.5.1 requires providing

the length given by Eq. (35):

fy d,
ﬁdh,18.8.5.1 = max ) ﬁdh,18.8.5.1,min Eq. (35)

65/ .
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where /dn,18.8.5.1,min IS the greater of 8d, and 6 in. for normal-weight concrete and the greater of 10

dp and 7% in. for lightweight concrete.

The language in 818.8.2.2 that requires consideration of both tension and compression
development has been present in successive versions of the ACI Building Code since ACI 318-83.
Even though earthquakes are expected to subject beam reinforcement terminating in a joint to both
tension and compression force demands, the language of 818.8.2.2 is not clear about whether it is
sufficient for a hooked bar to satisfy only §18.8.5 or must satisfy both §18.8.5 and §25.4.9. It could
be interpreted that the reference to §25.4.9 is only for straight bars in compression since §25.4.9
has no guidance for how it should be applied to headed or hooked bars. This was clarified with
new commentary in ACI 318-14:

“For bars in compression, the development length corresponds to the straight portion of a
hooked or headed bar measured from the critical section to the onset of the bend for hooked
bars and from the critical section to the head for headed bars.” - ACI 318-14 [20]
8R18.8.2.2

This definition is illustrated in Figure 40.

bend
radius

dh/i
' ] "

edh,[&&il

Figure 40 — ACI 318-19 definitions for £4c 2549 and fan 18851 in hooked bars



74

Prior to ACI 318-14, an engineer might have assumed that a hooked bar satisfying §18.8.5
was adequately developed without checking 825.4.9 because tension development is often more
critical than compression development, and there is no experimental evidence of hooks adequately
anchored in tension failing when subjected to compression. Nevertheless, the new commentary in
8R18.8.2.2 of ACI 318-14 makes clear that engineers must design hooked bars so they comply
with both §18.8.5 and §25.4.9.

The compression development length required for joints of SMFs by 8§18.8.2.2, in

accordance with §25.4.9, is the longer of the values obtained from the expressions in Eq. (36):

fy v,
504/ f/,

L?dc,25.4.9 = max{ d, ; 0.0003 fy\Vrdb} Eg. (36)

where i is a confining reinforcement modification factor and +/ f, <10 ksi .

The implications of designing hooked bars for compression development (825.4.9) are

shown in Figure 41. Figure 41 shows the ratio between the required hooked bar compression length

(fdc,25.4.9 + bend radius + dy) and the required hooked bar tension development length, fdn1885.1,

versus specified concrete compressive strength. For the bar sizes considered, two curves are
obtained: one for No. 6 to No. 8 bars and another for No. 9 to No. 11 bars.

Normal-weight concrete (A= 1.0) and a steel yield stress of 60 ksi were assumed for all
cases. A value of 0.75 was assumed for the confining reinforcement modification factor for
calculating compression development length (yr=0.75). These assumptions are valid for uncoated
hooked bars terminating inside a well-confined joint. The bend radius was either 3dp, (No. 3

through No. 8 bars) or 4 dy» (No. 9 through No. 11 bars), as required in ACI 318-19 §825.3.1.
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2.5

2.0

15 o

1.0

(L4c + bend radius + dy)/ /4, 18851

0.5 No. 9to No. 11 |

—NO0. 6 to No. 8

0.0

3 4 5 6 7 8 9 10 11
Concrete compressive strength [ksi]

Figure 41 — ACI 318-19 provisions for hooked bars: (¢4 + bend radius + dy)//qn Versus concrete compressive
strength

Figure 41 shows that, for A = 1.0 and yr = 0.75, the length required to satisfy the
compression development length is longer than the required tension development length for
hooked bars of sizes typically used in practice, regardless of the concrete compressive strength.

The effect of ACI 318-19 §18.8.2.2 is considerably more pronounced for hooked bars than
for headed bars (Chapter 3, Figure 19). The compression development length requirement is, in all
cases, at least 25% longer than the tension development requirement for any of the bar sizes
considered (No. 6 through No. 11) and the range of concrete compressive strengths considered (4
ksi through 10 ksi).

This chapter explores whether the compression development length should indeed govern

the embedment length of hooked bars in joints of special moment frames. This is done by
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examining results from tests of exterior beam-column joints with hooked beam reinforcement

under reversed cyclic displacements.

4.2 Database Description

A database of test results was used to evaluate hooked bar development. The database
(Appendix G) includes results from seven studies and consists of 27 exterior cast-in-place
reinforced concrete beam-column joint specimens subjected to reversed cyclic loading.

Results were obtained from Hanson [35], Uzumeri [36], Scribner and Wight [37], Ehsani
and Alameddine [38], Kurose et al. [39], and Hwang et al [40]. The 27 specimens were selected
for meeting the following criteria: (1) specimens were cast-in-place reinforced concrete beam-
column connections, (2) columns were continuous through the joint and had a minimum cross-
sectional dimension of 11 inches, (3) connections were subjected to reversed cyclic displacement
demands, (4) beam longitudinal reinforcing bars ended in overlapping 90° hooks placed with the
hooks turned towards mid depth of the joint, (5) hooked beam bars diameter was at least 0.94 in.
and no mixed bar sizes were used within the top or bottom layers of beam reinforcement, (6) joints
had at least two column hoops, and (7) no intermediate-depth web longitudinal reinforcement was
present in the beams (i.e. beams had top and bottom longitudinal bars only). Figure 42 shows a

schematic of a representative specimen.
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Figure 42 — Schematic of specimens in database (elevation and cross-sections)

Specimens with relatively large bars were selected for two reasons. Firstly, large bars (No.
8 and 9) are representative of bar sizes used in practice, and secondly, differences between Eq.
(34) and Eq. (35) (which represent ACI 318-19 §25.4.3 for non-SMF design and §18.8.5.1 for
SMF design) are likely to be most substantial for large bars because the exponent on dy differs.

The exponent on dy is 1.5 in Eq. (34) and 1.0 in Eq. (35).
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Every specimen contained transverse reinforcement within the joint consisting of column
hoops, although not all connections would satisfy the joint transverse reinforcement requirements
of ACI 318-19 [3] for SMF joints.

The specimens had measured concrete compressive strengths of 3.8 to 13.6 ksi. Hooked
bars had diameters that approximately coincided with U.S. No. 8 and No. 9 bars sizes and measured
yield stresses of 50.6 to 75.5 ksi. The distributions of measured concrete compressive strength,
hooked bar diameter, and measured steel yield stress are shown in Figure 44, 45, and 46,
respectively. The provided embedment lengths of the hooked bars, defined as shown in Figure 43,

were 10.6 to 16 times the diameter of the hooked bar with the distribution shown in Figure 47.

Column
A y
,// Beam
A
y Ip s

\  Critical section:
\ face of column

A

Figure 43 — Definition of the embedment length in specimens, /,, consistent with ACI 318-19 definition of
development length
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Figure 46 — Histogram of measured hooked bar steel Figure 47 — Histogram of provided hooked bar
yield stress embedment length (column face to tail of hook)

The specimens were all subjected to a series of fully reversed cyclic displacements of
increasing magnitude. No specimen in the database exhibited failure by anchorage or shear, but
rather by deterioration of the joint or the beam near the joint throughout the reversed loading
cycles.

Specimen drift was defined as the vertical displacement of the beam end during testing
divided by the beam length measured to the centroid of the column (Ly in Figure 42). The drift
ratio capacities in the database correspond to the drift at which strength decayed to 0.8 times the
peak strength in each loading direction based on an envelope drawn to the peak of each load cycle.

Rather than reporting precise do.speak Values, the database indicates for each specimen either (a)
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whether 8.8 peak Was at least 3%, or (b) that insufficient information was available to assess do.8 peak-
All specimens with published force-displacement results had 3o.s peak Of at least 3%.

The nominal beam flexural strength was calculated at the column face using Eq. (25):

Mn = fy Ahs (d — a/2) Eq (25)

The contribution of compression reinforcement to flexural strength was neglected. In every
case the beam section neglecting compression reinforcement was under-reinforced (steel strain
greater than or equal to the yield strain estimated as fy / Es).

The maximum bending moment in the beams, Mpeax, Was calculated as the force applied to
the beam tip times the clear shear span of the beam (distance from the point load to the column
face). Mpeak ranged from 2500 to 4200 kip-in., while the nominal flexural strength, M, ranged
from 1800 to 5100 kip-in. The resulting peak-to-nominal strength ratios, Mpeak/Mn, were from 0.57

to 1.34 (Figure 48).
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Figure 48 — Histogram of Mgeax /M
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The nominal joint shear strength, Vi, was calculated in accordance with ACI 318-19

§18.8.4 using Eq. (26).

V, =R A Eq. (26)

where Ry, is a coefficient representing whether a transverse beam is present and had a value of 12
for all specimens in the database, except for that from Kurose et al. [39], where the confinement
provided by transverse beams resulted in Ry = 15. The effective joint area Aj, shown schematically
in Figure 49, consists of the product of the joint depth in the plane parallel to the reinforcement
generating shear (the height of the column section for these specimens) and the effective joint

width, defined as the lesser of be , (bp+hc), and (bc+2x).

Column

\ Beam

1

| he |
Figure 49 — Definition of effective joint area (plan view), adapted from ACI 318-19 [3] Fig. R15.4.2

Joint shear demand, V,, was estimated with Eq. (27). Equation (27) is equivalent to the
equation used in Ghimire et al. [6] for similar tests with headed bars, except that the second term,
which represents the column shear outside of the joint, is multiplied by Lu/Ln. This is necessary

because Mpeak IS calculated at the face of the column.

. L,

C n

M M
Vp :( IVFIJeak jnp}, fy _ peak Li Eq (27)
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The value of V, ranged from 130 to 240 kip while V, ranged from 130 to 330 kip. The
resulting Vp/Vh ranged from 0.71 to 1.48 (Figure 50). For most specimens, the shear demand was

less than the nominal joint shear strength.

=

No. of Specimens
OFRPNWRAMUUIONO®OO

Figure 50— Histogram of V,, /V,

Figures 51 and 52 show Mpea/Mn and Vp/Vn versus /p/dp, respectively. Closed circles

correspond to specimens whose drift capacity surpassed 3%, which coincidentally is every
specimen for which drift data were reported. Open circles indicate specimens for which drift was
not reported.

Figure 51 shows that in specimens with 8o.gpeak > 3%, the peak moments were generally
greater than the nominal flexural strength. All specimens considered, there might be a tendency
for specimens with relatively longer hooked bar embedment lengths to exhibit greater peak

moments, but this trend is not clear in specimens with 8o.gpeak > 3%.

As expected, there is no correlation between Vp/Vi and /p/dy in Figure 52.
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Figure 52 — Vp/Vy versus Z,(ACI 318-19)/ds



84

4.3 Evaluation of database against current provisions

The embedment lengths provided for specimens in the database were compared against

lat,1885.1 and e 25.4.9 t0 evaluate the appropriateness of the requirement in §18.8.2.2 that hooked

bars in SMF joints satisfy the compression development length requirements. Measured material

properties were used in all cases.

To calculate the compression development length, /42549, SOme interpretation was

necessary to define the confining reinforcement modification factor, yr. This factor leads to a
reduction of the required compression development length when the transverse reinforcement
consists of:

e Aspiral,

e A circular continuously wound tie with dy > % in. and pitch not more than 4 in.,

e No. 4 bar or D20 wire ties in accordance with ACI 318-19 [3] §25.7.2 spaced no

more than 4 in. on center, or
e Hoops in accordance with ACI 318-19 §25.7.4 spaced no more than 4 in. on center.

25, or 93%, of the 27 specimens had hoops that qualified for vy, = 0.75.

4.3.1 Results

Figure 53 shows the hooked bar embedment lengths versus the required compression

length, (Zdc25.4.9 + bend radius + db), for all 27 specimens. This plot shows that the required length

due to compression development length, (“ac25.4.9+ bend radius + dy), was always longer than the

provided embedment length. For specimens with 8o.gpeak > 3%, the required length was up to 85%



85

longer than the provided length, and yet the specimens performed adequately under reversed cyclic

loading, without exhibiting anchorage failures. Figure 53 therefore shows that providing an

embedment length longer than (/42549 + bend radius + dy) is not necessary to prevent

bond/anchorage failures and obtain good connection behavior.

| ® Drift capacity = 3% O Drift not reported

40 T
35 +

30 +

0, 1d,

20 1

15'5 0.0.

(L4c 2549 bENd radius + d,)/d,

Figure 53 — /p/dy versus ({uc2s.4.9+ bend radius + dp)

Figure 54 shows hooked bar embedment lengths versus the required tension development

lengths, /4t18.85.1. Almost all the specimens that attained do.speak > 3% had an embedment length 7,

longer that the required tension development length /418851, which should be expected for

specimens that did not exhibit anchorage failures. The current tension development length

provision for SMF joints, (418851, therefore appears appropriate for design of hooked bar
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development in joints like those in the database. This was not the case for headed bars (Chapter
3), for which it was shown that both the tension and the compression development requirements

from ACI 318-19 §18.8.2.2 are substantially conservative.

| ® Drift capacity = 3% o Drift not reported

40 T
35 +
30 +

25 +

0,1 d,

20 +
15 $ o>

10 + °

gdh,18.8.5.1 /db

Figure 54 — ¢p/dp versus (18851 /do

These results show that satisfactory connection behavior, characterized by drift ratio
capacities exceeding 3%, can be obtained without satisfying the requirements of 825.4.9. It is
acknowledged that design provisions should incorporate some conservatism, but the scatter and
extent of conservatism shown in Figure 53, with required/provided differences of up to 85%, is
considerable. The results also suggest that §18.8.5.1 may be appropriate for design of connections

like those in the database.
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4.4 Evaluation of database against other equations

The compression development length requirements in ACI 318-19 825.4.9 appear to be
considerably, perhaps excessively, conservative for hooked bar development in special moment
frame joints. This observation prompts consideration of other equations that might better fit the
dataset. Four equations are considered.

4.4.1 Equations Considered

1) Development of hooked bars in tension (ACI 318-14 §25.4.3)
ACI 318-14 [20] had different provisions for hooked bar development than ACI 318-109.

Equation (37) is the development length equation for hooked deformed bars in tension from

§25.4.3 of ACI 318-14:

f )
{ g 31614 = MAX Zy WeWeWr ; 8d, ; 6in. Eq. (37)
5004/ f/

i) Development of hooked bars in tension (ACI 318-19 §25.4.3)
As stated earlier, Chapter 25 of ACI 318-19 [3] prescribes Eq. (38) for the development

length of hooked bars in tension design of frames not designated as special moment frames:

f .
L?dh,25.4.3 = max Mdb ; 8db ; 6in. Eq- (38)
50A fc'

iii)  Ajaam et al. [41] descriptive equation

Ajaam et al. [41] reported that the hooked bar provisions in ACI 318-14 assigned inaccurate

importance to some variables:
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“[...] the current Code provisions overestimate the contribution of the concrete
compressive strength and the bar size [to] the anchorage strength of hooked bars.” —
Ajaam et al. [41]
They proposed the following descriptive equations for the anchorage strength of a single
hooked bar, depending on the relative distance to other hooked bars and the presence of transverse

reinforcement:

e For widely spaced hooked bars (Cch> 6dp):

Th — 294 fcm0.295ﬁehl.0845db0.47 + 55050(&)10175 db0.73
n

e For closely spaced hooked bars (cch <6db) without transverse reinforcement:

T, =(294 1,020, 1%%d, 0 )[0.0974‘ih + 0.3911]
d

b

) Eqg. (39)
with (0.0974c,, /d, +0.3911) <1.0

e For closely spaced hooked bars (ccn <6db) with transverse reinforcement:

1.0175
T = (294 f 0%y 10845 047 +55050(i) db°-73j[o.0516‘;ﬂ+ 0.6572]
n

b

with(0.0516c¢,, /d, +0.6572) <1.0

The embedment length associated with developing the yield stress of the hooked bars,

denoted Zeny, can be solved for from Eq. (39) by replacing the anchorage strength Tn by the product
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of the measured value of the steel yield stress fy and the cross-sectional area of the (individual)

hooked bar Ap.

For widely spaced hooked bars (Cch> 6db):

1

A& 1.0175 10845
fyA)—SSOSO(n‘j d,’"

ehy — 294 fcmo.24 dbo.47

For closely spaced hooked bars (cch <6db) without confining reinforcement:

1.0845
f,A
ehy c
(0.0974dch+o.3911](294 f,,0%5,24)

b

with (0.0974c,, /d, +0.3911) <1.0

For closely spaced hooked bars (cch <6db) with confining reinforcement:

1
10845

f 1.0175
Cany = CYA) —55050(ij d,"" %
0.0516dﬂ+0.6572 n 29415"d,

b

with(0.0516¢c,, /d, +0.6572) <1.0

iv)

ACI 408R-03 [1] Tension Development length with 0.7 reduction factor

Eqg. (40)

The analyses of compression lap splices in Chapter 2 suggest that compression lap splice

length can be calculated as a fraction of the tension development length. The fraction differs

depending on which tension development equation is used. Here compression development is
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taken as 0.7 times the length obtained from the ACI 408R-03 [1] tension development length
equation (Eq. (41)). If hooked bars in special moment frame joints should be designed for
compression development, then Eq. (41) should be a reasonably good fit with the embedment

provided in the beam-column connection database.

f
lacaos = 0-7lg 0 = 0.7 — d
dc408 d408 s T b Eq. (41)
. 7db

where a, B, and A are all unitary for this database, and with:

o= 015%™ 09<125 . t, =96R +0.28<1.72 . t, =0.03d,+0.22
Cmin 1 ’

K _ 626trtd A\r f11/2 .

tr,408 —
sn

f/¥*<11.0 ; f, <80ksi ; ¢=0.82

A relative rib area, Ry, of 0.0727 was assumed for all specimens based on recommendations
in ACI 408R-03.

Application of Eq. (41) to hooked bars in joints requires some interpretation. For instance,
identification of potential splitting planes is not as obvious in a column-beam joint as is may be
for longitudinal bars in a column or beam; the definition of splitting plane does not readily apply
where breakout anchorage failures occur. To bracket the range of possible outcomes, two cases
are considered in these analyses: Kir40s = 0, which represents a lack of confining reinforcement,
and (co+ Kir408)/db = 4, the upper bound recommended in ACI 408R-03. These two cases bracket
the possible required tension development length and, lacking a precise quantification of

confinement, both are evaluated for each specimen.
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4.4.2 Results

Figures 55 through 59 are analogous to Figures 53 and 54. Each figure shows the
development length obtained from a design equation (Egs. (37), (38), (40), and (41)) plotted versus

the provided embedment length. These equations include the ACI 318-14 tension development

length for hooked bars, /qt318-14 (EQ. (37)); the tension development length for hooked bars in non-

earthquake-resistant construction, /42543 (EQ. (34)); the embedment length derived from the

anchorage strength descriptive equations from Ajaam et al. [41], Zeyn, (EQ. (40)); and 0.7 times the

ACI 408R-03 tension development length, lq¢, (Eq. (41)) plus bend radius and bar diameter with

either Kir 08 = 0 (Case 1) or (cw+Kir408)/ds = 4.0 (Case 11).

® Drift capacity = 3% o Drift not reported ® Drift capacity = 3% O Drift not reported

40 40

35 ¢ 35 ¢

30 1 30 1

25 + 25 +
e} =}
o o
~ 20 t ~ 20 t
\’Q \9&

15 § s ° 15 § e® o *

@
’b o
10 1 o 10 t o
@ ©
5 1 5 -
O ....................................... O nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Zdt,318-14 /db

Figure 55 — /p/dp versus (gt318-14./0b

Zdt,25.4.3 /db

Figure 56 — /p/dp versus /gt,25.4.3 /db
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l ® Drift capacity = 3% O Drift not reported
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Figure 57 — /p/dy versus leyn (Ajaam et al.)/dy
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Figure 58 — /p/d, versus (0.713[ACI 408R-03 Case I: Kira0s = 0] + bend radius + dy)/dy,
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® Drift capacity =2 3% o Drift not reported
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Figure 59 — /y/ds versus (0.714[ACI 408R-03 Case II: (Ce»+Kir 408)/ds ] + bend radius + dp)= 4.0)/dy

Since none of the 19 specimens with So.gpeak > 3% were reported to have exhibited
anchorage failures, it is reasonable to expect that the provided embedment length in those
specimens typically exceeded or was close to the required development lengths. That was not the

case in Figure 53, which suggests that satisfying ACI 318-19 825.4.9 is not necessary to obtain

adequate joint behavior without evidence of anchorage distress. Except for 0.7/4 Case | in Figure

19, all of the other equations — including /qt,1885.1— perform reasonably well, with specimens with

do.8peak > 3% generally having provided embedment lengths that were longer than the calculated

value.

The trends in Figure 57 for /leyn stand out among the equations considered, with all

specimens having a longer provided length than what is obtained from the equation. This equation

is derived from a so-called descriptive equation, which, unlike design equations, has no built-in
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safety factors. It should therefore be expected that specimens with no evidence of anchorage

failures likely have hooked bar embedment lengths longer than Zeyh.

Table 3 provides another way to compare the different length requirements. The value of
each cell represents the mean ratio between the length in the row and the length in the column in
question. An expanded version of the table with values for all lengths against each other can be

found in Appendix H.

Table 3 - Average length ratios: length in row / length in column (all 27 specimens)

ly Leny
lp 1 1.34
Lan,318-14 [EQ. (39)] 0.75 1.02
Lanzs.43 [EQ. (33)] 1.14 1.56
lac25.49 [EQ. (35)] + bend radius + dp 1.47 201
leny [EQ. (41)] 0.75 1
lan1s851 [EQ. (34)] 0.88 1.16
0.7 lga08 Case | [Eq. (42)] + bend radius + dy 2.53 3.38
0.7 lg.a08 Case Il [Eq. (42)] + bend radius + dp 1.35 1.78

The middle column of Table 3 shows that /g 2543, (/42549 + bend radius + dy) and 0.7 lg.40s

Cases | and 11 (0.7 lg40s + bend radius + dy), surpass, on average, the embedment length that was

provided in the specimens, with different levels of conservatism. For the database in question,

providing the required compression development length by means of (/42549 + bend radius + dy)

requires, on average, 47% more embedment length than was provided, even though the specimens
did not exhibit anchorage distress.

In contrast, the tension development length required by the current ACI Building Code

provisions, /dn,18.85.1, and feny Were, on average, 88% and 75% of the provided embedment lengths
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in this database. On average, the specimens therefore satisfied the requirements of Section 18.8.5.1

and exceeded /eny, Which should be expected of specimens that did not exhibit anchorage distress.

The last column of Table 3 provides ratios of calculated lengths versus /eny obtained from

the descriptive equations in Eq. (40). If Zeny is taken as the length necessary to develop hooked bars

in SMF joints without a safety factor, ¢ //eny Should generally exceed 1.0 in specimens that did

not exhibit bond/anchorage failures. Table 3 shows /p //eny = 1.34 for this dataset. Furthermore, if

Leny is taken as the length necessary to develop hooked bars in SMF joints without a safety factor,

the last column of Table 3 shows the extent of the conservatism embedded in various equations

considered. ACI 318-19’s /dn25.4.3 IS On average 56% longer than Zeny, While the previous version

of the equation, /gdn318-14 iS On average only 2% longer than Zeny. Table 3 shows that while /gn18.85.1

requires on average 16% more length than Zeny, (¢4c25.4.9 + bend radius + dy) requires more than twice

the length of Zeny. This again illustrates how overly conservative the compression development

requirement is for hooked bars in SMF joints.
The same analysis can be done for just the specimens with 8ogpeak > 3%. Table 4 is
analogous to Table 3 but includes just 19 out of 27 specimens. Again, the compression

development length equation is an outlier.
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Table 4 - Average length ratios: length in row / length in column (specimens with 8o .gpeak > 3%: 19 specimens)

O Leny
0 1 1.37
Lanz18-14 [EQ. (8)] 0.72 1.02
Lanzsas [EQ. ()] 1.10 1.55
42549 [EQ. (3)] + bend radius + dy 1.43 201
Leny [EQ. (10)] 0.73 1
lan1885.1 [EQ. (2)] 0.84 1.14
0.7 lg408 Case | [Eq. (11)] + bend radius + dy 2.54 3.50
0.7 lg408 Case Il [Eq. (11)] + bend radius + dp 1.28 1.73

4.5 Conclusions

Analyses of the database suggest that the compression development requirement in
§18.8.2.2 of ACI 318-19 [3] is excessively conservative for hooked bars in SMF joints. Even
though none of the 27 specimens exhibited anchorage failures, none of the specimens satisfied the
compression development length requirements in 825.4.9. Furthermore, the requirements in
825.4.9 more than double the lengths obtained from the Ajaam et al. [41] descriptive equation for
hooked bar anchorage strength. Satisfying Chapter 25 is therefore not necessary to prevent
anchorage failure or obtain adequate behavior in SMF joints.

The analyses suggest that the tension development length requirements in §18.8.5.1 of ACI

318-19 are appropriate for design of specimens like those in the database.



4.6 Notation
a =
Ap =

Ans =

Atr,1 =

At =

by =
bc =

Cmax =
Cmin =
Cs =
Csi =

Cso =

db =
Es =

! =

hp =
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depth of rectangular compression stress block in beam flexure (in.)
cross-sectional area of an individual hooked bar (in.?)

total cross-sectional area of hooked bars (in.?)

effective cross-sectional area of a joint in a plane parallel to plane of beam
reinforcement generating shear in the joint, per ACI 318-19 [3] 8R15.4.2 =
bjxhc (in.?)

cross-sectional area of a tie leg (in.?)

total cross-sectional area of effective confining reinforcement parallel

to the hooked bars (in.?)

beam width (in.)

column width (in.)

effective joint width (Figure 49) (in.)

maximum(co ; Cs) (in.)

smaller of minimum concrete cover or % of the clear spacing between bars (in.)
minimum (Cso ; Csi + 0.25 in) (in.)

Y of the bar clear spacing (in.)

side concrete cover for reinforcing bar (in.)

distance between centroid of beam longitudinal reinforcing bars and extreme
compression fiber of beam section (in.)

nominal diameter of a hooked bar (in.)

modulus of elasticity of steel: 29.000 ksi

measured concrete compressive strength (psi)

measured yield stress of reinforcing steel in tension (ksi)

beam height (in.)



hc =
Ktr,408 =
n =

Lp =

Lc =

Ln =

gc =

ld,408 =

ldh18851 =

Ldn18.8.5.1,min =

ldh2543 =

ldh318-14 =

gehy =
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column height (in.)

transverse reinforcement index according to ACI 408R-03 [1]
number of hooked bars in tension

beam span measured to the center of the column (in.)

length of column between inflection points (in.)

clear span of beam (in.)
compression development length of straight bars or wires, as required by ACI
318-19 [3] §25.4.9 (in.)
provided embedment length of hooked bars in a specimen, measured from the

critical section (face of column), according to the definition of ACI 318-19 [3]
development length of straight bars in tension, as required by the recommended

provisions by ACI 408R-03 [1], Eq. 4-11a (in.). Originally “l¢” in source.

development length of hooked bar in tension ACI 318-19 §18.8.5.1 (in.).

Originally “/gn” in source.

minimum development length of hooked bar in tension according to ACI 318-

19 [3] §18.8.5.1 (in.). The greater of 8d, and 6 in. for normal-weight concrete

and the greater of 10d, and 7%z in.

development length of hooked bar in tension ACI 318-19 [3] §25.4.3 (in.).
Originally “/gn” in source.
development length of hooked bar in tension ACI 318-14 [20] §25.4.3 (in.).
Originally “/gn” in source.

embedment length of a hooked bar associated required to develop its yield
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strength, derived from the anchorage strength descriptive equation by Ajaam
etal. [41]

nominal bending moment capacity of the beam cross section at the face of the
column, according to ACI 318-19 [3] (kip-in.)

the peak recorded bending moment in the beam at the face of the column in the
reversed cyclic loading testing history (kip-in.)

number of legs within a layer of column ties or hoops

coefficient representing whether a transverse beam is present in the calculation
of the nominal joint shear Vy, according to ACI 318-19 [3] §15.4.2

spacing of column hoops or ties (in.)

term representing the effect of bar size on the steel contribution to total bond
force

term representing the effect of relative rib area on the steel contribution to total
bond force

nominal joint shear strength according to ACI 318-19 [3] §18.8.4 (kip)
horizontal joint shear demand at mid depth of the beam (Kkip)

anchorage strength of a hooked bar, calculated using the descriptive

equation by Ajaam et al. [41]

the drift ratio when, after reaching the peak load, the load drops to 80% of the
peak load

strain of steel reinforcement

lightweight concrete modification factor for the development length of
deformed bars and wires in compression (ACI 318-19 [3] §25.4.9) and the
development length of hooked bars in tension (ACI 318-19 [3] §25.4.3)

concrete strength modification factor for the development length of hooked
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bars in tension (ACI 318-19 [3] §25.4.4)

epoxy coating modification factor for the development length of hooked bars
in tension (ACI 318-19 [3] §25.4.4 and ACI 318-14 [20] §25.4.4)

location modification factor for the development length of hooked bars in
tension (ACI 318-19 [3] §25.4.3)

parallel tie reinforcement modification factor for the development length of
hooked bars in tension (ACI 318-19 [3] §25.4.4)

confining reinforcement modification factor for the development length of

deformed bars and wires in compression (ACI 318-19 §25.4.9)
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Chapter 5: Summary and Conclusions

Databases of test results were used to examine ACI 318-19 requirements for three cases
related to compression development: compression lap splice length, compression development of
headed bars in special moment frame (SMF) joints, and compression development of hooked bars
in SMF joints. For each case, the distribution of variables within the database was described and
ACI 318-19 requirements were compared against test results using ratios of test/calculated (T/C)
bar stress. Comparisons were also made against several alternative equations.

These analyses were motivated by two counterintuitive observations. First, ACI 318-19
equations for compression lap splice length in 825.5.5 can produce calculated lengths that are
substantially longer than the length of a Class B tension lap splice (§825.5.2). This is counter to
expectations since compression lap splices benefit from end bearing and tension lap splices do not.
Second, ACI 318-19 §18.8.2.2 requires that headed and hooked bars in SMF joints be developed
in tension in accordance with §18.8.5 and in compression in accordance with 825.4.9. Counter to
expectations, the compression requirements in §25.4.9 often produce longer development lengths
than required in §18.8.5 for common combinations of variables even though tension development
is generally thought to be more critical in joints.

On the basis of the analyses, the following were concluded:

Chapter 2: Compression Lap Splice Length
1. ACI 318-19 equations for compression lap splice length in 825.5.5 were not a good fit to
the database of 89 test results, with a mean T/C of 2.58 and a coefficient of variation (CV)

of 0.60 (although it must be emphasized that all specimens with T/C > 2.0 violated the ACI
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318-19 minimum lap splice length). A reason for these outcomes is that §25.5.5 does not
account for relevant variables including confinement and concrete compressive strength.
. Compression lap splice length requirements in §25.5.5 can be improved and simplified by
removing Eq. (a) from §25.5.5 and applying Eq. (b) to all design bar stress ranges (Eqg. (b)
is currently limited to bar stresses greater than 60 ksi). Equation (b) alone has a mean T/C
of 1.58 and a CV of 0.16 when compared with the database, although it still omits key
variables and can produce design lengths that are longer than the tension development
length. Equations proposed by Cairns [13] and Chun, Lee, and Oh [9,12] were also shown
to produce more accurate and precise fits to the available data.
. Six tension development length equations were considered, and all provided a more
accurate and precise fit to the dataset than ACI 318-19 §25.5.5. Use of tension development
length equations for compression lap splice design would produce more consistent
conservatism relative to the database, eliminate the need to calculate both tension and
compression development lengths, and prevent design cases where calculated lengths are
longer in compression than in tension. A drawback of this approach is that calculated
compression lengths would also be longer than currently required for many common design
cases.
. Three methods were considered for making compression lap splice length a function of
tension development length without causing excessive conservatism:
a. Length multiplier, r1: Compression lap splice length can be defined as r1 times the
tension development length, where r1 < 1. To illustrate the concept, values of ry
were derived for six tension development length equations to achieve a minimum

T/C of 1.0, although other definitions of acceptable reliability might be appropriate.
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b. Stress multiplier, ro: Compression lap splice length can be calculated using tension
development length equations, but for a stress of rofy, where r> < 1. The stress
reduction is because some portion of bar force is transferred through end bearing
and not bond. To illustrate the concept, values of r. were derived for six tension
development length equations to achieve a minimum T/C of 1.0, although other
definitions of acceptable reliability might be appropriate.

c. Optimized yy: The tension development length equation from Lepage, Yasso and
Darwin [16] contains a yy value that was rederived to better fit the compression lap
splice database and achieve a minimum T/C of 1.0, although other definitions of

acceptable reliability might be appropriate.

Chapter 3: Compression Development of Headed Bars in SMF Joints

1. Satisfying the compression development length requirements of 825.4.9 is not a necessary
condition to obtain adequate joint behavior under cyclic loads. None of the 35 beam-
column connection specimens considered satisfied §25.4.9, even though all had drift ratio
capacities not less than 3% and no reported evidence of anchorage distress. Furthermore,
825.4.9 produced lengths that were, on average, double the lengths obtained from the
Ghimire, Darwin, and Lepage [16] descriptive equation for headed bar anchorage strength.
ACI 318-19 §18.8.2.2 should not require that headed bars satisfy §25.4.9.

2. Analyses suggest that satisfying the tension development length requirements of §18.8.5.2,
which refer to 825.4.4, is also not a necessary condition to obtain adequate joint behavior
under cyclic loads. Stated differently, 825.4.4 and thus §18.8.5.2 may be overly

conservative for joint design. Only two of the 35 beam-column connection specimens
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considered satisfied §18.8.5.2, even though all had drift ratio capacities not less than 3%
and no reported evidence of anchorage distress. Furthermore, §18.8.5.2 produced lengths
that were, on average, 2.3 times the lengths obtained from the Ghimire, Darwin, and
Lepage [6] descriptive equation for headed bar anchorage strength.

3. The equation for headed bar development length from §25.4.4 of ACI 318-14 (without caps
on bar grade or concrete compressive strength) and the equation for hooked bar
development length in §18.8.5.1 of ACI 318-19 appear more appropriate for design of
specimens like those in the database. Each was a more reasonable fit to the database and
still conservative relative to the Ghimire, Darwin, and Lepage [6] descriptive equation for

headed bar anchorage strength.

Chapter 4: Compression Development of Hooked Bars in SMF Joints

1. Satisfying the compression development length requirements of 825.4.9 is not a necessary
condition to obtain adequate joint behavior under cyclic loads. Of the 19 beam-column
connection specimens that achieved drift capacities above 3% without evidence of
anchorage distress, none satisfied §25.4.9. Furthermore, 825.4.9 produced lengths that
were, on average, double the lengths obtained from the Ajaam, Darwin, and O’Reilly [41]
descriptive equation for hooked bar anchorage strength. ACI 318-19 §18.8.2.2 should not
require that hooked bars satisfy §25.4.9.

2. Results suggest that the tension development length requirements in ACI 318-19 §18.8.5.1
may be adequate for design of hooked bar development in beam-column joints. 15, or 79%,
of the 19 specimens with drift capacities above 3% and no evidence of anchorage distress

satisfied 818.8.5.1. Furthermore, 818.8.5.1 produced lengths that were, on average, 16%
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longer than those obtained from the Ajaam, Darwin, and O’Reilly [41] descriptive equation
for hooked bar anchorage strength.

. The ACI 318-19 §25.4.3 equation for hooked bar development length, which is intended
for design of hooked bars outside intermediate and special moment frame joints, may also
be overly conservative. 5, or 19%, of the 27 specimens satisfied §25.4.3, which required
lengths that were, on average, more than 56% longer than those obtained from the Ajaam,

Darwin, and O’Reilly [41] descriptive equation for hooked bar anchorage strength.
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Appendix A: Summary of Lap Splice Database

[1] [2] = [3] ][4] f[5] [153] E‘Y] [f8]
oncrete test cm 1c,mod y su yt

AL 2 specimen | (psi) | (ksi) | (ksi) | (ksi) | (ksi)
1B 6x12in. | 3715 | 3.72 | 86.0 | - | 585

5B 6x12in. | 4140 | 4.14 | 86.0 | - | 585

ofister 6B 6x12in. | 3950 | 3.95 | 86.0 | - | 585
o 5B1 6x12in._ | 4190 [4.19 [80.0 | - | 585
Mattock 6B1 6x12in. | 3640 | 3.64 | 80.0 | - | 585
= AAT 6x12in. | 3530 | 3.53 | 88.0 | - | 620
A" 6x12in. | 3530 | 3.53 | 88.0 | - | 62.0

6A" 6x12in. | 3510 | 351 | 88.0 | - | 62.0

AT 6x12in. | 3510 | 351 | 88.0 | - | 62.0
CA0D22-S.75-L10-HO | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
CA40D22-S.75-L10-HO-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
C40D22-5.75-L15 3.0x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | -
C40D22-5.75-L15-1 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | -
CA0D22-51.25-L10-HO0-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
CA0D22-S1.25-L15-HO | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | -
CA0D22-S1.25-L15-HO-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
CA0D22-S1.25-L20-HO-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
CA0D22-S15-L10-HO | 3.9x7.0in. | 7085 | 6.86 | 745 | 89.6 | -
CA0D22-S1.5-L10-HO-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
CA0D22-S15-L15-HO | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -

Chun, | CA0D22-S15-L15-HO-1 | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | -
Lee and| C60D22-S.75-L10-HO | 3.9x7.9in. |10181] 9.86 | 745 | 89.6 | -
Oh | C60D22-S.75-L10-HO-1 | 3.9x7.9in. |10152| 9.83 | 745 | 89.6 | -
8] C60D22-S1.25-L10-H0 | 3.9x7.0in. |10174| 9.85 | 745 | 89.6 | -
C60D22-S1.25-L10-H0-1 | 3.9x7.9in. |10142| 9.82 | 745 | 89.6 | -
C60D22-S1.25-L15-HO-1 | 3.9x7.9in. |10142| 9.82 | 745 | 89.6 | -
C60D22-S15-L10-HO | 3.9x7.9in. | 9938 | 9.62 | 745 | 89.6 | -
C60D22-S1.5-L10-HO-1 | 3.9x7.0in. |10131] 9.81 | 745 | 89.6 | -
C60D22-51.5-L15-1 3.0x7.9in. |10360]10.03| 74.5 | 89.6 | -
CA0D29-S.75-L10-HO-1 | 3.9x7.9in. | 9358 | 9.06 | 68.4 | 87.3 | -
C40D29-S.75-L15-1 3.0x7.9in. | 9337 | 9.04 | 684 | 87.3 | -
C40D29-S.75-L.20 3.0x7.9in. | 8185 | 7.93 | 684 | 87.3 | -
C60D29-S.75-L10-HO | 3.9x7.0in. |10425|10.10| 68.4 | 87.3 | -
C60D29-S.75-L10-HO-1 | 3.9x7.9in. |10686|10.35| 68.4 | 87.3 | -
C60D29-S1.25-L10-H0 | 3.9x7.9in. |10654|10.32| 68.4 | 87.3 | -
CA0D22-S.75-L10-HE | 3.9x7.0in. | 7085 | 6.86 | 745 | 89.6 | 60
CA0D22-S.75-L10-HE-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
CA0D22-S.75-L10-HW | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60

Chun, | C40D22-S.75-L10-HW-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
Lee, and| CA40D22-S1.25-L10-HE | 3.9x7.9in. | 7085 | 6.86 | 745 | 89.6 | 60
Oh | CAO0D22-S1.25-L10-HE-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
[9] | C40D22-S1.25-L10-HW | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
CA0D22-S1.25-L10-HW-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
CA0D22-S15-L10-HE | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
CA0D22-S15-L10-HE-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60

112



[1] [2] [3] [4] | 5] | [6] | [7] | [8]
Concrete test | fom | ficmod | Ty Ui fye

Authors LD specimen | (psi) | (ksi) | (ksi) | (ksi) | (Ksi)
C40D22-S1.5-L10-HW | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60
C40D22-S15-L10-HW-1 | 3.9x7.9in. | 7085 | 6.86 | 74.5 | 89.6 | 60

chun |__C60D22-S75-L10-HE | 39x7.9in. [10177] 9.86 | 745 | 89.6 | 60
Lo [T CR0D22-5.75-L10-HE-L | 3.9x7.9in. |10152| 9.83 | 74.5 | 89.6 | 60
On[o] |_C60D22-8L25-L10-HE |  3.9x7.9in. [10170[ 8.85 | 74.5 ] 89.6 | 60
(conid) |_C00D22-51.25-L10-HE-L |  3.9x7.9in. [10145] 0.63 [ 74.5 | 89.6 | 60
C40D29-S.75-L10-HE | 3.9x7.9in. | 7892 | 7.64 | 68.4 | 87.3 | 60
C40D29-S.75-L10-HW-1 | 3.9x7.9in. | 9358 | 9.06 | 68.4 | 87.3 | 60
C60D29-S.75-L10-HE-1 | 3.9x7.0in. |10686|10.35| 68.4 | 87.3 | 60
C80D22-L4 3.0x7.01n. 12096 |11.71| 67.8 | 875 | -

C80D22-L4-1 3.0x7.00n. |12259|11.87| 67.8 | 875 | -

C80D22-L4-2 3.0x7.00n. |11592|11.23| 67.8 | 875 | -

C80D22-L4-3 3.0x7.00n. |11709|11.34| 67.8 | 875 | -

C80D22-L7 3.0x7.00n. |12111|11.73| 67.8 | 875 | -

C80D22-L7-1 3.0x7.00n. |12340|11.95| 67.8 | 875 | -

C80D22-L7-2 3.0x7.01n. |11511|11.15] 67.8 | 875 | -

C80D22-L7-3 3.0x7.01n. |11606|11.24| 67.8 | 875 | -

C80D22-L10 3.0x7.00n. |12259|11.87| 67.8 | 875 | -
C80D22-L10-1 3.0x7.00n. |12247|11.86| 67.8 | 875 | -
C80D22-L10-3 3.0x7.00n. |11645|11.28| 67.8 | 875 | -

C80D29-L4 3.0x7.00n. |12542|12.15] 71.3 | 902 | -

C80D29-L4-1 3.0x7.00n. |12876|12.47| 71.3 | 902 | -

C80D29-L4-2 3.0x7.01n. |11888|11.51| 71.3 | 902 | -

C80D29-L4-3 3.0x7.01n. |11865|11.49] 71.3 | 902 | -

chun C80D29-L7 3.9x7.9in. |12502[12.11] 713 90.2| -
Loan. C80D29-L7-2 3.9x7.9in. |11770[11.40] 713 90.2| -
o C80D29-L7-3 3.9x7.9in. |11818[1144] 713 90.2 | -
S C80D29-L10 3.9x7.9in. |12017[1251[ 713 90.2 | -
C80D29-L10-2 3.0x7.00n. |11794|11.42| 71.3 | 902 | -
C100D29-L4-1 3.0x7.0in. |14660|14.20| 665 | 87.6 | -
C80D22-L4-HW 3.0x7.01n. |12352|11.96| 67.8 | 875 | 60
C80D22-La-HW-1 3.0x7.01n. |12318|11.93] 67.8 | 875 | 60
C80D22-L4-HW-2 3.0x7.01n. |11454|11.09] 67.8 | 875 | 60
C80D22-L4-HW-3 3.0x7.01n. |11696|11.33| 67.8 | 875 | 60
C80D22-L7-HW-1 3.0x7.00n. |12329|11.94] 67.8 | 875 | 60
C80D22-L7-HW-2 3.0x7.00n. 11592 |11.23| 67.8 | 875 | 60
C80D29-L4-HW 3.0x7.01n. |12818|12.41] 7.3 | 90.2 | 60
C80D29-La-HW-1 3.0x7.00n. |12471/12.08] 7.3 | 90.2 | 60
C80D29-L4-HW-2 3.0x7.01n. |12312|11.92| 71.3 | 90.2 | 60
C80D29-L4-HW-3 3.0x7.01n. |12219|11.83] 7.3 | 90.2 | 60
C80D29-L7-HW 3.0x7.01n. |12892|12.49] 71.3 | 90.2 | 60
C80D29-L7-HW-3 3.0x7.00n. |12321/11.93] 71.3 | 90.2 | 60
C100D29-L4-HW 3.0x7.0in. |14394|13.94] 66.5 | 87.6 | 60
C100D29-L4-HW-1 3.0x7.0n. | 14550 14.09] 66.5 | 87.6 | 60
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[1] [2] [9] | [10] | [11] |[12] ] [13] | [14] S[15] [1I6]
. b h db Ap ymm. s

Authors I.D Section n) | n) b/h (n) | (in?) | Reinf. | (in)
4B R 12.0 | 10.0/1.20| 1.00 | 0.79 yes | 10.0

5B R 12.0 | 10.0/1.20| 1.00 | 0.79 yes | 20.0

Pfister 6B R 12.0[10.0 /1.20| 1.00 | 0.79 yes | 30.0
and 5B1 R 12.0[10.0 /1.20| 1.00 | 0.79 yes | 20.0
Mattock 6B1 R 12.0[10.0 /1.20| 1.00 | 0.79 yes | 30.0
7] 4A* C 120] - ]1.00]1.00 | 0.79 yes | 5.00
5A* C 120| - ]1.00] 1.00 | 0.79 yes | 10.0

6A* C 120| - ]1.00] 1.00 | 0.79 yes | 20.0

TA* C 120 | - |1.00]|1.00| 0.79 yes | 30.0
C40D22-S.75-L10-HO R 7.4 110.5(1.41]0.88 | 0.60 yes 8.7
C40D22-S.75-L.10-HO-1 R 7.4 1105(1.41|0.88 | 0.60 yes 8.7
C40D22-S.75-L15 R 7.4 1105(1.41|0.88 | 0.60 yes |13.0
C40D22-S.75-L15-1 R 7.4 1105(1.41|0.88 | 0.60 yes |13.0
C40D22-S1.25-L.10-HO0-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
C40D22-S1.25-L15-HO R 8.3 110.5]1.26| 0.88 | 0.60 yes | 13.0
C40D22-S1.25-L.15-HO-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes |13.0
C40D22-S1.25-L.20-HO-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes |17.3
C40D22-S1.5-L.10-HO R 8.8 110.5]1.20| 0.88 | 0.60 yes 8.7
C40D22-S1.5-L.10-H0-1 R 8.8 110.5]1.20| 0.88 | 0.60 yes 8.7
C40D22-S1.5-L15-H0 R 8.8 110.5]1.20| 0.88 | 0.60 yes | 13.0

Chun, C40D22-S1.5-L.15-H0-1 R 8.8 110.5]1.20| 0.88 | 0.60 yes | 13.0
Lee,and | C60D22-S.75-L10-HO R 7.4 1105(1.41|0.88 | 0.60 yes 8.7
Oh C60D22-S.75-L10-HO-1 R 7.4 1105(1.41]0.88 | 0.60 yes 8.7
[8] C60D22-S1.25-L.10-HO R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
C60D22-S1.25-L.10-H0-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
C60D22-S1.25-L.15-HO-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes |13.0
C60D22-S1.5-L.10-HO R 8.8 110.5]1.20| 0.88 | 0.60 yes 8.7
C60D22-S1.5-L.10-H0-1 R 8.8 110.5]1.20| 0.88 | 0.60 yes 8.7
C60D22-S1.5-L15-1 R 8.8 110.5]1.20| 0.88 | 0.60 yes | 13.0
C40D29-S.75-L10-HO-1 R 9.6 | 9.0 |1.06] 1.13 | 1.00 no 11.4
C40D29-S.75-L15-1 R 9.6 | 9.0 |1.06]1.13| 1.00 no 17.1
C40D29-S.75-L.20 R 9.6 | 9.0 [1.06]1.13] 1.00 no 22.8
C60D29-S.75-L10-HO R 9.6 | 9.0 [1.06]1.13] 1.00 no 11.4
C60D29-S.75-L10-HO-1 R 9.6 | 9.0 [1.06]1.13] 1.00 no 11.4
C60D29-S1.25-L.10-HO R 10.7 1 9.0 |1.19]1.13 | 1.00 no 11.4
C40D22-S.75-L10-HE R 7.4 1105(1.41|0.88 | 0.60 yes 8.7
C40D22-S.75-L10-HE-1 R 7.4 1105(1.41|0.88 | 0.60 yes 8.7
C40D22-S.75-L10-HW R 7.4 1105(1.41|0.88 | 0.60 yes 8.7

Chun, | C40D22-S.75-L10-HW-1 R 7.4 105141088 060 | vyes | 8.7
Lee, and | C40D22-S1.25-L10-HE R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
Oh C40D22-S1.25-L10-HE-1 R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
[9] C40D22-S1.25-L10-HW R 8.3 110.5]1.26| 0.88 | 0.60 yes 8.7
C40D22-S1.25-L.10-HW-1 R 8.3 110.5|1.26| 0.88 | 0.60 yes 8.7
C40D22-S1.5-L10-HE R 8.8 110.5|1.20| 0.88 | 0.60 yes 8.7
C40D22-S1.5-L10-HE-1 R 8.8 |10.5]1.20| 0.88 | 0.60 yes 8.7

Section: R= rectangular; C =circular. “Symm. Reinf.”

= Symmetric Reinforcement.



[1] [2] [91 | [10] | [11] |[12] ]| [13] | [14] 8[15] [1|6]
- b h db Ap ymm. s

Authors I1.D Section in) | Gn) b/h (n) | (in?) | Reinf. | (in.)
C40D22-S1.5-L10-HW R 8.8 110.5]1.20] 0.88 | 0.60 yes 8.7
C40D22-S1.5-L.10-HW-1 R 8.8 [10.5]1.20| 0.88 | 0.60 yes 8.7

Chun C60D22-S.75-L10-HE R 7.4 1105(1.41)|0.88 | 0.60 yes 8.7
Lee ar;d C60D22-S.75-L10-HE-1 R 7.4 1105(1.41)|0.88 | 0.60 yes 8.7
Oh,[9] C60D22-S1.25-L10-HE R 8.3 110.5[1.26| 0.88 | 0.60 yes 8.7
(cont'd) C60D22-S1.25-L10-HE-1 R 8.3 110.5[1.26| 0.88 | 0.60 yes 8.7
C40D29-S.75-L10-HE R 9.6 | 9.0 |1.06]1.13 | 1.00 no 11.4
C40D29-S.75-L10-HW-1 R 9.6 | 9.0 |1.06]1.13 | 1.00 no 11.4
C60D29-S.75-L10-HE-1 R 9.6 | 9.0 |1.06]1.13 | 1.00 no 11.4
C80D22-L4 R 7.4 1105(1.41]0.88 | 0.60 yes 35

C80D22-L4-1 R 7.4 1105(1.41|0.88 | 0.60 yes 35

C80D22-L4-2 R 7.4 1105(1.41)|0.88 | 0.60 yes 35

C80D22-L4-3 R 7.4 1105(1.41)|0.88 | 0.60 yes 35

C80D22-L7 R 7.4 1105(1.41)|0.88 | 0.60 yes 6.1

C80D22-L7-1 R 7.4 1105(1.41]0.88 | 0.60 yes 6.1

C80D22-L7-2 R 7.4 1105(1.41]0.88 | 0.60 yes 6.1

C80D22-L7-3 R 7.4 1105(1.41]0.88 | 0.60 yes 6.1

C80D22-L10 R 7.4 1105(1.41]0.88 | 0.60 yes 8.7
C80D22-L10-1 R 7.4 1105(1.41)|0.88 | 0.60 yes 8.7
C80D22-L10-3 R 7.4 1105(1.41)|0.88 | 0.60 yes 8.7

C80D29-L4 R 9.6 [135(1.41|1.13| 1.00 yes 4.6

C80D29-L4-1 R 9.6 [135(1.41|1.13| 1.00 yes 4.6

C80D29-L4-2 R 9.6 [135]1.41]1.13]1.00 yes 4.6

C80D29-L4-3 R 9.6 [135]1.41]1.13]1.00 yes 4.6

Chun C80D29-L7 R 9.6 [135]1.41]1.13]1.00 yes 8.0
Lee, aﬁd C80D29-L7-2 R 9.6 |135(141/1.13 | 1.00 yes 8.0
oh C80D29-L7-3 R 9.6 [135(1.41)1.13| 1.00 yes 8.0
[10] C80D29-L10 R 9.6 [135(1.41)1.13| 1.00 yes | 114
C80D29-L10-2 R 9.6 [135(1.41)1.13| 1.00 yes | 114
C100D29-L4-1 R 9.6 [135(1.41)1.13| 1.00 yes 4.6
C80D22-L4-HW R 74 110.5(1.41)0.88 | 0.60 yes 3.5
C80D22-L.4-HW-1 R 74 110.5(1.41)0.88 | 0.60 yes 3.5
C80D22-L.4-HW-2 R 74 110.5(1.41)0.88 | 0.60 yes 3.5
C80D22-L.4-HW-3 R 74 110.5(1.41)0.88 | 0.60 yes 3.5
C80D22-L7-HW-1 R 7.4 1105(1.41)|0.88 | 0.60 yes 6.1
C80D22-L7-HW-2 R 7.4 1105(1.41|0.88 | 0.60 yes 6.1
C80D29-L4-HW R 9.6 [135(1.41|1.13| 1.00 yes 4.6
C80D29-L4-HW-1 R 9.6 [135(1.41|1.13| 1.00 yes 4.6
C80D29-L4-HW-2 R 9.6 |135(141/1.13 | 1.00 yes 4.6
C80D29-L4-HW-3 R 9.6 |135(141/1.13 | 1.00 yes 4.6
C80D29-L7-HW R 9.6 |135(141/1.13 | 1.00 yes 8.0
C80D29-L7-HW-3 R 9.6 |135(141/1.13 | 1.00 yes 8.0
C100D29-L4-HW R 9.6 [135(1.41|1.13| 1.00 yes 4.6
C100D29-L4-HW-1 R 9.6 |135(1.41|1.13] 1.00 yes 4.6

Section: R= rectangular; C =circular. “Symm. Reinf.” = Symmetric Reinforcement.
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[1] [2] [381 [[4][[5] | [6] [7] [8] | [9] |[10]][11]
dtr At Cso Csi Cb

Authors I.D Is/ds | Np | N R: ) | @n?) | @n) | Gn)|Gin)
4B 100 | 6 | 3 /1 0.073| 0.25 |0.05]|1.75]0.63|1.75

5B 200 | 6 | 3 |0.073| 0.25 |0.05|1.75|0.63|1.75

Pfister 6B 300 | 6 | 3 |]0073| 025 |0.05|1.75|0.63|1.75
and 5B1 200 | 6 | 3 |0.073| 025 |0.05|1.75|0.63|1.75
Mattock 6B1 300 | 6 | 3 |]0073| 025 |0.05|1.75|0.63|1.75
7] 4A* 500 | 6 | 1 |0073| 025 |0.05|125|1.18|1.25
5A* 100 | 6 | 1 | 0.073| 025 |0.05|1.25|1.18|1.25

6A* 200 | 6 | 1 |0.073| 0.25 |0.05|1.25(1.18(1.25

TA* 300 | 6 | 1 |0.073| 0.25 |0.05|1.25(1.18(1.25
C40D22-S.75-.10-HO 9.9 4 | 2 | 0.10 - - 11.31]0.66|2.19
C40D22-S.75-1.10-HO-1 9.9 4 | 2 | 010 - - 11.31]0.66|2.19
C40D22-S.75-L.15 148 | 4 | 2 | 0.10 - - 11.31]0.66|2.19
C40D22-S.75-L15-1 148 | 4 | 2 | 0.10 - - 11.31]0.66|2.19
C40D22-S1.25-L.10-HO0-1 9.9 4 | 2 | 010 - - 11.31]1.09|2.19
C40D22-51.25-L.15-HO 148 | 4 | 2 | 0.10 - - 11.311]1.09|2.19
C40D22-S1.25-.15-HO-1 | 148 | 4 | 2 | 0.10 - - 11.31]1.09|2.19
C40D22-S1.25-.20-HO-1 | 19.8 | 4 | 2 | 0.10 - - 11.31]1.09|2.19
C40D22-S1.5-1.10-HO 9.9 4 | 2 | 010 - - [11.31]1.31(2.19
C40D22-S1.5-L.10-HO0-1 9.9 4 | 2 | 010 - - 11.311]1.31]2.19
C40D22-S1.5-L.15-HO 148 | 4 | 2 | 0.10 - - 11.311]1.31]2.19

Chun, C40D22-S1.5-L.15-H0-1 148 | 4 | 2 | 0.10 - - 11.311]1.31]2.19
Lee, and C60D22-S.75-.10-HO 9.9 4 | 2 | 010 - - 11.31]0.66|2.19
Oh C60D22-S.75-.10-HO-1 9.9 4 | 2 | 0.10 - - 11.31]0.66|2.19
[8] C60D22-S1.25-L. 10-HO 9.9 4 | 2 | 0.10 - - 11.31]1.09|2.19
C60D22-S1.25-1.10-HO0-1 9.9 4 | 2 | 0.10 - - 11.31]1.09|2.19
C60D22-S1.25-.15-HO-1 | 148 | 4 | 2 | 0.10 - - 11.31]1.09|2.19
C60D22-S1.5-L.10-HO 9.9 4 | 2 | 010 - - 11.311]1.31]2.19
C60D22-S1.5-L.10-HO0-1 9.9 4 | 2 | 010 - - 11.311]1.31]2.19
C60D22-S1.5-L.15-1 148 | 4 | 2 | 0.10 - - 11.311]1.31]2.19
C40D29-S.75-1.10-HO-1 101 | 2 | 2 | 0.10 - - 11.691]0.85|2.82
C40D29-S.75-1.15-1 152 | 2 | 2 | 0.10 - - 11.69]0.85|2.82
C40D29-S.75-1.20 202 | 2 | 2 | 0.10 - - 11.69]0.85|2.82
C60D29-S.75-.10-HO 101 | 2 | 2 | 0.10 - - 11.69]0.85|2.82
C60D29-S.75-.10-HO-1 101 | 2 | 2 | 0.10 - - 11.69]0.85|2.82
C60D29-S1.25-L.10-HO 101 | 2 | 2 | 0.10 - - 11.691(1.41|2.82
C40D22-S.75-L.10-HE 9.9 4 | 2| 010 | 0375 | 0.11]1.31|0.66|2.19
C40D22-S.75-L.10-HE-1 9.9 4 | 2| 010 | 0375 [ 0.11]1.31|0.66|2.19
C40D22-S.75-L.10-HW 9.9 4 | 2| 010 | 0375 [ 0.11]1.31|0.66|2.19

Chun, C40D22-S.75-.10-HW-1 9.9 4 | 2 | 010 | 0375 | 0.11]1.31|0.66|2.19
Lee,and| C40D22-S1.25-1.10-HE 9.9 4 | 2 | 010 | 0375 | 0.11]1.31|1.09|2.19
Oh C40D22-S1.25-1.10-HE-1 9.9 4 | 2 | 010 | 0375 | 0.11]1.31|1.09|2.19
[9] C40D22-S1.25-L10-HW 9.9 4 | 2] 010 | 0375 [ 0.11]1.31]1.09|2.19
C40D22-S1.25-.10-HW-1 | 9.9 4 | 2| 010 | 0375 [ 0.11]1.31|1.09|2.19
C40D22-S1.5-1.10-HE 9.9 4 | 2| 010 | 0375 [ 0.11]1.31|1.31|2.19
C40D22-S1.5-L.10-HE-1 9.9 4 | 2| 010 | 0375 [ 0.11]1.31|1.31|2.19
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[1] [2] [381 [[4]1|[5] ] [6] [7] [8] | [9] |[10]][11]
dtr At Cso Csi Ch

Authors I.D lIs/dy | Np | N R: in) | @n3| qn) | Gn)|in)
C40D22-S1.5-.10-HW 9.9 4 | 2 | 010 | 0375 | 0.11]1.31|1.31|2.19
C40D22-S1.5-.10-HW-1 9.9 4 | 2 | 010 | 0375 |0.11]1.31|1.31|2.19

Chun C60D22-S.75-.10-HE 9.9 4 | 2| 010 | 0375 | 0.11]1.31]|0.66|2.19
Lee ar;d C60D22-S.75-L.10-HE-1 9.9 4 | 2| 010 | 0375 | 0.11]1.31]|0.66|2.19
Oh,[9] C60D22-S1.25-L.10-HE 9.9 4 | 2| 010 | 0375 | 0.11]1.31]1.09|2.19
(contd) C60D22-S1.25- 10-HE-1 9.9 4 | 2| 010 | 0375 | 0.11]1.31]1.09|2.19
C40D29-S.75-1L.10-HE 101 | 2 | 2 | 0.10 | 0.375 | 0.11 | 1.69 |0.85|2.82
C40D29-S.75-.10-HW-1 | 10.1 | 2 | 2 | 0.10 | 0.375 | 0.11 | 1.69 (0.85|2.82
C60D29-S.75-L.10-HE-1 101 | 2 | 2 | 0.10 | 0.375 | 0.11 | 1.69 |0.85|2.82
C80D22-L4 4.0 4 | 2 | 010 - - 1.31 (0.66(2.19

C80D22-1.4-1 4.0 4 | 2 | 010 - - 1.31]0.66|2.19

C80D22-1.4-2 4.0 4 | 2 | 010 - - 1.31]0.66|2.19

C80D22-1.4-3 4.0 4 | 2 | 010 - - 1.31]0.66|2.19

C80D22-L7 7.0 4 | 2 | 010 - - 1.31]0.66|2.19

C80D22-L.7-1 7.0 4 | 2 | 010 - - 1.31 (0.66(2.19

C80D22-L.7-2 7.0 4 | 2 | 010 - - 1.31 (0.66(2.19

C80D22-L.7-3 7.0 4 | 2 | 010 - - 1.31 (0.66(2.19

C80D22-L10 9.9 4 | 2 | 010 - - 1.31 (0.66(2.19
C80D22-L10-1 9.9 4 | 2 | 010 - - 1.31]0.66|2.19
C80D22-L.10-3 9.9 4 | 2 | 010 - - 1.31]0.66|2.19

C80D29-L.4 4.1 4 | 2 | 010 - - 1.69 |0.85|2.82

C80D29-L4-1 4.1 4 | 2 | 010 - - 1.69 |0.85|2.82

C80D29-1.4-2 4.1 4 | 2 | 010 - - 1.69 (0.85(2.82

C80D29-1.4-3 4.1 4 | 2 | 010 - - 1.69 (0.85(2.82

Chun C80D29-L7 7.1 4 | 2 | 010 - - 1.69 (0.85(2.82
Lee an’d C80D29-L.7-2 7.1 4 | 2 | 010 - - 1.69 (0.85(2.82
oh C80D29-L.7-3 7.1 4 | 2 | 010 - - 1.69 |0.85|2.82
[10] C80D29-L.10 101 | 4 | 2 | 0.10 - - 1.69 |0.85|2.82
C80D29-L.10-2 101 | 4 | 2 | 0.10 - - 1.69 |0.85|2.82
C100D29-L.4-1 4.1 4 | 2 | 010 - - 1.69 |0.85|2.82
C80D22-L4-HW 40 4 | 2 | 010 | 0375 | 0.11]1.31|0.66|2.19
C80D22-L4-HW-1 40 4 | 2 | 010 | 0375 | 0.11]1.31|0.66|2.19
C80D22-L4-HW-2 40 4 | 2 | 010 | 0375 | 0.11]1.31|0.66|2.19
C80D22-L.4-HW-3 40 4 | 2 | 010 | 0375 | 0.11]1.31|0.66|2.19
C80D22-L7-HW-1 6.9 4 | 2| 010 | 0375 | 0.11|1.31|0.66|2.19
C80D22-L.7-HW-2 6.9 4 | 2| 010 | 0375 | 0.11|1.31|0.66|2.19
C80D29-L4-HW 4.1 4 | 2| 010 | 0375 | 0.11 | 1.69|0.85|2.82
C80D29-L.4-HW-1 4.1 4 | 2| 010 | 0375 | 0.11 | 1.69|0.85|2.82
C80D29-L4-HW-2 4.1 4 | 2 | 010 | 0375 | 0.11]1.69|0.85|2.82
C80D29-L4-HW-3 4.1 4 | 2 | 010 | 0375 | 0.11]1.69|0.85|2.82
C80D29-L7-HW 7.1 4 | 2 | 010 | 0375 | 0.11]1.69|0.85|2.82
C80D29-L.7-HW-3 7.1 4 | 2] 010 | 0375 | 0.11]1.69|0.85|2.82
C100D29-L4-HW 4.1 4 | 2| 010 | 0375 | 0.11 |1.69|0.85|2.82
C100D29-L4-HW-1 4.1 4 | 2| 010 | 0375 | 0.11 |1.69|0.85|2.82




[1] [2] [31 [[4]][5] | [6] [7] [8] | [9]
Ns Ni S X fsc for Pe

Authors 1.D in) lanylan) | dny | ki) | (ksi) | kin)
4B 1 | 4 [100] 50 | 400 | - | 498

5B 3 | 4 |100] 00 | 530 | - |635

ofister 6B 3 | 4 [100] 50 | 580 | - |645
oo 5BL 3 | 4 [100] 00 | 645 | - |659
Mattock 6BL1 3 | 4 [100] 50 | 680 | - | 688
s 4AY 3 | 1[15/0375] 500 | - |603
BA" 7 | 1150375 529 | - |623

A" 13 | 1 |15]0375] 670 | - | 725

A 20 | 1 |15]0375] 826 | - | 769
C40D22-5.75-L10-HO ~ |- - - [ 579 | - |540
C40D22.S.75-L10-HO-1 | - | - | - | - | 59.0 | 184637
C40D22-S.75-L15 i ~ | - [ 582 |16.7]626
C40D22-5.75-L15-1 ~ | - - - [ 541 [14.0]604
C40D22-51.25-L10-H0-L | - | - | - | - | 467 | 124 656
C40D22-51.25L16-HO | - | - | - | - | 570 |18.7]654
C40D22-51.25L165-HO1 | - | - | - | - | 640 |146]| 721
C40D22-51.25-L20-HO1 | - | - | - | - | 614 |17.1]677
C40D22-51.5-L10-HO - - [ - [ 411 184|716
C40D22.S15-L10-H0-L | - | - | - | - | 456 |17.0] 703
C40D22-51.5-L15-HO ~ |- - - [ 609 [163]705

Chun, | C40D22-S15-L15-HO-1 | - | - | - | - | 568 |17.8] 743
Lee, and | C60D22-5.75-L10-HO ~ |- - - [ 704 [181]755
Oh | C60D22-5.75-L10-HO-1 | - | - | - | - | 687 |2L5] 762
8] C60D22-51.25-.L10-H0 | - | - | - | - | 645 |203] 824
C60D22-51.25-L10-H0-1 | - | - | - | - | 719 | 218866
C60D22-51.25-L165-HO-1 | - | - | - | - | 670 |24.1]813
C60D22-51.5-L10-HO ~ - - - [ 615 |162]881
C60D22-S15-L10-H0-L | - | - | - | - | 732 |204 950
C60D22-51.5-L15-1 ~ |- - - [ 9.2 |21.0]889
C40D29-S.75-L10-HOL | - | - | - | - | 631 |23.0] 804
C40D29-5.75-L15-1 _ [ - [ - - | 638 |207]806
C40D29-S.75-L20 |- - - [ 629 |115]851
C60D29-S.75-L10-HO i " [ - [ 669 |21.8]943
C60D29-5.75-L10-HO-1 | - | - | - | - | 633 |19.7| 849
C60D29-S51.25.L10-H0 | - | - | - | - | 565 |184]910
C40D22-5.75-L10-HE 1 | 2[87] 00 | 489 |186 582
C40D22-S.75-L10-HE-L | 1 | 2 [87] 00 | 52.9 |19.0] 649
C40D22.S.75-L10-HW | 3 | 2 |29 00 | 67.5 | 20.4] 627

Chun, | C40D22-6.75-L10-HW-1 | 3 | 2 | 29| 00 | 614 |19.3]670
Lee,and | C40D22-S1.25-L10-HE | 1 | 2 | 87| 00 | 56.0 | 18.9 | 662
Oh | CAOD22-S1.25-L10-HE-1 | 1 | 2 |87] 00 | 60.2 | 20.3| 700
[9] | C40D22-S1.25-L10-HW | 3 | 2 | 29| 00 | 613 | 165 641
C40D22-51.25L10-HW-1 | 3 | 2 |29] 00 | 663 | - | 695
C40D22-51.5-L10-HE 1 | 2[87] 00 | 494 |163] 723
C40D22-S15-L10-HE-L | 1 | 2 |87 00 | 554 |17.5] 769

x = estimated distance between tie and splice end
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[1] [2] [38] |[4]] I[5] [6] [7] [8] | [9]
Ns Ni . X fse for Pe

Authors 1.D in) |dnyl S | Gny | ksi) | ksi) | (kip)
C40D22-S15-L10-HW | 3 | 2| 29 | 00 | 553 | 175 723
C40D22-515-L10-HW-1 | 3 | 2 | 29 | 00 | 658 |19.2] 783

Chun |__C60D22-S.75-L10-HE 1 [ 2] 87 | 00 | 707 [303]753
Lo | C60D22-S75-L10-HE-L | 1 | 2 | 87 | 00 | 656 |21.9]804
Oh[o] | _CO0D22.SL25-L10HE | 1 |2 | 87 | 00 | 659 [209820
(contd) |_C60D22-S125-L10-HEL | 1 | 2 | 87 | 00 | 728 |179 850
C40D29-5.75-L10-HE 1 | 2114 00 | 672 | 224838
C40D29-5.75-L10-HW-1 | 3 | 2 | 38 | 00 | 660 |18.2] 767
C60D29-S.75-L10-HE-1 | 1 | 2 | 114 | 0.0 | 654 |19.1| 747
C80D22-L4 ~ |- - | 62 | 609 |311]82

C80D22-L4-1 ~ - - [ 62 | 429 [197]797
C80D22-L4-2 ~ |- - [ 62 | 501 [195]780
C80D22-L4-3 ~ - - [ 62| 490 | - |767

C80D22-L7 ~ |- - [ 49 | 644 | 242898

C80D22-L7-1 ~ | - - | 49 | 596 |19.9]847
C80D22-L7-2 ~ |- - | 49 | 520 | 220848
C80D22-L7-3 ~ |- | - | 49 | 635 | 169|736

C80D22-L10 ~ |- | - | 36 | 657 | 258|862
C80D22-L10-1 ~ - - [ 36| 638 |196]0913
C80D22-L10-3 ~ |- - [ 36| 641 |16.4]830

C80D29-L4 C - - [ 79 | 526 | 2241207

C80D29-L4-1 ~ - - [ 79 | 484 |243|1278

C80D29-L4-2 ~ |- - [ 79 | 493 | 89 |1292
C80D29-L4-3 ~ |- - [ 79 | 514 | 2491290

chun C80D29-L7 T - - [ 62 | 612 | 2211432
Lo C80D29-L7-2 |- - [ 62 | 589 |260 1222
o C80D29-L7-3 ~ - - [ 62 | 584 | 2491370
[10] C80D29-L10 _ |- - [ 45 | 567 | 1621282
C80D29-L10-2 _ |- - [ 45 | 625 1571212
C100D29-L4-1 ~ |- - [ 79 | 644 |251]0935
C80D22-L4-HW 1 | 2] 39 | 18 | 56.7 |20.9] 857
C80D22-L4-HW-1 1 | 2] 39 | 18 | 574 |231]877
C80D22-L4-HW-2 1 | 239 | 18 | 59.2 |16.6] 811
C80D22-L4-HW-3 1 [ 2] 39 | 18 | 59.0 |19.0] 806
C80D22-L7-HW-1 2 [ 239 | 09 | 548 |17.2] 949
C80D22-L7-HW-2 2 [ 2] 39 | 09 | 664 |188]837
C80D29-L4-HW 1 [ 239 | 03 | 633 |2391569
C80D29-L4-HW-1 1 [ 2] 39 | 03 | 642 |26.7 1270
C80D29-L4-HW-2 1 | 2] 39 | 03 | 593 |26.2 1541
C80D29-L4-HW-3 1 | 239 | 03 | 709 |188 1527
C80D29-L7-HW 2 | 2] 39 | 1.9 | 60.0 | 2031747
C80D29-L7-HW-3 2 [ 2] 39 | 1.9 | 497 |29.7 1544
C100D29-L4-HW 1 | 2] 39 | 03 | 663 |281 1608
C100D29-L4-HW-1 1 | 239 | 03 | 620 |250]1576

x = estimated distance between tie and splice end
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Appendix B: Compression Lap Splices: Relationships between Variables within Database
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Figure 60 — Correlation between concrete compressive strength and (Co+Kir,318)/do
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Appendix C: Compression Lap Splices: Behavior of Compression Development or Compression

Lap Splice Equations

Plots show the performance of the equations against the database in terms of T/C versus: (a) (o +

Kir,318)/db (b) measured concrete compressive strength, ficmod (C) measured steel failure stress, fs test,

and (d) provided splice length, /s.
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Figure 66 — ACI 318-19 [3] §825.5.5 Compression Lap Splice Eq. (b): T/C vs.: (a) (cb + Kir318)/ds (b) measured

concrete compressive strength, ficmod (C) measured steel failure stress fs st (d) provided splice length /s
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Figure 67 — ACI 318-19 [3] §25.4.9 Compression Development: T/C vs.: (a) (Cb + Kir,318)/db (b) measured concrete

compressive strength, ficmod (C) measured steel failure stress fs st (d) provided splice length /s
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Appendix D: Compression Lap Splices: Behavior of Tension Development Length Equations

Plots show the performance of the equations against the database in terms of T/C versus: (i) (cp +

Kir318)/dp (ii) measured concrete compressive strength, ficmod (iii) measured steel failure stress fs test

(iv) provided splice length /s. The plots are organized showing the behavior of the original

equation, the equation using the derived ry factor, and the derived r» factor.
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Appendix E: Headed Bars: Summary of Database
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[1] [2] [3] [4] [5] [6] [7] [8]
Authors 1.D F.M. (F‘:;T) £, (ksi) | hein] | ho [in] | bo [in]

. No. 100 5700 | 536 | 118 | 157 | 102
L Tl 5700 | 536 | 118 | 157 | 102
Takeuchi et al. [30] 0-3 3520 54.7 15.7 17.7 13.8
_ E1 4410 | 550 | 118 | 1.8 | 118
VL O EEEL B E2 4410 | 550 | 11.8 | 118 | 118
IM-1 8950 | 585 | 19.7 | 197 | 138

SIS sl IM-2 8720 | 585 | 19.7 | 19.7 | 138
Bashandy [22] Specimen 4290 64.8 15.0 18.0 10.0
. 0-1 6400 | 645 | 157 | 177 | 138
VLB EEED | 0-4 6400 | 645 | 157 | 177 | 138
IM-No.11-1a 4760 | 664 | 205 | 199 | 177

h L [2

Chuneetal. [23] IM-No.11-1b 4760 | 664 | 205 | 199 | 17.7

Lee and Yu [27]

I
I
I
I
I
I
I
I
I
I
I
I
WO0-M1 I 4450 68.6 16.0 18.0 12.0
I
I
I
I
I
I
I
I
I
I
I
I
I

W150-M1 5100 | 686 | 160 | 180 | 120
Wallace et al. [32] BCEJ1 5100 | 700 | 180 | 240 | 180
Kang et al. [25] H 4220 | 698 | 177 | 213 | 177
. BS-M 4280 | 741 | 118 | 157 | 102
e B7-M 4280 | 741 | 118 | 157 | 102
330-12-P1 4480 | 760 | 177 | 17.7 | 138

Adachi et al. [21] 130-12-P2 4480 | 760 | 177 | 17.7 | 138
360-12-P2 9150 | 760 | 17.7 | 17.7 | 138

No.1 5470 | 815 | 138 | 157 | 118

Yoshida et al. [33] No.2 5470 | 815 | 138 | 157 | 118
No.3 4500 | 815 | 138 | 157 | 118

No.1 8820 | 756 | 18.7 | 17.7 | 128

Kato [26] No.2 10270 | 732 | 187 | 17.7 | 128
P2 Il | 3480 | 760 | 157 | 157 | 315

Ishida et al. [24] P3 Il | 3480 | 760 | 157 | 157 | 315
P4 Il | 4480 | 760 | 157 | 157 | 395

130-12-0 I | 9150 | 760 | 177 | 17.7 | 138

Adachi et al. [21] 360-12-0 I | 9150 | 760 | 177 | 17.7 | 138
360-12-P1 | 1 | 4770 | 799 | 17.7 | 177 | 138

Matsushima et al, H W | 4770 | 799 | 157 | 189 | 138
[28] Hs Il 8830 | 850 | 157 | 189 | 13.8
Takeuchi et al. [30] 0-2 Il | 5700 | 536 | 157 | 17.7 | 138

F.M. = Failure Mode. | = Category—I (member flexural hinging followed by modest joint deterioration);
Il = Category—Il (member flexural hinging followed by joint failure)
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[1] [2] [7] [8] [9] [10] | [11]
. q Ab Ahs
Authors I.D Bar Size ds (in.) (in2) n (in2)
. No. 100 D16 0.625 0.31 4 | 1.24
MU ElI G P No. 101 D16 0.625 0.31 4 | 1.24
Takeuchi et al. [30] 0-3 D25 1.000 0.79 3 2.37
_ E1 D16 0.625 0.31 6 | 185
VL O EEEL B E2 D16 0.625 031 6 | 1.85
IM-1 D22/No.7 0.875 0.60 4 | 2.40
SN EIEL, [ IM-2 D22/N0.7 0.875 0.60 8 | 4.80
Bashandy [22] Specimen D25 1.000 0.79 2 1.58
. 0-1 D25 1,000 0.79 3 | 2.37
UELCHBCLEL 2] 0-4 D25 1.000 0.79 3 | 237
IM-No.11-1a | D36/No.11 1.410 1.56 3 | 468
h L [2

CalllnGIEL P8 IM-No.11-1b | D36/No.11 1.410 1.56 3 | 468
WO-M1 D22 0.875 0.60 4 | 240

L Yu [27
e P W150-M1 D22 0.875 0.60 4 | 240
Wallace et al. [32] BCEJL No. 8 1.000 0.79 4 | 316
Kang et al. [25] H D19 0.750 0.44 4 | 177
. BS-M D19 0.750 0.44 3 | 132
Murakami et al. [29] B7-M | 2D19,1D16 | 0750, |0440312| 3 | 119
130-12-P1 D25 1,000 0.79 4 | 316
Adachi et al. [21] 130-12-P2 D25 1,000 0.79 4 | 316
360-12-P2 D25 1,000 0.79 6 | 4.74
No.1 D19 0.750 0.44 4 | 1.76
Yoshida et al. [33] NO.2 D19 0.750 0.44 4 | 1.76
No.3 D19 0.750 0.44 4 | 1.76
No.1 D22 0.875 0.60 8 | 4.80
NP NO.2 D22 0.875 0.60 8 | 4.80
P2 D22 0.875 0.60 7 | 4.0
Ishida et al. [24] P3 D22 0.875 0.60 7 | 4.0
P4 D22 1,000 0.60 9 | 540
130-12-0 D25 1,000 0.79 4 | 316
Adachi et al. [21] 360-12-0 D25 1,000 0.79 6 | 4.74
360-12-P1 D25 1,000 0.79 6 | 4.74
. H D25 1,000 0.79 3 | 2.37
AR CEl, |22 Hs D25 1.000 0.79 3 | 2.37
Takeuchi et al. [30] 0-2 D25 0.080 0.79 3 | 237
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[1] [2] [23] [24] | [12] [25] [28] | [31]
Confinement v, [at
p
2y RSy, b; Vn column | Vp/V
Authors I.D beams per Rn (in) (Kip) axis]
ACI 318-19 : P (kin) L
§15.2.8 P
No. 100 Not confined 12 11.8 126 60 0.48
Murakami et al. [29
urakami et al. [29] No.101 | Notconfined | 12 | 118 126 63 | 0.49
Takeuchi et al. [30] 0-3 Not confined 12 15.8 177 100 0.56
. El Not confined 12 11.8 111 102 0.92
Tazaki et al. [31] -
E2 Not confined 12 11.8 111 89 0.80
JM-1 Not confined 12 25.6 572 146 0.26
Chun et al. [23] -
JM-2 Not confined 12 25.6 564 270 0.48
Bashandy [22] Specimen Not confined 12 13.0 153 94 0.62
. 0-1 Not confined 12 15.8 238 120 0.51
Takeuchi et al. [30] -
0-4 Not confined 12 15.8 238 127 0.53
JM-No.11-1a | Not confined 12 25.6 434 274 0.63
Chun et al. [23] -
JM-No0.11-1b | Not confined 12 25.6 434 268 0.62
WO0-M1 Not confined 12 24.0 307 164 0.53
Lee and Yu [27] -
W150-M1 Not confined 12 12.0 166 162 0.98
Wallace et al. [32] BCEJ1 Not confined 12 18.0 280 202 0.72
Kang et al. [25] JH Not confined 12 17.7 245 122 0.50
Murakami et al. [29] B8-M Not confined 12 11.8 110 87 0.80
' B7-M Not confined 12 11.8 110 88 0.80
J30-12-P1 Not confined 12 17.7 252 191 0.76
Adachi et al. [21] J30-12-P2 Not confined 12 17.7 252 194 0.77
J60-12-P2 Not confined 12 17.7 360 295 0.82
No.1 Not confined 12 11.8 144 109 0.76
Yoshida et al. [33] No.2 Not confined 12 11.8 144 110 0.76
No.3 Not confined 12 11.8 131 111 0.85
No.1 Not confined 12 18.7 394 350 0.89
Kato [26] -
No.2 Not confined 12 18.7 420 331 0.79
P2 Confined 15 15.8 220 237 1.08
Ishida et al. [24] P3 Confined 15 15.8 220 261 1.19
P4 Confined 15 15.8 220 279 1.27
J30-12-0 Not confined 12 17.7 252 190 0.75
Adachi et al. [21] J60-12-0 Not confined 12 17.7 360 269 0.75
J60-12-P1 Not confined 12 17.7 360 285 0.79
Matsushima et al. [28] H Not confined 12 15.8 206 166 0.81
' Hs Not confined 12 15.8 206 156 0.76
Takeuchi et al. [30] 0-2 Not confined 12 15.8 280 141 0.50




[1] [2]
Authors 1.D (i(rjm) (iﬁ.) B1 (i:’:].) & fy/ Es (ki'\;_?n_)
Murakemi etal, 29] |_No-100 | 136 [ 134 [076] 175 | 0022 [=] 00018 | 859
No.101 | 136 | 1.34 | 0.76 | 1.75 | 0.022 | > | 0.0018 | 859
Takeuchi et al. [30] 03 | 156 | 3.14 | 0.85 | 3.69 | 0.012 | >| 0.0019 | 1810
E—— E1 100 | 2.30 | 0.83 | 277 | 0.010 | >| 0.0019 | 896
E2 100 | 2.30 | 0.83 | 277 | 0.010 | >| 0.0019 | 896
S— IM-1 | 17.3 | 1.34 | 065 | 2.06 | 0.024 | >| 0.0020 | 2330
IM-2 | 168 | 2.75 | 0.65 | 423 | 0.011 | > | 0.0020 | 4340
Bashandy [22] Specimen | 155 | 2.81 | 0.84 | 3.36 | 0.013 | >| 0.0022 1440
. 0-1 | 156 | 204 | 0.73 | 2.80 | 0.016 | > | 0.0022 | 2220
Takeuchi etal. [30] 04 | 156 | 204 | 0.73 | 2.80 | 0.016 | >| 0.0022 | 2220
Chum etal [23] IM- | 17.1 | 434 | 081 | 534 | 0.009 | >| 0.0023 | 4640
IM- | 17.1 | 434 | 081 | 534 | 0.009 | >| 0.0023 | 4640
- WO-M1 | 16.0 | 3.63 | 0.83 | 438 | 0.010 | > | 0.0024 | 2340
W150-M1 | 16.0 | 3.11 | 0.79 | 3.93 | 0.011 | > | 0.0024 | 2380
Wallace et al. [32] BCEJL | 215 | 279 | 079 | 352 | 0017 | > | 00024 | 4450
Kang et al. [25] H 108 | 1.94 | 084 | 231 | 0.024 | >| 00024 | 2320
R B8-M | 136 | 2.63 | 0.84 | 3.14 | 0012 | > | 0.0026 | 1200
B7-M | 136 | 2.37 | 0.84 | 2.84 | 0013 | > | 0.0026 | 1090
J30-12-P1 | 157 | 458 | 0.83 | 554 | 0.008 | >| 0.0026 | 3230
Adachi et al. [21] J130-12-P2 | 15.7 | 458 | 0.83 | 554 | 0.008 | > | 0.0026 | 3230
360-12-P2 | 15.0 | 3.36 | 0.65 | 5.17 | 0.008 | > | 0.0026 | 4780
No.l | 140 | 261 | 078 3.37 | 0.012 | >| 00028 | 1820
Yoshida et al. [33] No.2 | 140 | 261 | 078 3.37 | 0.012 | > | 00028 | 1820
No.3 | 140 | 3.18 | 0.83 | 3.85 | 0.010 | > | 0.0028 | 1780
- Nol | 155 | 3.78 | 0.65| 582 | 0.007 | >| 0.0026 | 4920
No.2 | 155 | 3.15 | 0.65 | 4.84 | 0.009 | > | 0.0025 | 4880
P2 13.7 | 343 | 085 | 403 | 0.009 | > | 00026 | 3840
Ishida et al. [24] P3 137 | 343 | 0.85 | 403 | 0.009 | >| 0.0026 | 3840
P4 137 | 351 | 0.85 | 413 | 0.009 | > | 0.0026 | 4920
330-12-0 | 15.7 | 458 | 0.83 | 5.54 | 0.008 | > | 0.0026 | 3230
Adachi et al. [21] 360-12-0 | 15.0 | 3.36 | 0.65 | 5.17 | 0.008 | > | 0.0026 | 4780
360-12-P1 | 150 | 3.36 | 0.65 | 517 | 0.008 | > | 0.0026 | 4780
R — H 151 | 3.39 | 0.81 | 4.18 | 0.010 | > | 0.0028 | 2540
Hs 151 | 339 | 081 | 4.18 | 0.010 | > | 0.0028 | 2540
Takeuchi et al. [30] 02 | 156 | 1.95 | 0.65 | 3.00 | 0.015 | >| 0.0029 | 2940
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[1] [2] [29] [30] [32]

Authors I.D Lo (in.) | La(in) | Le(in) | Mpeak(Kip.in.) | Mpea/Mn | 8o.8peak
Murakami et al. No. 100 59.1 53.2 59.1 1030 1.20 0.080
Murakami et al. No. 101 59.1 53.2 59.1 1070 1.24 0.083
Takeuchi et al. 0-3 66.9 59.1 57.1 1930 1.06 0.050
Tazaki et al. El 53.2 47.2 57.9 1080 1.21 0.060
Tazaki et al. E2 53.2 47.2 57.9 951 1.06 0.060
Chun et al. JM-1 88.6 78.7 102.6 2960 1.27 0.068
Chun et al. JM-2 88.6 78.7 102.6 5040 1.16 0.040
Bashandy Specimen 64.5 57.0 96.0 1590 1.10 0.053
Takeuchi et al. 0-1 66.9 59.1 57.1 2460 1.11 0.050
Takeuchi et al. 0-4 66.9 59.1 57.1 2590 1.17 0.050
Chun et al. JM-No.11-1a | 89.0 78.7 102.6 4890 1.06 0.075
Chun et al. JM-No.11-1b | 89.0 78.7 102.6 4780 1.03 0.065
Lee and Yu W0-M1 84.7 76.7 106.3 2730 1.17 0.080
Lee and Yu W150-M1 84.7 76.7 106.3 2750 1.16 0.080
Wallace et al. BCEJ1 129.0 120.0 | 120.0 4950 1.11 0.048
Kang et al. JH 103.4 94.5 141.7 2700 1.16 0.036
Murakami et al. B8-M 59.1 53.2 59.1 1400 1.16 0.060
Murakami et al. B7-M 59.1 53.2 59.1 1240 1.13 0.070
Adachi et al. J30-12-P1 59.1 50.2 59.1 3510 1.09 0.045
Adachi et al. J30-12-P2 59.1 50.2 59.1 3570 1.10 0.062
Adachi et al. J60-12-P2 59.1 50.2 59.1 5320 1.11 0.067
Yoshida et al. No.1 73.8 66.9 78.7 1680 0.92 0.040
Yoshida et al. No.2 73.8 66.9 78.7 1700 0.93 0.040
Yoshida et al. No.3 73.8 66.9 78.7 1670 0.94 0.040
Kato No.1 78.7 69.4 88.6 5740 1.17 0.040
Kato No.2 78.7 69.4 88.6 5580 1.14 0.080
Ishida et al. P2 44.3 36.4 51.2 4000 1.04 0.030
Ishida et al. P3 44.3 36.4 51.2 4400 1.15 0.030
Ishida et al. P4 44.3 36.4 51.2 4680 0.95 0.030
Adachi et al. J30-12-0 59.1 50.2 59.1 3490 1.08 0.032
Adachi et al. J60-12-0 59.1 50.2 59.1 4850 1.01 0.033
Adachi et al. J60-12-P1 59.1 50.2 59.1 5140 1.07 0.034
Matsushima et al. H 78.7 70.9 97.6 2630 1.03 0.035
Matsushima et al. Hs 78.7 70.9 97.6 2470 0.97 0.035
Takeuchi et al. 0-2 66.9 59.1 57.1 2900 0.99 0.033




Appendix F: Headed Bars: Average Length Ratios

Table 5 — Headed bars: Average length ratios: length in row / length in column

150

Lt 318-
lat2s.4. | Ldt188. | dc25.4. 0.7lq, 0.7lq,
, 14 N0 t t c Lehy L Casel | Casell
P caps | 4[Eq. | s52[Eq. | o[Eq. [Eq. [Eq. [Eq. [Eq.
[Eq. (21)] (22)] (23)] (31)] (29)] (32)] (32)]
(28)]
0 1 087 | 072 | 058 | 065 132 | 091 | 046 | 080
ldt;318-14, NO
caps [Eq. 1 083 | 067 | 0.78 1.55 1.04 | 053 | 092
(28)]
lar25.4.4 [Eq. 1 0.80 | 095 1.87 1.28 | 0.65 1.13
(21)]
ldr18.852 [Eq. 1 118 | 234 | 160 | 081 | 141
(22)]
Lde.25.4.9 [Eq. 1 202 | 140 | 071 | 123
(23)]
Leny [Eq. (31)] 1 069 | 035 | 061
lan [Eq. (29)] 1 0.51 0.88
0.7lg, Case |
b l 1.79
[Eq. (32)]
0.7lg, Case 11 1
[Eq. (32)]
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Appendix G: Hooked Bars: Summary of Database
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[1] [2] [3] [4] [5] [6] [7] [8] [9]
Authors D fon (psi) | fy (ksi) | BE2M Pr | & () (i’:f’z) n (ﬁ]“;)
Specimen 3 5200 64.1 No. 8 1.00 0.79 4 3.16

Hanson [35] Specimen 4 5380 63.4 No. 8 1.00 0.79 4 3.16
Specimen 5 5230 65.0 No. 8 1.00 0.79 4 3.16

Specimen#3 | 3920 | 508 No. 9 113 | 100 | 3 | 3.00

Specimen #4 4490 50.6 No. 9 1.13 1.00 3 3.00

Uzumeri [36] | Specimen #6 5250 51.1 No. 9 1.13 1.00 3 3.00
Specimen#7 | 4460 | 51.1 No. 9 113 | 100 | 3 | 3.00

Specimen#8 | 3820 | 51.1 No. 9 113 | 100 | 4 | 400

Scribnerand | SPecimen9 | 4940 | 60.2 No. 8 100 | 079 | 4 | 316
Wight [37] Specimen11 | 4940 | 60.2 No. 8 100 | 079 | 4 | 316
HL8 8100 | 62.0 No. 9 113 | 100 | 4 | 400

HH8 8100 | 62.0 No. 9 113 | 100 | 4 | 400

HL11 10700 | 520 No. 9 113 | 100 | 4 | 400

HH11 10700 | 646 No. 9 113 | 100 | 4 | 400

Ehsani and HH14 13600 | 653 No. 9 113 | 100 | 4 | 400
Alameddine LL8 8100 | 69.1 No. 8 100 | 079 | 4 | 316
[38] LH8 8100 67.3 No. 8 1.00 079 | 4 3.16
LL11 10700 | 615 No. 8 100 | 079 | 4 | 316

LH11 10700 | 755 No. 8 100 | 079 | 4 | 316

LL14 13600 | 70.7 No. 8 100 | 079 | 4 | 316

LH14 13600 | 719 No. 8 100 | 079 | 4 | 316

[’é‘saose ial 13 4700 | 67.2 No. 9 113 | 100 | 5 | 5.00
3T44 11140 | 624 | No.8 100 | 079 | 4 | 3.16

3T3 10010 | 624 | No.8 100 | 079 | 4 | 316

[H4‘3’]""”9 sl 2T4 10300 | 624 No. 8 100 | 079 | 4 | 316
3T4 10900 | 712 No. 8 100 | 079 | 4 | 316

275 11100 | 712 No. 8 100 | 079 | 4 | 3.16




[1] [2] [10] | [11] | [12] | [13] [_1;1] [15] | [16]

side
Pl 2 (it:\c.) (itr)f.) (irr]1b.) (i?\b.) Cg:]’e)r (icrcmh.) (i(;:).)
Specimen3 | 150 | 15.0 | 20.0 | 12.0 | 241 3.00 1.25
Hanson [35] Specimen4 | 150 | 15.0 | 20.0 | 12.0 2.41 3.00 1.25
Specimen5 | 15.0 | 150 | 20.0 | 120 | 241 | 3.00 | 1.25
Specimen#3 | 15.0 | 150 | 20.0 | 12.0 | 0.94 4.63 1.69
Specimen#4 | 15.0 | 15.0 | 20.0 | 120 | 1.00 | 4.63 | 1.69
Uzumeri [36] | Specimen#6 | 15.0 | 15.0 | 20.0 | 15.0 | 2.50 4.63 1.69
Specimen #7 | 15.0 | 15.0 | 20.0 | 150 | 250 | 4.63 | 1.69
Specimen#8 | 15.0 | 15.0 | 20.0 | 15.0 | 250 | 3.08 | 1.69
Scribner and | Specimen9 | 18.0 | 12.0 | 140 | 10.0 | 155 1.63 0.80
Wight [37] | Specimen11 | 18.0 | 12.0 | 14.0 | 100 | 1.55 | 1.63 | 0.80
HLS8 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 1.94
HH8 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 1.94
HL11 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 1.94
HH11 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 1.94
T A HH14 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 1.94
Alameddine LL8 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
[38] LH8 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
LL11 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
LH11 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
LL14 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
LH14 140 | 140 | 20.0 | 125 | 3.00 | 6.83 | 2.00
E‘gﬁ‘t’se el 13 200 | 20.0 | 200 | 160 | 263 | 244 | 1.50
3T44 165 | 165 | 17.7 | 126 | 2.84 | 1.97 | 1.18
3T3 165 | 165 | 17.7 | 126 | 2.84 | 2.05 | 1.18
;‘g’]ang ol 2T4 165 | 165 | 17.7 | 126 | 2.84 | 197 | 118
3T4 17.7 | 17.7 | 17.7 | 126 | 2.84 | 1.97 | 1.8
275 17.7 | 17.7 | 17.7 | 126 | 2.84 | 1.89 | 1.18
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[1] [2] [17] | [18] | [19] [20] | [21] | [22]
Cglumn o Joint transverse reinforcement

Authors 1D reinforcement - :
Bar size | dy (in) | Type Bar size (ir?f) S ()
Specimen3 | No. 11 141 hoops No. 4 0.5 3.00
Hanson [35] Specimen4 | No. 11 1.41 hoops No. 4 0.5 3.00
Specimen5 | No. 11 141 hoops No. 4 0.5 3.00
Specimen #3 | No. 8 1.00 hoops 4 No. 3 0.38 | 3.00
Specimen#4 | No. 8 1.00 | hoops 4 No. 4 0.5 3.00
Uzumeri [36] | Specimen#6 [ No. 8 1.00 hoops 8 No. 4 0.5 1.75
Specimen #7 | No. 8 1.00 | hoops 4 No. 4 0.5 3.00
Specimen #8 | No. 8 1.00 hoops 8 No. 4 0.5 1.75
Scribner and |_Specimen 9 No. 6 0.75 hoops 4 No. 4 0.5 2.00
Wight [37] Specimen 11 | No. 6 0.75 | hoops 4 No. 4 05 | 2.00
HLS8 No. 8 1.00 hoops No. 4 0.5 2.50
HH8 No. 8 1.00 hoops No. 4 0.5 2.50
HL11 No. 8 1.00 | hoops No. 4 0.5 2.50
HH11 No. 8 1.00 | hoops No. 4 0.5 2.50
Ehsani and HH14 No. 8 1.00 hoops No. 4 0.5 2.50
Alameddine LL8 No. 8 1.00 hoops No. 4 05 2.50
[38] LH8 No.8 | 1.00 | hoops No. 4 05 | 250
LL11 No. 8 1.00 | hoops No. 4 0.5 2.50
LH11 No. 8 1.00 hoops No. 4 0.5 2.50
LL14 No. 8 1.00 | hoops No. 4 0.5 2.50
LH14 No. 8 1.00 hoops No. 4 0.5 2.50
[*;‘éaose il 13 No.9 | 1.13 | hoops No. 4 05 | 4.00
3T44 No. 10 1.27 hoops | 3sets2No.4 | 05 3.82
3T3 No. 10 1.27 hoops 3 sets No. 3 0.38 | 3.82
[H4"(‘)’]a”g el 2T4 No.10 | 127 | hoops | 2setsNo.4 | 05 | 5.75
3T4 No. 10 1.27 hoops 3 sets No. 4 0.5 3.82
2T5 No. 10 1.27 hoops 2setsNo. 5 0.63 5.75

154



[1] [2] [23] [ [24] [ [25] [ [26] [ [27] | [28]
Confinement v, [at
by transv. b V. coplum
Authors I.D beams per Rn ( nj.) (kip) | naxis] VoV
ACI 318-19 (Kip)
815.2.8
Specimen 3 | Not confined | 12 12.0 | 156 224 1.44
Hanson [35] Specimen 4 | Not confined 12 12.0 | 158 194 1.23
Specimen 5 | Not confined | 12 12.0 | 156 214 1.37
Specimen #3 | Not confined | 12 12.0 | 135 135 1.00
Specimen #4 | Not confined | 12 12.0 | 145 136 0.94
Uzumeri [36] | Specimen #6 | Not confined | 12 | 15.0 | 196 143 0.73
Specimen #7 | Not confined | 12 15.0 | 180 140 0.78
Specimen #8 | Not confined | 12 15.0 | 167 182 1.09
Scribner and |_Specimen9 | Not confined | 12 10.0 | 152 225 1.48
Wight [37] Specimen 11 | Not confined | 12 | 10.0 | 152 225 1.48
HL8 Not confined | 12 | 125 | 189 209 1.11
HHS8 Not confined | 12 | 125 | 189 211 1.12
HL11 Not confined | 12 | 125 | 210 203 0.96
HH11 Not confined 12 125 | 210 226 1.07
Ehsani and HH14 Not confined | 12 | 125 | 210 222 1.05
Alameddine LL8 Not confined | 12 12,5 | 189 196 1.04
[38] LH8 Not confined | 12 | 125 | 189 | 189 1.00
LL11 Not confined | 12 125 | 210 163 0.78
LH11 Not confined | 12 | 125 | 210 220 1.05
LL14 Not confined | 12 125 | 210 199 0.95
LH14 Not confined | 12 | 125 | 210 203 0.97
E‘gﬁose el 33 Confined | 15 | 160 | 329 | 237 | 0.72
3T44 Not confined | 12 126 | 250 182 0.73
3T3 Not confined | 12 12.6 | 250 195 0.78
;"(‘)’]ang et 274 Notconfined | 12 | 12.6 | 250 | 186 | 0.74
3T4 Not confined | 12 | 12.6 | 268 190 0.71
2T5 Not confined 12 12.6 | 268 199 0.74
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[1] [2] [29] | [30] | [31] | [32] | [33] [34] [35]
Authors I.D (i(er) (iﬁ.) B1 (iﬁ.) €s fy/ Es (kil\pfl-?n.)
Specimen3 | 18.0 | 3.82 | 0.85 | 4.49 | 0.011 | >| 0.0022 | 3260

Hanson [35] | Specimen4 | 18.0 | 3.65 | 0.85 | 4.30 | 0.012 |>]| 0.0022 | 3240
Specimen5 | 18.0 | 3.85 | 0.85 | 453 | 0.011 | >| 0.0022 | 3300

Specimen#3 | 18.3 | 3.81 | 0.85 | 4.48 | 0.012 | >| 0.0018 | 2500

Specimen#4 | 18.3 | 3.31 | 0.85 | 3.90 | 0.013 | >[ 0.0017 | 2530

Uzumeri [36] | Specimen#6 | 18.3 | 2.29 | 0.85 | 2.69 | 0.019 |>]| 0.0018 | 2630
Specimen#7 | 18.3 | 270 | 0.85 | 3.17 | 0.016 |>| 0.0018 | 2600

Specimen#8 | 18.3 | 420 | 0.85 | 494 | 0.011 | >| 0.0018 3310

Scribner and |_Specimen9 | 12.1 [ 453 [ 0.85 [ 5.33 | 0.006 | > 0.0021 | 1870
Wight [37] | Specimen11 | 12.1 | 453 | 0.85 | 5.33 | 0.006 |>[ 0.0021 | 1870
HLS 170 | 2.88 | 0.85 | 3.39 | 0014 | > 0.0021 | 3860

HHS 170 | 2.88 | 0.85 | 3.39 | 0014 |>] 0.0021 | 3860

HL11 170 | 1.83 | 0.85 | 2.15 | 0.022 [>] 0.0018 | 3350

HH11 17.0 | 227 | 0.85 | 267 | 0.018 [>] 0.0022 | 4100

Ehsani and HH14 170 | 1.81 | 085 | 2.13 | 0023 | > 0.0023 | 4200
Alameddine LL8 170 | 254 | 0.85 | 2.98 | 0016 | >| 0.0024 | 3440
[38] LH8 17.0 | 247 | 085 | 291 | 0.017 |>]| 0.0023 | 3350
LL11 170 | 171 | 0.85 | 201 | 0.024 [>] 0.0021 | 3140

LH11 170 | 220 | 0.85 | 2.47 | 0019 |>] 0.0026 | 3810

LL14 17.0 | 155 | 0.85 | 1.82 | 0.026 [>]| 0.0024 | 3630

LH14 170 | 157 | 0.85 | 1.85 | 0026 | >| 0.0025 | 3680

[’é‘saoseeta" 33 179 | 526 | 085 | 6.18 | 0.008 | >| 0.0023 | 5140
3T44 15.1 | 1.65 | 0.85 | 1.94 | 0.022 |>| 0.0022 | 2820

3T3 151 | 1.84 | 0.85 | 2.16 | 0.020 [>] 0.0022 | 2800

[H4‘3’]""”9 sl 2T4 151 | 179 | 085 | 2.20 | 0.020 | >] 0.0022 | 2800
3T4 151 | 1.93 | 0.85 | 227 | 0.019 [>] 0.0025 | 3190

2T5 15.1 | 1.89 | 0.85 | 2.23 | 0.019 |>]| 0.0025 | 3190
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[1] [2] [36] | [37] | [38] | [39] | [40] | [41]
Authors I.D (il;:) (i';]”I) (i':_) (k'\i/:)"_eiar‘;_) M,\'}le:k/ 80.8peak
Specimen 3 126 120 120 4200 1.29 N/R
Hanson [35] Specimen4 | 126 | 120 | 120 3660 | 1.13 N/R
Specimen5 | 126 | 120 | 120 4000 | 1.21 N/R
Specimen#3 | 120 | 113 | 120 2590 | 1.04 | >23%
Specimen#4 | 120 | 113 | 120 2650 | 1.05 | =3%
Uzumeri [36] | Specimen#6 | 120 | 113 | 120 2890 | 1.10 | =23%
Specimen #7 | 120 | 113 | 120 2800 | 1.08 | =3%
Specimen #8 | 120 113 120 3460 1.04 | =23%
Scribner and |_Specimen 9 72 | 63.0 | 96 2510 | 1.34 | 23%
Wight [37] Specimen1l | 72 | 630 | 96 2500 | 1.34 | =3%
HL8 70 63 141 3710 0.96 N/R
HH8 70 63 141 3740 0.97 N/R
HL11 70 63 141 3730 112 | >23%
HH11 70 63 141 4090 1.00 N/R
B Al HH14 70 | 63 | 141 | 4080 | 0.97 | >3%
Alameddine LL8 70 63 141 3520 1.02 N/R
[38] LH8 70 | 63 | 141 | 3400 | 1.01 | N/R
LL11 70 63 141 3020 096 | =23%
LH11 70 63 141 4020 1.06 | =23%
LL14 70 63 141 3700 1.02 | =23%
LH14 70 63 141 3780 1.03 | =23%
E‘g&ose el 33 9 | 860 | 165 | 4040 | 0.79 | =37
3T44 748 | 665 | 106 | 3070 | 1.09 | =3%
3T3 74.8 | 66.5 | 106 3260 1.17 | =23%
[H4"(‘)’]""“9 Ll T4 748 | 665 | 106 | 3110 | 111 | >3%
3T4 74.8 | 65.9 | 106 3170 1.00 | =23%
2T5 74.8 | 65.9 | 106 3320 1.04 | 23%
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Appendix H: Hooked Bars: Average Length Ratios

Table 6 — Hooked bars: Average length ratios: length in row / length in column (all 27 specimens)

dp

0.7 0.7
4has Ldc,25.4.9 ld,408 (Igggz
Ly S V2543 +BR leny | lan1sss1 | Case | 1+
14 +dy + BR BR +
+ db
dy
lp 1 1.19 0.80 0.62 1.26 1.06 0.43 0.93
(ana1e14 [EQ. (39)] 1 | 069 | 055 | 113 | 094 | 037 | 082
Lanzs.43 [EQ. (33)] 1 0.80 1.63 1.36 0.54 1.18
laozs4s [EQ. (39)] 1 | 212 | 176 | 071 | 152
+ BR + dp
leny [EQ. (41)] 1 085 | 033 | 0.74
lansssa [EQ. (34)] 1 0.40 0.87
0.7 Id,408 Case |
[Eq. (42)] + BR + 1 2.31
dp
0.7 Id,408 Case Il
[Eq. (42)] + BR + 1

BR =bend radius

158



159

Table 7 — Hooked bars: Average length ratios: length in row / length in column (specimens with 8o gpeak > 3%: 19

specimens)
0.7 0.7
o Ldc,25.4.9 ld,408 (Igggz
l S tonzsaz | 4 BR | Le | fonisssa | Case | 1+
14 +dp + BR BR +
+ db
db
Ly 1 1.39 0.91 0.70 1.37 1.19 0.39 0.78
lanate-14 [EQ. (39)] 1 | 066 | 052 | 1.02 | 087 | 029 | 057
Lanzs.43 [EQ. (33)] 1 0.80 1.55 1.33 0.44 0.88
lae2s49 [EQ. (35)] 1 | 201 | 172 | 059 | 112
+ BR + dp
Ceny [EQ. (41)] 1 0.88 | 029 | 058
lanisss [EQ. (34)] 1 0.34 0.66
0.7 Id,408 Case |
[Eq. (42)] + BR + 1 2.08
db
0.7 Id,408 Case Il
[Eq. (42)] + BR + 1
dy

BR =bend radius



