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ABSTRACT

Hooked and headed reinforcing bars are viable alternatives for development of reinforcing
steel when member geometry does not allow for a straight deformed bar to fully develop its yield
strength. Current design provisions in ACI 318-19 Building Code impose limitations on the use of
hooked and headed bars larger than No. 11 (that is, No. 14 and No. 18 bars), mainly due to a lack
of experimental data. This research continues a comprehensive study of the anchorage and
development of high-strength hooked and headed bars to expand the available data to include No.
14 and No. 18 bars. Forty-two large-scale simulated beam-column joint specimens containing No.
11, No. 14 and No. 18 hooked and headed bars are tested. Of the 42 specimens, 12 contain hooked
bars and 30 contain headed bars. The effects of bar size, bar spacing, bar location, embedment
length, confining transverse reinforcement in the joint region, placement of bars within the cross-
section, concrete compressive strength, compression strut angle, and effective beam depth on
anchorage strength are investigated. Two loading conditions are used. In loading condition A, the
joint shear is 80% of the total applied force to the bars, simulating the forces in an exterior beam-
column joint with the beam located at the midheight of the column. The joint shear is reduced to
~69% of the total applied force in loading condition B. All hooked bar specimens and 15 headed
bar specimens are tested under loading condition A, while the other 15 headed bar specimens are
tested using loading condition B. Concrete compressive strengths range from 6,390 to 15,770 psi
for hooked bars and from 5,310 to 16,210 psi for headed bars. Bar stress at failure ranges from
87,300 to 130,600 psi for hooked bars and from 54,900 to 148,300 psi for headed bars. Center-to-
center bar spacing, s, ranges from 3.5d, to 10.6d, for hooked bars and from 2.7d) to 10.6d, for
headed bars, where dj is the nominal hooked or headed bar diameter. Confining reinforcement,
Au, or parallel ties, Ay, in the joint region ranges from 0 to 0.4654,s and 0 to 0.8274,s for hooked
and headed bars, respectively, where A4 or A, equal the total cross-sectional area of tie legs within
10d) from the top of the bars and A is the total area of the bars being developed. Headed bars
with net bearing areas between 4.2 and 4.4 times the bar area are used.

The test results are compared with the current provisions for the development length of
hooked and headed bars in Chapter 25 of ACI 318-19. Descriptive equations to characterize
anchorage strength of hooked and headed bars developed previously for No. 11 and smaller bars
are evaluated. New descriptive equations are developed to represent the anchorage strength for
bars as large as No. 18. The equations are compared with the test results in the current study and

available in the literature. New design provisions for development length are developed for hooked
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and headed bars and evaluated with respect to test results and ACI 318-19 provisions.

The descriptive equations for hooked and headed bars developed in this study accurately
account for concrete compressive strength, confining reinforcement, and bar spacing. The ability
of the equations to accurately represent anchorage strength is insensitive to variations in
compression strut angle and effective beam depth. While the contribution of confining
reinforcement to anchorage strength increases with bar size, the effect of increasing confining
reinforcement for headed bars is much lower than for hooked bars and much lower for headed bars
than observed in prior studies. Under loading condition A, all hooked bar specimens, even those
without confining reinforcement, carried the joint shear and exhibited an anchorage failure,
whereas shear-like failures were observed in some headed bar specimens under similar conditions.
These observations reveal the distinct role of the tail of the hook in helping to carry the joint shear,
and indicate the difference in joint shear under loading conditions A and B is a key factor in the
type of failure and anchorage strength of headed bars. Larger headed bars need confining
reinforcement on the order of 0.54;; to carry the joint shear demand under loading condition A.

The development length provisions in ACI 318-19 are unnecessarily conservative for No.
14 and No. 18 hooked and headed bars. For both hooked and headed bars, providing confining
reinforcement below the minimum amounts required by ACI 318-19 contributes to anchorage
strength. Similar to No. 11 and smaller hooked and headed bars, the effect on anchorage strength
of concrete compressive strength is best represented by the 0.25 power for design. The bar location
factor y, of 1.25 in ACI 318-19, applied to bars terminating inside column longitudinal
reinforcement (column core) with side cover < 2.5 in. or bars with side cover < 6d5, can be safely
reduced to 1.15 for design. The proposed design equations for hooked and headed bars are
applicable to concrete with compressive strengths up to 16,000 psi, steel with yield strengths up to
120,000 psi, and bars as large as No. 18. The proposed modification factors for confining
reinforcement (expressed as Am/Ans or Au/Ans) and bar spacing (expressed as s/dp), in the form of a
single expression or simplified expressions that address the effects of confining reinforcement and
bar spacing independently, provide more flexibility for designers to take advantage of a range of
values for Au/Ans or Aul Ans and s/dp and, ultimately, permit the use of shorter development lengths

than the provisions in ACI 318-19 for all bar sizes.
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CHAPTER 1: INTRODUCTION
1.1 GENERAL

The bond between the reinforcing steel and concrete is a critical factor in reinforced
concrete structures and must be sufficient so that forces can transfer between the two materials.
Development length is defined as the “length of embedded reinforcement...required to develop
the design strength of reinforcement at a critical section” (ACI 318-19) (such as the face of column
in a beam-column joint connection). In some cases, such as in an external beam-column
connection, it is possible that the member geometry does not allow for a straight deformed bar to
fully develop its yield strength (that is, the required development length is longer than the column
width). To address this issue, hooked and headed reinforcing bars are commonly used to
mechanically anchor the bar within the connection. For both hooked and headed bars, a bearing
force from the bent portion of the hook or from the head participates in transferring the force in
the bar to the concrete, in addition to the force transferred along the straight portion of the bar,
allowing for a shorter overall development length than can be achieved with a straight bar alone.
The use of conventional hooked bars, however, can be problematic where steel congestion is a
concern (for example, in a heavily reinforced beam-column joint). In such cases, headed bars can
be used as an effective alternative.

The provisions for the development length of hooked and headed bars are provided in
Sections 25.4.3 and 25.4.4, respectively, of the ACI 318-19 Building Code Requirements for
Structural Concrete. Earlier editions of the ACI Code, including ACI 318-14, contained a number
of restrictions applied to the use of hooked and headed bars, mainly due to limited test data and a
limited range of material properties. For hooked bars, the yield strength was limited to 80,000 psi
and the concrete strength was limited to 10,000 psi for use in calculating the development length.
For headed bars, the steel yield strength was limited to 60,000 psi and concrete strength to just
6,000 psi. In addition, headed bars were required to be placed with a minimum clear spacing of
4dp with a minimum cover of 2dp, where dp is the nominal diameter of the bar.

The provisions in ACI 318-14 did not allow for the use of high-strength reinforcing steel
and concrete, despite their expanding use in construction. High-strength steel helps reduce
reinforcement congestion, and high-strength concrete yields smaller member sizes and increased
usable floor area. A comprehensive study at the University of Kansas (Searle et al. 2014, Sperry

et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018, Shao et. Al
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2016, Ghimire et al. 2018, 2019a, 2019b) expanded the experimental database on hooked and
headed bars in beam-column joints to provide a better understanding of their behavior and improve
the Code previsions. The study included 338 simulated beam-column joint specimens with hooked
bars and 202 specimens with headed bars tested to investigate the effect on anchorage strength of
key parameters, including concrete compressive strength (3,960 to 16,510 psi), bar stress at failure
(22,800 to 153,200 psi), bar size (No. 5, No. 8, and No. 11), number of bars (2, 3, 4, and 6 bars in
one or two layers), bar spacing (1.7 to 11.8d5), embedment length (3.5 to 26.3 in.), and the amount
of confining reinforcement (stirrups and ties for hooked bars and parallel ties for headed bars) in
the joint region (none to No. 3 or No. 4 hoops or ties spaced at 3d,). Based on the test data,
descriptive equations for anchorage strength of hooked and headed bars were developed that cover
a wide range of material strengths and member properties. The descriptive equations were then
simplified to propose new provisions for development length of hooked and headed bars that allow
the safe use of high-strength reinforcing steel (up to 120,000 ksi) and concrete (up to 16,000 psi).

The findings at the University of Kansas became the basis for developing current Code
provisions in ACI 318-19. Limitations, however, remain on the use of hooked and headed bars
larger than No. 11 (that is, No. 14 and No. 18 bars), mainly due to a lack of experimental data. For
both hooked and headed bars, the current provisions still limit concrete compressive strength to
10,000 psi for the purpose of calculating development length. For hooked bars, the Code gives no
credit to confining reinforcement for hooked bars larger than No. 11, and for headed bars, bars
larger than No. 11 are not permitted. These limitations were the motivation for the current study.

The research reported here is a continuation of the comprehensive study began at the
University of Kansas on the anchorage of high-strength hooked and headed reinforcing bars. This
study expands the available data on the anchorage strength of high-strength headed and hooked
bars to include No. 14 and No. 18 bars, the largest sizes currently permitted in the ACI Building
Code. These results are used as a basis for new design criteria.

In this chapter, the background and relevant research work on the development of hooked
and headed bars are provided, followed by a discussion of the current Code provisions, their
development, and limitations. Finally, a summary of the objectives and scopes of this study is

presented.



1.2 BACKGROUND AND PREVIOUS RESEARCH
1.2.1 Reinforcing Bars with Standard Hooks

When member dimensions do not allow for development of a straight bar, such as within
an external beam-column joint, bars with a standard hook at their end (tail of the hook) can be used
to provide anchorage to concrete. Standard hooks have 90° or 180° bends that meet the
dimensional requirements specified in Table 25.3.1 of the ACI 318-19 Code, as shown in Table

1.1. The development length for hooked bars, /4, is measured from back of the tail.

Table 1.1 Standard hook requirements (ACI 318-19)

Minimum inside bend Straight extension!!
Type of standard hook Bar size diameter, in. €op iDL Type of standard hook
Point at which
No. 3 through No. 8 6ds bar is developed
90-degree hook No. 9 through No. 11 8d, 12d,
No. 14 and No. 18 10d,
Point at which
No. 3 through No. 8 6d, b:r?s?leval:pe i
| db—‘ |\
180-degree hook No. 9 through No. 11 84 Greater of | 7723 teo-degree
& : & : & 4d, and 2.5 in. | Diameter—<1_J/bend
|
i o]
No. 14 and No. 18 10d, o

[1IA standard hook for deformed bars in tension includes the specific inside bend diameter and straight extension length. It shall be permitted to use a longer straight extension at the
end of a hook. A longer extension shall not be considered to increase the anchorage capacity of the hook.

Hooked bars provide anchorage force by engaging the concrete, as shown in Figure 1.1,
with the anchorage strength governed, not ultimately by bond, but by the breakout or side-splitting
strength of the concrete, as shown in Figure 1.2, which can be enhanced by confining

reinforcement.
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Figure 1.2 Crack progression observed in the beam-column joint specimens containing hooked
bars (Sperry et al. 2015b, 2017a). Breakout failure is preceded by bond slip of the straight
portion of the bars and cracking of the concrete
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Marques and Jirsa (1975) studied No. 7 and No. 11 hooked bars anchored in simulated
exterior beam-column joint with a width of 12 and 15 in. and a depth of 12 in. The study included
twenty-two specimens with concrete compressive strengths of 3,600 to 5,100 psi, embedment
lengths of 6.5 to 9.5 in. for No. 7 and 3 to 6 in. for No. 11 hooked bars, clear spacing between the
two bars of 3.4 to 7.25 in., confining reinforcement in the joint region consisting of No. 3 ties
spaced at 2.5 or 5 in., placement of hooked bars inside or outside of the column core), concrete
side cover ofl.5 or 2.875 in., and an axial load of 135 to 450 kips. A schematic of the test
specimens is shown in Figure 1.3. Marques and Jirsa (1975) found that increasing the embedment
length increased the anchorage strength but that axial load variations and placement of hooked
bars inside or outside of the column core had no noticeable effect on the anchorage strength.

As shown in Figure 1.3, the specimens had unconventional geometry and reinforcement
layouts. All specimens were narrow, with a column width of 12 in. The side cover was almost 3
in. for the majority of specimens (Types 1, 2, 3, and 5), representing nearly half the specimen
width. The hooked bars were placed outside column core, except in the Type 1 specimens. Also,
in specimens with confining reinforcement, Types 3 and 5, there was a noticeable gap between the
No. 3 bar tie legs and the column longitudinal reinforcement, uncommon in practice. The specimen
proportions and location of applied forces along the height were also unrealistic, resulting in the
joint carrying only 54% of the total force applied to the bars, significantly lower than would occur
in a joint in a reinforced concrete frame structure, leading to unrealistically high anchorage
strengths. These specimens are investigated in detail in Section 4.5. However, despite the unusual
specimen geometry and reinforcement layouts, which were likely the result of the early nature of
this research, the work by Marques and Jirsa (1975) paved the way for the many studies that

followed.
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Figure 1.3 Schematic of test specimens used by Marques and Jirsa (1975); Type 1: Hooked bars
inside column core without confining reinforcement, Type 2 and 4: Hooked bars outside column
core without confining reinforcement, Type 3: Hooked bars outside column core with No. 3 ties,
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and Type 5: Hooked bars outside column core with No. 3 ties plus cross-tie



Pinc et al. (1977) tested 16 beam-column joint specimens, each with two hooked bars. No.
7, No. 9 and No. 11 hooked bars were used in normalweight and lightweight concrete. Concrete
compressive strength ranged from 3,600 to 5,400 psi, clear bar spacing ranged from 3.4 to 4.0 in.,
and the side cover was 27/z in. The specimens had no confining reinforcement in the joint region.
A constant axial load (108 to 230 kips) was applied to specimens during the test. Pinc et al.
concluded that embedment length was the key factors affecting the anchorage strength of hooked
bars, and that the loss of side cover is the main factor governing the failure of hooked bars.

Joh et al. (1995) tested 19 beam-column specimens with 19 mm hooked bars; all but one
contained four hooked bars. A single specimen contained eight hooked bars in two layers. Joh et
al. investigated the effects of embedment length (nominally 5.2 to 13.0 in.), distance to the reaction
representing the compression zone of the beam (nominally 9.0 to 16.9 in.), column depth
(nominally 11.8 to 19.7 in.), spacing of the bars (1.9 to 2.6 in.), concrete side cover (2.54 to 14.5
in.), ratio of the confining reinforcement in the joint (0.2%, 0.4%, 0.8%), column axial stress (0 to
900 and 1887 psi, equal to 16.7% and 33.3% of the concrete compressive strength of the
corresponding specimens), loading type (cyclic or monotonic), and concrete compressive strength
(4,490 to 10,720 psi). Joh et al. found that applying a column axial stress equal to 16.7% (1/6) of
concrete compressive strength increased the anchorage strength more than double (unlike Marques
and Jirsa 1975), but increasing the axial stress from 16.7% (1/6) to 33.3% (1/3) of the concrete
compressive strength had no effect on anchorage strength. They also found that anchorage strength
increases proportionally with the addition of confining reinforcement, and that anchorage strength
is proportional to the square root of the concrete compressive strength and the reciprocal of the
sine of the compression strut angle (from the centroid of the compression zone of the beam to the

bent portion of the hooked bar, as shown in Figure 1.4).
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Figure 1.4 Strut angle as defined by Joh et al. (1995)



The work by Joh et al (1995) was continued by Joh and Shibata (1996), in which 13 beam-
column specimens were tested. Each specimen had four 19-mm diameter hooked bars. The
specimen parameters were concrete compressive strength (3,380 to 8,060 psi), center-to-center bar
spacing (nominally 2.2 in.), side cover on the hooked bars (nominally 2.5 to 10.4 in.), and column
axial stress (0 to 1,860 psi, equal to 0 to 33% of the concrete compressive strength of the
corresponding specimens). The column ties were placed around the column longitudinal bars with
a clear cover of 0.75 in. Joh and Shibata observed an increase in anchorage strength of hooked
bars in specimens subjected to column axial stress compared to those with no axial stress. For pairs
of specimens with similar concrete strengths and subjected to axial stress, however, increasing the
axial stress beyond 8% of the corresponding concrete compressive strength (as opposed to 16.7%
of the compressive strength in the previous research by Joh et al. 1995) did not have a noticeable
effect on the anchorage strength. Anchorage strength also increased with increasing concrete side
cover. However, when the side cover on the hooked bars was so large (10.4 in. versus 2.5 in.) that
the breakout region ahead of the hooked bars (angle with respect to the longitudinal direction of
the hooked bars of about 40°) did not reach the sides of the column, the effectiveness of the ties at
the column boundaries decreased.

Twenty-one beam-column joint specimens were tested by Ramirez and Russell (2008). The
specimens were cantilever columns with no axial load. The parameters included bar size (No. 6 or
No. 11), confining reinforcement in the joint region (none to No. 3 ties spaced at 3d»), side cover
(3.5 in.), back cover to the hook (0.75 to 2.5 in.), concrete compressive strength (8,910 to 16,500
psi), and embedment length (6.5 to 15.5 in.). They proposed increasing the modification factor 0.7
to 0.8 for No. 11 and smaller bars with a minimum side cover to the bar of 2.5 in. and cover to the
back of the hook of 2 in. in ACI 318-05 and the AASHTO LRFD Bridge Specifications. Ramirez
and Russell stated that the limit on concrete compressive strength could be increased to 15,000 psi
in ACI 318-05 and the AASHTO LRFD Bridge Specifications if ties spaced at 3d, are provided
as confining reinforcement in the joint region.

To expand the available data to include a wide range of material properties, including high-
strength concrete and reinforcing steel, a comprehensive study was initiated at the University of
Kansas on the anchorage strength of standard hooked bars. The study included work by Searle et
al. (2014), Sperry et al. (2015a, 2015b, 2017a, 2017b, 2018), Yasso et al. (2017), Ajaam et al.

(2017, 2018). A total of 245 simulated beam-column joint specimens were tested in normalweight



concrete to investigate the effects of key parameters on the anchorage strength of hooked bars. The
parameters included the number of hooked bars (2, 3, 4, or 6), arrangement of hooked bars (one or
two layers), bar size (No. 5, No. 8, and No. 11), bar spacing (2 to 11.8d, center-to-center), hook
bend angle (90° or 180°), embedment length (3.5 to 26.3 in.), confining reinforcement in the joint
region (none to nine No. 3 hoops spaced at no greater than 3d), location of hooked bar within the
column depth (hooks on the far side of the column or extending only to the middle of the column),
placement of hooked bar inside or outside the column core (the area of concrete inside the column
longitudinal reinforcement), bar stress at failure (22,800 to 141,600 psi), concrete compressive
strength (4,300 to 16,510 psi), clear concrete side cover (1.5 to 4 in., with most values between 2.5
and 3.5 in.), cover to the tail of the hook (2 to 18 in.), and ratios of beam effective depth to
embedment length (0.6 to 2.13).

A schematic of a specimen simulating an exterior beam-column joint with hooked bars
placed inside the column core is shown in Figure 1.5. Tension and compression forces are applied
using a self-reacting frame. The hooked bars represent the longitudinal reinforcement of a

simulated beam, and the adjacent compression force represents the beam compression region.
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Figure 1.5 Schematic of specimens (a) side view (b) cross-section without confining
reinforcement, and (c¢) cross-section with confining reinforcement, where /., is the embedment
length and dj is bar diameter

The reaction frame to simulate the axial, tensile, and compression forces, shown in
Figure 1.6, was a modified version of that used by Marques and Jirsa (1975). The beam
compression zone was simulated using bearing member, and the upper compression and lower

tension members prevented rotation of the specimen.
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Figure 1.6 Schematic of the reaction frame (Sperry et al. 2015b)

Crack progression and the failure mechanism for the specimens is illustrated in Figure 1.2.
The first cracks initiated from the hooked bars on the front face of the column due to slip of the
straight portions of the bars and propagated horizontally on the column side face (Figure 1.2a).
With an increase in load, the front face cracks continued to grow, radiating from the hooked bars.
On the column side face, cracks continued to grow horizontally along the straight portion of the
bars (Figure 1.2b). With more load, inclined cracks propagated on the column side face, in a cone-
shaped manner, towards the bearing members (Figure 1.2¢). These cracks further propagated and
were widened near as the specimen got close to failure (Figure 1.2d).

Two primary failure modes were observed, namely concrete breakout and side splitting, as
shown in Figure 1.7. Concrete breakout is characterized by a mass of concrete being pulled out
along with the hooked bar from the front face of the specimen. Side splitting is marked by the side
cover on the hooked bar separating from the specimen due to wedging action of the hook. In some
specimens, a secondary failure mode, tail kickout, occurred along with other failure modes, marked

by the concrete over being pushed off the back of the column by the tail of the hook, causing the
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cover to spall and exposing he tail. Tail kickout occurred subsequent to the peak load and did not

affect anchorage strength.

Concrete Breakout Side Splitting Tail Kickout
Figure 1.7 Primary failure modes observed in hooked bar specimens (Sperry et al. 2015b)

Based on the test results, descriptive equations were developed to characterize the
anchorage strength of hooked bars, as shown in Eq. (1.1) and Eq. (1.2) for bars without and with

confining reinforcement, respectively (Ajaam et al. 2017):

T, =294 f0295 0845 7047 [0.0974i + 0.391]

m
b

(1.1)
[0.0974i+ 0.391] <1.0
b
A 1.0175
T, =| 294 f 222 L0584 +55,050(—”’] d*” || 0.0516=-+0.6572
n d, (12)

(0.0516di+ 0.6572} <1.0

b
where T}, is the anchorage strength of hooked bars (Ib); fen is the measured concrete compressive
strength (psi); Zer 1s the embedment length of the hooked bar measured from the face of the column
to the end of the hook (in.); dj is the hooked bar diameter (in.); Assis the total area of the hooked
bars (in.2); A is the effective confinement and defined as the area of confining reinforcement (in.%)

within 8dp from the top of the hooked bar for No. 8 bars and smaller or within 10d, for No. 9 bars

12



or larger; n is the number of hooked bars in the joint; and s is the center-to-center spacing between

hooked bars. The maximum effective value for A»/Axs 1s 0.2 when using the descriptive equations.

[Note: The definition of A differs from that used in ACI 318-19.] The equations were used as the

basis for the design provisions in ACI 318-19, allowing the use of high-strength concrete and

reinforcing steel. The Code provisions for hooked bars in ACI 318-19 are discussed later in this

chapter. The descriptive equations were also used in the current study as the basis for the design

and evaluation of specimens with No. 14 and No. 18 hooked bars.

In addition to developing the descriptive equations and proposing new design provisions

for ACI 318 Code, some of the key findings of the study at the University of Kansas were:

Closely-spaced hooked bars (center-to-center spacing below 6d,) are weaker,
individually, than widely-spaced hooked bars.

Hooked bars with 90° and 180° bends have similar anchorage strengths.

Confining reinforcement parallel and perpendicular to the bar increases the
anchorage strength of hooked bars.

Confining reinforcement contributes more to anchorage strength for closely-spaced
bars than it does for widely-spaced bars.

The provisions in ACI 318-14 did not accurately represent the anchorage strength
of hooked bars in terms of the effect of bar size and the contributions of confining
reinforcement and concrete compressive strength.

The contribution of concrete compressive strength on the anchorage strength of
hooked bars is best represented by a 0.295 power rather than by the square root of
compressive strength (as used in ACI 318). For design purposes, compressive
strength to the 0.25 power can be safely used.

Specimens with a ratio of beam effective depth to the hooked bar embedment length
(defflen) greater than 1.5 had low anchorage strengths with respect to the descriptive
equations, which were developed based on specimens with dej/len < 1.5.

Concrete breakout was the dominant failure mode, but side splitting tended to

increase as the bar size increased.
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1.2.2 Headed Reinforcing Bars

As discussed in the previous section, hooked bars can be used when straight bars cannot
be fully developed. In some cases, such as a heavily reinforced region, however, hooked bars can
cause congestion. When several and/or staggered hooked bars are required, the tail extension of
the bars can cause steel congestion, which in turn can adversely affect the construction quality and
3structural performance of the member. An example of steel congestion in the presence of

staggered hooked bars in an external beam-column joint is shown in Figure 1.8.

7
>

Figure 1.8 Steel congestion in an external beam-column joint caused by staggered hooked bars
(https://www.sefindia.org)

A viable solution to the steel congestion problem is the use of headed reinforcing bars,
which permit the tail extension of the hook to be eliminated. Instead, a head is forged or attached
to one or both ends of the bar. The head can have a round, elliptical, or rectangular shape, and can

vary in size, as shown in Figure 1.9.
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Figure 1.9 Different types of headed bars (Shao et al. 2016)

ACI 318 only permits the use of heads conforming to the Class HA requirements in ASTM
A970. Based on these requirements, the net bearing area of the head, 4., must be at least four
times the area of the bar, 45. Net bearing area is defined as the gross area of the head minus the
nominal area of the bar plus, in certain cases, any obstructions of the head induced by the
manufacturing process. Prior to 2016, ASTM A970 required obstructions to have a width less than
1.5dy (Figure 1.10). Shao et al. (2016) and Ghimire et al. (2018) found that some headed bars with
obstructions exceeding the ASTM A970-16 dimensional limits provided adequate anchorage
strength; as a result, the requirements were modified and updated in ASTM A970-17. The current
requirements (ASTM A970-18) are shown in Figure 1.11.

Bearing Face\

Figure 1.10 Previous limits on headed bar obstructions (ASTM A970/M970-16)
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Figure 1.11 Current dimensional limits for obstructions or interruptions in headed bars (ASTM

A970/M970-18)

Headed bars achieve anchorage by engaging the concrete through a combination of bond

along the deformed bar length and the bearing of the head on concrete, as shown in Figure 1.12.

Much like hooked bars, anchorage strength is governed by the breakout strength of the concrete,

by mechanisms illustrated in Figure 1.13, which is enhanced by the presence of confining

reinforcement. For headed bars, development length is measured from the face of the head, not the

back of the head.
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Figure 1.12 Anchorage and bond of headed bars (Shao et al. 2016)
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Figure 1.13 Crack progression observed in the beam-column joint specimens containing headed
bars. Breakout failure is preceded by bond slip along the straight portion of the bars and cracking
of the concrete (Shao et al. 2016, Ghimire et al. 2019a)

Previous studies on headed bars include tests on slab and column-like specimens, splices,

compression-compression-tension (CCT) nodes, and beam-column joints under monotonic or
cyclic loading. DeVries (1996), Bashandy (1996), and Wright and McCabe (1997) conducted
beam-end tests, pullout tests, shallow- and deep-embedment tests, and simulated beam-column
joint tests and proposed anchorage provisions. The first design provisions for headed bars were
introduced in the 2008 edition of the ACI 318 Building Code, based primarily on the work by
Thompson et al. (2005, 2006a, 2006b) in which CCT node tests and lap splice tests were
conducted. Since the thrust of the current study is external beam-column joints under monotonic

loading, the relevant literature is discussed next.
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Bashandy (1996) tested thirty-two simulated beam-column joint specimens, each
containing two headed bars, to investigate the effects of embedment length (8.5 to 17 in.),
confining reinforcement in the joint region (26 specimens without confining reinforcement and 6
specimens with No. 3 ties spaced at 2 to 4 in.), bar size (No. 8 and No. 11), head size (2 to 7.14),
concrete compressive strength (3,200 to 5,800 psi), and placement of headed bars (inside or outside
the column core). The two main failure modes observed were side blowout (spalling of the concrete
side cover, in 18 specimens) and along the diagonal cracks formed in the joint region (along the
diagonal strut between the head and the top of the bearing plate simulating the beam compressive
zone, in 14 specimens). Bashandy (1996) found that the anchorage strength of headed bars
increased with increasing embedment length, confining reinforcement, head size, and concrete
cover to bar, and that the bar size did not have a noticeable effect. Also, headed bars placed outside
the column core had lower anchorage strength than those place inside the column core.

Chun et al. (2009) tested 30 beam-column joint specimens, of which 24 had headed bars
and 6 had hooked bars. Chun et al. investigated bar size (No. 8, No. 11, and No. 18) and embedment
length (6.3 to 10.4d) for No. 8 and No. 11 bars and 8.4 to 15.5d, for No. 18 bars). Concrete
compressive strength ranged from 3,510 to 3,640 psi. The specimens had a single headed or hooked
bar with no confining reinforcement in the joint region. The heads used did not conform to Class
HA requirements and had obstructions with a diameter of 1.5d, and a length of 0.75d}, reducing
the net bearing area of the head adjacent to the obstruction to 2.7 to 2.84,. Concrete side cover to
the bar was 2.5d,. It was observed that the models proposed by Bashandy (1996), DeVries (1996),
and Thompson et al. (2006) for predicting the anchorage strength of headed bars based on failure
modes did not provide an accurate prediction of the concrete contribution to anchorage strength.
Chun et al. (2009) proposed a new model in which the anchorage strength of a headed bars was
the sum of contributions from bond along the bar and head bearing. Chun et al. established the
bond along the bar a function of bar diameter, embedment length, and concrete compressive
strength, and the bearing on head as a function of net bearing area, ratio of embedment length to
column depth, and concrete compressive strength.

Kang et al. (2010) tested 12 beam-column joint specimens to investigate the effects of head
size (large head with net bearing area of 4.54, and non-HA heads with net bearing area of 2.6 to
2.845), manufacturing process of the head (welding or threading), and loading condition

(monotonic and reversed cyclic loading). The results showed that only the head size, among other
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parameters, influenced the anchorage strength. Specimens with larger heads had a higher
anchorage strength than those with smaller heads.

Chun et al. (2017a), Chun and Lee (2019), Sim and Chun (2022a, 2022b) tested a total of
53 simulated beam-column joint specimens to investigate the side-face blowout strength of headed
bars. The headed bars used did not meet the Class HA requirements and had net bearing areas of
2.7 to 2.94,. All specimens had double overlapping parallel ties in the joint region. The majority
of specimens had a single layer of No. 7, No. 10, No. 14, or No. 18 headed bars. Ten specimens
had two layers of No. 14 headed bars, with layers spaced at 1 or 2d, on-center. All specimens had
two bars per layer, and all bars were Gr. 80. Concrete compressive strength ranged from 5,450 to
16,680 psi. Bar stress at failure ranged from 43.1 to 93.4 ksi. Embedment length ranged from 6 to
20dp. Side cover to the bar ranged from 1 to 4d,. In these studies, the specimens were designed to
force a side-face blowout failure. The schematic of the test setup and specimen proportions used
in these studies are shown in Figure 1.14. Figure 1.14.a shows a side view of the specimen
proportions as well as the cross section of specimens tested by Chun et al. (2017a) and Chun and
Lee (2019), in which the compression reaction of the simulated beam was placed 2/3 of the
embedment length from the headed bars. Figure 1.14.b shows a side view of the specimen
proportions used by Sim and Chun (2022b), in which the supports were placed farther from the
bars (twice the embedment length, as opposed to one embedment length in the first two studies).
A side view of the 10 specimens with two layers of headed bars tested by Sim and Chun (2022a)
is shown in Figure 1.14.c, in which the compression reaction of the simulated beam was placed a
distance equal to the embedment length (not 2/3) from the bars, but the supports were placed closer

to the bars (2/3 of the embedment length).
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Figure 1.14 (a) Side view of specimen proportions used by Chun et al. (2017a) and Chun and
Lee (2019); (b) Side view of the specimen proportions used by Sim and Chun (2022b); (¢) Side
view of the specimen proportions used by Sim and Chun (2022a)

20



Chun et al. (2017a), Chun and Lee (2019), Sim and Chun (2022a, 2022b) stated that the
anchorage strength of headed bars depends on failure type and member geometry. The two
components contributing to side-face blowout strength of headed bars, namely head bearing and
bond along the bar, were evaluated. The head bearing contribution was based on the measured
strain in the bar 1d, from the bearing face of the head, and the bond contribution was calculated
by deducting the head bearing contribution from the bar stress at failure. Initially, bond carried
most of the load. As the load increased, the forces carried by both bond and head bearing increased,
with head bearing carrying progressively more of the load — the majority at failure — with the load
carried by bond dropping off. The researchers found that the bond contribution was linearly
proportional to the development length for increases in fu/dp above 4.26 (negative intercept of -
138 in Eq. (1.3)). The head bearing contribution was not affected by the development length. The
side-face blowout strength of headed bars was enhanced with increasing side cover, embedment
length, and hairpin-type transverse reinforcement. Simplified and detailed models were proposed
for predicting the side-face blowout strength of headed bars, including the effects of side cover
and transverse reinforcement. The detailed expression is provided in Eq. (1.3).

¢ ;
Fup <1520, + (324 ~138)y, /!

b

¢ Ktr
Wiy =0.7+03 2403250 (1.3)

b b

v, =0.78+0.22% 10 1048

b b
where fu;, 1s the side-face blowout strength of headed bars (psi), /a4 is the embedment length (in.),

dp 1s the bar diameter (in.), f’ is the concrete compressive strength (psi), Ware is the head bearing

factor, v, is the bond factor, ¢ is the side cover to the bar (in.), and K is the transverse
reinforcement index defined in Eq. (25.4.2.4b) of ACI 318-19 [K; = 404,/sn where A, is “total
cross-sectional area of all transverse reinforcement within spacing s that crosses the potential plane
of splitting through the reinforcement being developed, in.?”, s is the center-to-center spacing of
transverse reinforcement, and # is the number of bars being developed.].

Sim and Chun (2022b) proposed a design equation for the development length of headed

bars:
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where /4, 1s the proposed development length (in.), and v is the modification factor for side cover
and confining reinforcement. In these equations, K;/d» cannot be greater than 0.7, /4, cannot be

less than 6dp, f! cannot be greater than 17,400 psi, cso/dp cannot be less than 1.0 or greater than

3.0, and y cannot be greater than 1.5.

The work by Thompson et al. (2005, 2006a, 2006b), was used as a basis for the first design
provisions for headed bars, in ACI 318-08. Due to the limited range of the material properties in
those studies, however, the provisions were very conservative for headed bars such that in ACI
318-08 and ACI 318-14: the concrete compressive strength was limited to 6,000 psi for use in
calculating development length and the specified steel yield strength was limited to 60,000 psi.
Among other shortcomings, these limitations prevented application of the provisions to high-
strength concrete and reinforcing steel. To address these limitations and to provide more
experimental data to better understand the anchorage and development of headed bars, a
comprehensive study was initiated at the University of Kansas, similar to the studies on the hooked
bars (discussed in the previous section). A wide range of material properties (including high-
strength concrete and reinforcing steel) and specimen configurations and their effects on the
anchorage strength of headed bars were investigated.

A total of 233 specimens were tested by Shao et al. (2016), including 202 simulated
exterior beam-column joint specimens, 10 CCT node specimens, 15 column-foundation joint
specimens (each slab containing one to three headed bars for a total of 32 tests), and 6 splice
specimens. The main variables investigated were bar size (No. 5, No. 8, and No. 11), number of
headed bars (2, 3, or 4 per specimen), bar spacing (1.7 to 11.8d, on-center), bar stress at failure
(26,100 to 153,200 psi), head size (3.8 to 14.94;), concrete compressive strength (3,960 to 16,030
psi), embedment length (4 to 6 in. for No. 5 bars, 6 to 14.5 in. for No. 8 bars, and 12 to 19.25 in.
for No. 11 bars), and amount of confining reinforcement in the joint region (none to six No. 3 ties
parallel to the headed bars spaced at 3dp). Some of the headed bars used had large obstructions
(Figure 1.10) exceeding what were the dimensional limitations of Class HA heads in ASTM A970-

16. Side cover to the bars themselves ranged from 2.5 to 4 in., with most specimens having a 2.5

22



in. side cover. A limited number of specimens had headed bars anchored in the middle of the
column, but for the majority of the specimens, the headed bars were anchored at the far side of the
column so that the back of the head touched the longitudinal reinforcement of the column.

The specimen design and configuration were very similar to those tested with hooked bars.

A schematic of a typical simulated beam-column joint specimen is shown in Figure 1.15.

back face —__ __—front face
h |
=>T |
joint region \ 1
\ \ . 1'::' w

\|ec

N
bearing member L £y —

(a) (b)

Figure 1.15 Schematic of headed bar specimens (a) side view (b) cross-section, where 4 and w
are column height and width, respectively, and /., is the embedment length (Shao et al. 2016)

The loading frame was the same as used by Sperry et al. (2015a, 2015b) and Ajaam et al.
(2017) for testing simulated beam-column joint specimens containing hooked bars (Figure 1.6).
Headed bars represented the top longitudinal reinforcement and the adjacent bearing member
represented the compressive zone of the virtual beam, as shown in Figure 1.16. The tensile force
applied to the bars and the compressive force by the bearing member acted as a couple, simulating

the negative moment acting at a beam-column joint.
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Figure 1.16 The loading frame and test setup of headed bar specimehs (Shao et al. 2016)

The headed bar specimens exhibited cracking and failure mechanisms, as shown in Figure
1.13, that were similar to those of the hooked bar specimens (Figure 1.2). Cracking began with a
horizontal crack on the front face of the column at the level of the headed bars and extending
towards both sides (Figure 1.13a). With increasing load, the horizontal cracks started to connect,
with new cracks radiating from the bars. On the sides, the horizontal crack grew along the length
of the headed bars, while diagonal cracks started branching towards the upper compression and
lower bearing members (Figure 1.13b). As the load continued to increase, more horizontal cracks
appeared on the front face, while a large diagonal crack forming in the joint region between the
head and the bearing member (Figure 1.13c¢). Near failure, the existing cracks got wider while new
cracks continued to branch from the existing cracks in a cone-shaped form (Figure 1.13d).

Shao et al. (2016) observed two main failure modes, concrete breakout and side-face
blowout. Concrete breakout occurred in the majority of specimens (149 out of 196) and was
characterized by the separation of the concrete within the column in front of the head. As shown

in Figure 1.17, two types of failure surface were observed, namely cone-shaped and back cover
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spalling. About half of the specimens had a cone-shaped failure surface. No direct relationship was

found between the shape of the failure surface and the anchorage strength of headed bars.

(a) | (b)
Figure 1.17 Concrete breakout (a) cone-shaped (b) back cover spalling (Shao et al. 2016)

Side-face blowout (in 47 out of 196 specimens) was characterized by local damage to the
concrete around the head due to the head movement, resulting in spalling or separation of the

concrete cover, sometimes in an explosive manner as shown in Figure 1.18.
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(a) (b)

Figure 1.18 Side-face blowout (a) side view (b) back view (Shao et al. 2016)

As they were for hooked bars, descriptive equations were developed for headed bars based

on a best fit of the experimental data (Shao et al. 2016, Ghimire et al. 2019b). The descriptive
equations characterize the anchorage strength of headed bars as a function of concrete compressive
strength, bar diameter and spacing, embedment length, and confining reinforcement in the joint
region (parallel ties for headed bars). The equations for headed bars without and with confining

reinforcement are shown in Eq. (1.5) and Eq. (1.6), respectively:

T =781f, "0 10 °* (0.0836di+ 0.344}

b

(1.5)
[0.08361+0.344J <1.0
db
T = [781 £, 0% 103 035 4 48 800 (ﬂ) d,"® j(0.06221+ O.5428J
n
’ (1.6)

{0.0622i+ 0.5428] <10 & A <0.34,

b n
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where T}, is the anchorage strength of headed bars (Ib); f. is the measured concrete compressive
strength (psi); Ler 1s the embedment length of the headed bar measured from the face of the column
to the bearing face of the head (in.); d5 is the headed bar diameter (in.); 4xs1s the total area of the
headed bars (in.?); Ay is as the area of confining reinforcement (in.?) within 8, from the top of the
headed bar for No. 8 bars and smaller or within 10d, for No. 9 bars or larger (Figure 1.19); n is the
number of headed bars in the joint; and s is the center-to-center spacing between headed bars. As
shown in Eq. (1.6), Shao et al. (2016) showed that the maximum value of 4,/n that contributes to
Ty 1s 0.345. Equations (1.5) and (1.6) were used as the basis for the development length provisions
in ACI 318-19, allowing the use of high-strength concrete and reinforcing steel. Equations (1.5)
and (1.6) were also used as the basis for designing the specimens in this study.

Shao et al. (2016) also compared the descriptive equations with their test results and results
from previous studies (exterior beam-column joints by Bashandy 1996 and Chun et al. 2009, CCT
nodes by Thompson et al. 2006a, shallow embedment pullout tests by DeVries 1999, and lap splice
tests by Thompson et al 2006b and Chun 2015). The test-to-calculated ratio (7/7%) for the
specimens used in the comparison was generally conservative (> 1.0), but low anchorage strength
was observed for the specimens tested by Chun et al. (2009) and Chun (2015), assumed to be due
to Chun et al. (2009) and Chun (2015) using heads with large obstructions that resulted in net
bearing areas of only 2.7 and 2.84,. The descriptive equations, also were shown to be applicable
to beam-column joints subjected to reversed cyclic loading (Ghimire et al. 2018). Shao et al. (2016)
used Eq. (1.5) and (1.6) to develop design provisions for the development length of headed bars,
that applied reinforcing steel with yield strengths up to 120,000 psi and concrete with compressive

strengths up to 16,000 psi). The proposed design provisions will be discussed later in this chapter.
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Figure 1.19 Confining reinforcement contributing to anchorage strength of headed bars anchored

in beam-column joints (Shao et al. 2016, Ghimire et al. 2019)

In addition to developing descriptive equations and new design provisions, Shao et al.

(2016) and Ghimire (2018, 2019a, 2018b) observed that:

The development length provisions in ACI 318-14 became progressively less
conservative as the bar size increased.

The development length provisions in ACI 318-14 became progressively less
conservative as the concrete compressive strength increased. The anchorage
strength of headed bars increases with compressive strength to the 0.24 power,
rather than the square root of the compressive strength as represented in ACI 318-
14.

Providing confining reinforcement parallel to the headed bars increases the
anchorage strength in proportion to the amount of confining reinforcement per
headed bar up to 0.345, as shown in Eq. (1.6).

When center-to-center spacing of headed bars decreased below 8dp, anchorage
strength decreased. “Widely-spaced” headed bars were defined as bars with center-
to-center spacing was equal or greater than 8dp, and closely-spaced heads bars as

bars with center-to-center spacing below 8dp.
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Headed bars with obstructions exceeding the limitations of HA heads in ASTM
A970-16 and prior versions of the specification provided satisfactory anchorage
strength, and the findings were incorporated in ASTM A970-17.

Heads with bearing areas of 12.9 to 14.94, provided, on average, 17% and 7%
more anchorage strength for No. 5 and No. 8 bars, respectively, than heads with
smaller bearing areas between 3.8 and 9.54,, but the increase in anchorage strength

was not proportional to the bearing area.

Comparing the test results and findings of the studies on the anchorage of hooked and
headed bars at the University of Kansas (Searle et al. 2014, Sperry et al. 2015a, 2015b, 2017a,
2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018, Shao et al. 2016, Ghimire et al. 2018,

2019a, 2019b) provides the following valuable observations:

Hooked and headed bars have a lot of similarities in terms of anchorage behavior
For the same embedment length, headed bars provide a higher anchorage force than
hooked bars.

Closely-spaced hooked and headed bars are weaker, individually, than widely-
spaced hooked and headed bars.

Confining reinforcement parallel to the bar increases anchorage strength of hooked
and headed bars.

Confining reinforcement perpendicular to the bar increases anchorage strength of
hooked but not headed bars.

For both hooked and headed bars, confining reinforcement makes a bigger

contribution for closely-spaced bars than for widely-spaced bars

1.3 CURRENT CODE PROVISIONS AND DESIGN GUIDELINES

In this section, the provisions in the ACI 318-14 for the development length of both hooked

and headed bars are presented, followed by the proposed design provisions based on the studies at
the University of Kansas (Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Ajaam et al. 2017, 2018,
Shao et al. 2016, Ghimire et al. 2018, 2019a, 2019b). Finally, the current Code provisions, in ACI

318-19, and their limitations are discussed.
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1.3.1 Reinforcing Bars with Standard Hooks

The provisions for the development length of hooked bars in ACI 318-14 were based on
38 tests of simulated beam-column joints conducted in 1970s with concrete compressive strength
ranging from 3.8 to 5.1 ksi and yield strengths of hooked bars of 64 or 68 ksi. Based on these
limited experimental data, the following equation was given in ACI 318-14 and Codes dating back
to 1983 to calculate the development length of deformed bars with standard hooks in tension (Eq.

1.7):

NATATATS
0, _[ Y d, (1.7)

5001

where /a5 1s the embedment length of hooked bar (in.), £, is the bar yield strength (psi), ye is the
coating factor, y. is the concrete cover factor, y, is the confining reinforcement factor, A is the

concrete density factor, f' is the concrete compressive strength (psi), and dj is the bar diameter

(in.). For lightweight concrete, A=0.75, and for epoxy-coated bars, y.=1.2; otherwise, these factors
are equal to 1.0. For No. 11 and smaller hooks, y.=0.7 if side cover is > 2.5 in. and tail cover >2
in., y,=0.8 if ties or stirrups are provided along or perpendicular the straight portion of the bar and

spaced no greater than 3d,, as shown in Figure 1.20.

tan (db < 2d, rdb
? P

Tail of hook
(incl. bend) £y

<2d,  L=3d,

Figure 1.20 ACI 318-14 provisions for ties or stirrups placed perpendicular (left) or parallel
(right) to the hooked bar being developed (ACI 318-14)

The ACI 318-14 provisions for hooked bars limited the concrete compressive strength to
10,000 psi and bar yield strength to 80,000 psi. At the University of Kansas, Sperry et al. (2015a,
2015b, 2017a, 2017b, 2018) compared test results from their study and earlier studies with the
anchorage strength derived from ACI 318-14 provisions (Eq. 1.7). Specimens included in the
analysis had two widely-spaced hooked bars. The yield strength £, in Eq. 1.5 was replaced by bar

stress, fs.ac1, and f was replaced by the measured compressive strength, fo.. The equation was
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then solved for f;acito calculate the anchorage strength. Figure 1.21 shows the ratio of test-to-

calculated stress f./fs ac1 versus fen for hooked bar specimens without confining reinforcement.
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*
¢ No. 5 Hook
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< LY [ ]
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0.6 No. 11 Hook
0.4
0.2
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Concrete Compressive Strength, £, (ksi)

Figure 1.21 Ratio of test-to-calculated stress fs./fs,ac1 versus f., for hooked bars without
confining reinforcement (Sperry et al. 2015b)

The trend lines in Figure 1.21 indicate that the test-to-calculated ratio f5./fs ac1 decrease with
increasing compressive strength and bar size. For No. 9 and No. 11 hooked bars, the ratio drops
below 1.0 at approximately 8,000 and 6,000 psi, respectively. This observation showed that the
ACI 318-14 provisions may be unconservative for No. 9 and larger bars in concrete with
compressive strengths as low as 6,000 psi.

Figure 1.22 shows the same comparison for widely-spaced hooked bars with No. 3 ties in
the joint region spaced at 3dp or less. As shown in Figure 1.22, the f./fs ac1 ratio decreases as the
bar size and compressive strength increase. For No. 8 and No. 11 hooked bars, the ratio drops
below 1.0 at compressive strengths of about 11,000 and 5,000 psi, respectively, indicating
unconservative designs produced by the ACI 318-14 provisions. Sperry at al. (2015b) concluded
that the ACI 318-14 provisions overpredicted the effects of concrete compressive strength and
confining reinforcement on the anchorage strength of hooked bars, and the anchorage strength of
larger bars. Furthermore, the reduction factors applied to Eq. (1.7) for concrete cover and confining

reinforcement, . and y,, were found to be unconservative.

31



2.0

1.8

=
H
*

.

: " . @ No. 5 Hook
No. 6 Hook

m No. 8 Hook

@ No. 7 Hook

No. 11 Hook

0.2

0-0 T T T
0 5 10 15 20

Concrete Compressive Strength, £, (ksi)

Figure 1.22 Ratio of test-to-calculated stress fs./fs ac1 versus fen for hooked bars with No. 3 ties
spaced at 3dp in the joint region (Sperry et al. 2015b)

Based on these observations, the development length provisions for hooked bars in ACI
318-14 needed to be modified to more accurately reflect the effects of concrete compressive
strength and bar size. To do so, Sperry et al. (2015b) and Ajaam et al. (2017) simplified the
descriptive equations, Eq. (1.1) and (1.2) to propose a new design equation for the development
length of hooked bars. For bars spaced at or greater than 6d}, (referred to as widely-spaced bars),
the descriptive equations were converted to equations for development length (Z41), and were then
accounted for closer bar spacing, confining reinforcement, and bar location within the member.

Eq. (1.8) shows the proposed design equation:

A ARSI
“(W 4, (18)

where /g, is the embedment length of hooked bar (in.), f, is the bar yield stress (psi), ye is the
coating factor, s is the confinement and spacing factor, \, is the location factor, A is the concrete

density factor, f!is the concrete compressive strength, and d is the bar diameter (in.). The values

of the modification factor for confining reinforcement and spacing, y.s, are given in Table 1.2.
The bar location factor, o, is 1.0 if hooked bars with a side cover to the bar of at least 2.5 in.

terminate inside the column core, or in a member with a side cover to the bar of at least 6dp. In all
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other cases, y, is 1.25. The coating factor y. (1.0 for uncoated bars and 1.2 epoxy-coated bars)
and the concrete density factor A (0.75 and 1.0 for lightweight and normalweight concrete,

respectively) were retained from ACI 318-14.

Table 1.2 Values for the confinement and bar spacing factor, ., as proposed by Ajaam et al.

(2017) for hooked bars !
s
Confinement level si

Sy (osi) 2dp > 6d),

Al Aps 2 0.2 %) 60,000 0.6 0.5

or
AmlAns > 0.4 Bl 120,000 0.66 0.55
None all 1.0 0.6

U1 Linear interpolation may be used for spacing or yield strengths not listed
(21 Confining reinforcement parallel to straight portion of bar

1 Confining reinforcement perpendicular to straight portion of bar

Compared to the ACI 318-14 design equation (Eq. 1.7), the proposed equation incorporated

a number of changes. The bar diameter d, was raised to the 1.5 power rather than 1.0 and concrete

compressive strength f to the 0.25 power rather than ,/ f for a more accurate representation of

the effects of these two parameters. Also, the proposed equation was shown to provide
conservative criteria for the development length of hooked bars for steel yield strengths up to
120,000 psi and concrete compressive strengths up to 16,000 psi, whereas ACI 318-14 limited
these values to 80,000 psi and 10,000 psi, respectively.

The findings of the studies at the University of Kansas were used as a basis for developing
the design provisions for hooked bars in the current edition of the ACI 318 Building Code, ACI
318-19 (Section 25.4.3). However, a modified version of the equation proposed by Ajaam et al.
(2018) was adopted, because ACI Committee 318 did not want to incorporate a double

interpolation for the confinement and bar spacing factor, as shown in Table 1.2, and did not want

to represent the contribution of £ in the form of f’**. Currently, Eq. (1.9) is used to calculate

the development length of hooked bars in tension.

%h[fwwwwq _ (1.9)

550/ f!
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where /45 1s the embedment length of hooked bar (in.), f, is the bar yield strength (psi), we is the
coating factor, y, is the confining reinforcement factor, y, is the location factor, . is the concrete
strength factor, A is the concrete density factor, f.is the concrete compressive strength, and dj is
the bar diameter (in.). Compared to the ACI 318-14 equation (Eq. 1.7), the bar diameter dj is now
raised to the 1.5 power in ACI 318-19 (as proposed by Ajaam et al. 2017 in Eq. (1.8)). The current
Code equation is compared with the results obtained in this study in Chapter 4 and with newly
proposed provisions for hooked bars in Chapter 6.

The modification factors for lightweight concrete, A, and for epoxy-coated bars, . are

0.75 and 1.2, respectively. The other modification factors are given in Table 1.3.

Table 1.3 Modification factors for hooked bars as given in Table 25.4.3.2 of ACI 318-19

Modification Factor Condition Value
Confining A > 0.445 or st > 64,12 1.0
reinforcement, Other 1.6

(1) Terminating inside column core
with side cover normal to plane of

. hook > 2.5 in., or 1.0
Location, o (2) With side cover normal to
plane of hook > 6d,
Other 1.25
f!<6,000 psi f!/15,000 + 0.6
Concrete strength, y. 77> 6,000 psi 10

[1] s is minimum center-to-center spacing of hooked bars
[2] db is nominal bar diameter

The bar location factor y, is the same as proposed by Ajaam et al. (2017). In Table 1.3, Aw
is the total cross-sectional area of ties or stirrups confining hooked bars within 15d, of the
centerline of the hooked bars and spaced no greater than 8dp, as defined in Figure 1.23, and A4 is
the total cross-sectional area of hooked bars developed at the critical section. In developing the
Code (in both 318-14 and 318-19 editions), it was assumed that confining reinforcement would be
uniformly distributed within the joint region. Based on this assumption, the choice was made to
convert the maximum effective values based on confining reinforcement within 7.5d to 9.5d, from
the centerline of the hooked bars (as established by Ajaam et al 2017) to an approximate value
within 15d, (that is, As = 0.44s, in place 0.24;). As shown in Table 1.3, the confining

reinforcement factor y, , which replaces the confining reinforcement and bar spacing factor, s,
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is no longer variable, as proposed by Ajaam et al. (2017), but must be taken as 1.6 unless A >

0.4A45s or the center-to-center bar spacing s > 6dp.

Lah . /

dh
20.750gp ’7 dy >0.75/gn ’7 dp

i 1
!

150, < - 8
|\
\— Ties or stirrups ~=l l=— - Ties or stirmups
< Bdb

Figure 1.23 Confining reinforcement placed parallel (left) or perpendicular (right) to the hooked
bar being developed as defined in ACI 318-19 (from ACI 318-19)

Although it was shown by the studies at the University of Kansas (Sperry et al. 2015b and
Ajaam et al. 2017) that the effect of concrete compressive strength on the anchorage strength of
hooked bars for design purposes is best represented by compressive strength to the 0.25 power (as

reflected in their proposed design equation, Eq. (1.8), ACI Committee 318 chose to stay with the

square root of compressive strength (\/76' ) in Eq. (1.9) during developing the 2019 edition of the

Code. However, to prevent unreasonably long development lengths for the lower concrete
strengths normally used in the practice (in the range of 4,000 to 6,000 psi), Eq. (1.9) was modified
with the concrete strength factor, ., as defined in Table 1.2. The current Code equation becomes
progressively less conservative as concrete strength increases above 6000 psi, up to 10,000 psi, at
which point it begins to become more conservative as f, increases to 16,000 psi.

While improved, the Code provisions in ACI 318-19 still have limitations that need to be

addressed. The maximum limit on concrete compressive strength is still 10,000 psi for use in

calculating the development length, /4, in Eq. (1.7), to prevent unconservative designs for higher-
strength concretes (as discussed earlier, staying with \/75' in the current Code equation is already
unconservative and the design becomes progressively more unconservative as the concrete
strength increases to 10,000 psi). The binary choice of 1.6 and 1.0 for the confining reinforcement
factor, yr, limits the flexibility of the design; providing more detailed expressions would allow

designers to take advantage of confining reinforcement Ay, < 0.44;, for bar spacing s less than 6dp.
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Although there is no limit on the bar size, ACI 318-19 gives no credit to confining reinforcement
for hooked bars larger than No. 11. That is, No. 14 and No. 18 hooked bars, even with confining
reinforcement, are treated as if no confining reinforcement were present; thus, a y; factor of 1.6 is
applied as a penalty (increasing the required development length by 60%), unless the spacing s >
6dp. This is mainly due to a lack of experimental data on No. 14 and No. 18 hooked bars, and one

of the motivations for the current study.
1.3.2 Headed Reinforcing Bars

About 100 splice and CCT node tests were the basis for the provisions for the development
of headed bars in ACI 318 Code before 2019. In these tests, the concrete compressive strength
ranged from 3.5 to 5.5 ksi. The maximum yield strength of the headed bars used in the tests was
69 ksi. This very limited range of material properties and test specimens resulted in very
conservative restrictions on the use of headed bars. Concrete compressive strength was limited to
6,000 psi, and the bar yield strength to 60,000 psi, impeding the use of high-strength concrete and

reinforcing steel. ACI 318-14 provided the following equation to calculate the development length

of headed bars:
0.016
. [%]d 110

where /4 1s the embedment length of headed bar (in.), f, is the bar yield strength (psi), y. is the

coating factor (=1.2 for epoxy-coated reinforcement), fis the concrete compressive strength

(psi), and d 1s the bar diameter (in.). Unlike hooked bars, no modification factor was provided to
account for confining reinforcement. The net bearing area of the head was required to be greater
than or equal to 4 times the bar area (45-¢ > 445). The required concrete cover on the bar was > 2d,
(same as for straight bars). The clear spacing between headed bars in both horizontal and vertical
layers was required to be > 4d}, not allowing the use of more closely spaced bars.

To evaluate the headed bar provisions in ACI 318-14, Shao et al. (2016) compared their
beam-column joint test results with anchorage strengths based on Eq. (1.8). The bar stress at failure
measured in the tests, f;,, was compared against the anchorage stress derived from Eq. (1.10), f5 act.

To do so, f4 was replaced with the measured embedment length, /s, fwas replaced with the

measured concrete compressive strength, f.,, and f, was replaced with f; ac1. Eq. (1.10) was then

solved for f; ac1, and the test-to-calculated ratio, fs /f;, ac1, was used to perform the comparison. To
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accurately evaluate the effect of /., raised to the 0.5 power, the upper limit of 6,000 psi on concrete
compressive strength was not applied. Figure 1.24 shows the ratio of test-to-calculated stress
Jfau/fs,act versus fom for 46 specimens with two widely-spaced headed bars without confining

reinforcement, and Figure 1.25 shows the same comparison for 35 specimens with two widely-

spaced bars with No. 3 hoops spaced at 3d, in the joint region.

4

35 ® No.5, 13Ab

¢ No.5,4Ab
® No.8,15Ab

3 \\\g\ + No.8,4Ab

T ~< o B No. 8, 9Ab

20 L ~~g - A No.8, 6Ab
I .11, 6Ab
X ? .11, 4Ab
o3 .11, 9Ab
1.5 .5,13Ab

.5, 4Ab
1 .8, 15Ab

.8, 4Ab

05 .8, 9Ab

.8, 6Ab
0 l l l .11, 6Ab
No. 11, 4Ab
0 5 10 15 20 No. 11, 9Ab

Figure 1.24 Ratio of test-to-calculated stress fu./fs ac1 versus fen for two widely-spaced headed
bars without confining reinforcement, where f; ac1 is based on ACI 318-14 (from Shao et al.
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Figure 1.25 Ratio of test-to-calculated stress fu./fs ac1 versus fen for two widely-spaced headed
bars with No. 3 hoops spaced at 3dp, where f; ac1 is based on ACI 318-14 (Shao et al. 2016)

In both figures, 1.24 and 1.25, the trend lines have negative slopes, showing the
overestimation of the effect of concrete compressive strength to the 0.5 power in the ACI equation.
Comparing Figures 1.24 and 1.25 shows that the test-to-calculated ratio fs./fsac1 values for ACI
318-14 were higher for specimens with confining reinforcement, indicating an improvement in
anchorage strength by providing confinement in the joint, a factor not accounted for in the ACI
318-14 provisions. The order of trend lines in both figures reveals that the 1914 Code became less
conservative as the bar size increased. With these observations, Shao et al. (2016) concluded that
the ACI 318-14 provisions need to be updated for headed bars to include a wider range of material
properties and to account for factors such as confining reinforcement.

By converting the descriptive equations, Eq. (1.5) and (1.6), for widely-spaced headed bars
(center-to-center spacing > 8dj) without confining reinforcement to an equation for development
length, /4, Shao et al. (2016) proposed a new design expression. The expression incorporates the
effects of close bar spacing (center-to-center spacing < 8dp), confining reinforcement, and bar

location within the member:

dt
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where /4 is the embedment length of headed bar (in.), f; is the bar yield stress (psi), ye is the

coating factor, . is the confinement and spacing factor, \, is the location factor, f'is the concrete

compressive strength, and d is the bar diameter (in.).

Equation (1.11) is applicable for steel yield strengths up to 120,000 psi and concrete
compressive strengths up to 16,000 psi. Equation (1.11) is similar to the proposed equation for
hooked bars (Eq. 1.8) in form, with the exceptions of not having the concrete density factor, A
(since headed bars are not currently permitted to be used in lightweight concrete), and in the values
of confinement and spacing factor, .. Like Eq. (1.8), the bar diameter d is raised to the 1.5 power

and the concrete compressive strength £ is raised to the 0.25 power. Table 1.4 gives the values

for the confinement and bar spacing factor, .

Table 1.4 Values for the confinement and bar spacing factor, y.s, as proposed by Shao et al.
(2016) for headed bars

N

2dp | > 8dp,

<60,000 | 0.6 | 04

AulAns > 0.3 120,000 | 0.7 | 0.45
None all 1.0| 0.5

Confinement level | f, (psi)

In Table 1.4, s is the center-to-center spacing of headed bars, A is the effective amount of
confining reinforcement in the joint region and is defined as the total cross-sectional area of all the
ties parallel to the headed bars within 8d, from the top of the headed bar for No. 8 bars and smaller
or within 10d, for No. 9 bars or larger, and A is the total cross-sectional area of the headed bars
being developed. The maximum limit of 0.3 on A;/4ss is based on the observation during
development of Eq. (1.6) that values of 4./n above 0.345 did not contribute to anchorage strength.

The bar location factor, yo, is 1.25 unless the bars are located within the column core (the
region inside column longitudinal reinforcement, as shown in Figure 1.26) with side cover > 2.5
in., or in a wall with side cover > 8dp, for either of which the factor is 1.0. The value of 1.25 was
chosen based on the observations by Shao et al. (2016) that, in general, headed bars located outside
the column core had an anchorage strength of about 80% of those within the column core. The

value of 1.25 for y, for headed bars matched the findings by Sperry et al. (2015b) for hooked bars.
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Figure 1.26 Bars located outside (left) or inside (right) of the column core

The expression for calculating the development length of headed bars proposed by Shao et
al. (2016) was modified in the ACI 318-19 Code, including retention of \/70’ to represent the

contributing of concrete compressive strength rather than incorporating the proposed and more

accurate f'*%

c

, as shown in Eq. (1.12).

f — f:‘z\l[e\llp\l’lo\‘]c d 1.5
dt 75\/76, b

where /4 is the embedment length of headed bar (in.), f, is the bar yield strength (psi), we is the

(1.12)

coating factor, y,, is the parallel tie reinforcement factor, ., is the location factor, . is the concrete
strength factor, A is the concrete density factor, f is the concrete compressive strength, and dj is
the bar diameter (in.). Compared to the ACI 318-14 equation (Eq. 1.10), the current equation has
changed significantly. The bar diameter is raised to the 1.5 power (same as for hooked bars), and
three new modification factors (yp, Wo, and y¢) are incorporated. The format of Eq. (1.12) is similar
to the expression for development of hooked bars (Eq. 1.9), and the values for modification factors

are also the same, as given in Table 1.5.
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Table 1.5 Modification factors for headed bars as given in Table 25.4.4.3 of ACI 318-19

Modification Factor Condition Value
L Au>0.34p or st > 6% 1.0
Parallel tie reinforcement, v, Other 16

(1) Terminating inside column
Locati core with side cover > 2.5 in., or 1.0
ocation, Yo (2) With side cover > 6d},
Other 1.25
£<6,000 psi 7£7/15,000 + 0.6

Concrete strength, y. /7> 6,000 psi To

[1] s is minimum center-to-center spacing of hooked bars

[2] db is nominal bar diameter

In Table 1.5, 4« is the total cross-sectional area of ties or stirrups parallel to headed bars
within 8d, from the centerline of the headed bars and spaced no greater than 8dj, as shown in

Figure 1.27, and Ay is the total cross-sectional area of headed bars being developed.

8d,

Developed >
compressive
strut

Direction
of strut

A

\—Parallel tie
reinforcement
within 8dj, of
the horizontal

- headed bar

Figure 1.27 Parallel tie reinforcement that contribute to anchorage strength of headed bars as
defined in ACI 318-19 (ACI 318-19)

Although the values for confining reinforcement factors for hooked and headed bars (y-

and y,, respectively) are the same, the amount of confining reinforcement considered by the Code

that contributes to anchorage strength are different. For hooked bars, it should be a minimum of
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0.4A45s within 15d}, of the centerline of the bars (Figure 1.23), whereas for headed bars it is 0.3 45
within 8d, (Figure 1.27). The other difference between the hooked and headed bar equations is the
constant multiplier; for hooked bars, it is 1/55=0.018, whereas for headed bars it is 1/75=0.013.
This indicates that, if all other parameters are equal, headed bars require a shorter development
length than hooked bars. The last difference is that, unlike hooked bars, the equation for headed
bars does not have a concrete density factor, A, to account for using lightweight concrete since only
the use of normalweight concrete is permitted.

In addition to incorporating the three modification factors discussed above, ACI 318-19
has a few other improvements compared to the ACI 318-14 design provisions for headed bars. The
upper limit of 60,000 psi on the bar yield strength is removed (ACI 318-19 currently allows up to

100,000 psi in general). The minimum required clear spacing between the bars has been reduced

from 4dp to 2dp. Similar to hooked bars, ACI 318-19 stayed with \/76’ rather than incorporating

the more accurate f'**

c

as proposed by Shao et al. (2016), but includes the . factor to account

for the effect of f'°* for f’ < 6,000 psi to prevent excessively long development lengths for

lower compressive strengths, as discussed before. The minimum net bearing area of the head Ap,
is 44p, unchanged from ACI 318-14.

Despite the improvements, the headed bar development length provisions in ACI 318-19
have limitations. The maximum bar size allowed is No. 11 due to a lack of experimental data for
larger bars (No. 14 and No. 18), a restriction that is one of the main motivations of the current
study. The effect of confining reinforcement and bar spacing, simplified to a binary choice of 1.0
or 1.6 (similar to hooked bars), prevents designers from using values other than 1.6 (that is, shorter
development lengths) in cases where the center-to-center bar spacing (s) is less than 6d, and area
of parallel ties (4) is less than 0.34,,. Also, although the concrete compressive strength factor e,
is conservative for concrete compressive strengths below 6,000 psi, as will be shown in Chapter
6, it becomes progressively unconservative as the concrete strength increases from 6,000 to 10,000
psi and makes the development length equations for both hooked and headed bars slightly more

complex. If the more accurate f**

c

could be used, a more uniform margin of safety would be

provided for concrete strengths up to 16,000 psi and there would be no need for a concrete strength

modification factor.
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1.4 OBJECTIVE AND SCOPE

A comprehensive study has been underway at the University of Kansas since 2012 to
investigate the anchorage and development of hooked and headed bars. To date, the study has
included up to No. 11 and smaller bars anchored in members with a wide range of material and
member properties, including high-strength reinforcing steel and concrete in beam-column joints,
lap splices, bars with shallow embedments, and CCT node specimens (Searle et al. 2014, Sperry
et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018, Shao et al.
2016, Ghimire et al. 2018, 2019a, 2019b). Descriptive equations to calculate the anchorage
strength and design provisions for the development length, have been developed that apply to
hooked and headed bars with yield strengths up to 120,000 psi and concrete compressive strengths
up to 16,000 psi. The findings served as basis the for the current design provisions, in ACI 318-
19, for the development of hooked and headed bars. There are, however, a number of limitations
in the Code provisions. For hooked bars, the provisions in ACI 318-19 give no credit to the
contribution of confining reinforcement for hooked bars larger than No. 11. For headed bars, bars

larger than No. 11 are not permitted. These limits are mainly due to a lack of experimental data on

No. 14 and No. 18 bars. For both hooked and headed bars, \/Z' does not provide an accurate

representation of the contribution of concrete compressive strength to the anchorage strength.

The objective of this research is to continue the comprehensive study of the anchorage
strength and development of headed reinforcing bars and to expand the available data to include
the largest sizes currently permitted in the ACI Building Code, No. 14 and No. 18. The study also
includes a limited number of specimens with No. 14 and No. 18 hooked bars to investigate the
differences in performance between large hooked and headed bars in external beam-column joints.
Test results are compared with anchorage strengths calculated using the descriptive equations
developed based on No. 11 and smaller bars and those based on the development length and
anchorage provisions in ACI 318-19. The findings are used as a basis for design criteria applicable
to No. 14 and No. 18 bars, with the goal of addressing the current Code limitations on both hooked
and headed bars.

Forty-two large-scale beam-column joint specimens containing No. 11, No. 14 and No. 18
headed and hooked bars are tested. Of the 42 specimens, 30 contain headed bars and 12 contain

hooked bars. The effects of bar size, bar spacing, embedment length, confining transverse
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reinforcement in the joint region, side cover, and concrete compressive strength on anchorage
strength are investigated.

The 30 specimens containing headed bars include 2 with No. 11, 20 with No. 14, and 8
with No. 18 bars. Of the 20 specimens with No. 14 bars, 13 have two widely-spaced bars (center-
to-center spacing > 8dp), one has two closely-spaced bars (center-to-center spacing < 8dp), and six
have three closely-spaced bars. Of the eight specimens with No. 18 headed bars, four have two
widely-spaced bars, two have two closely-spaced bars, and two have three closely-spaced bars.
Concrete compressive strength ranges from 5,310 to 16,210 psi. Bar stresses at failure range from
54,900 to 148,300 psi. The center-to-center bar spacing range from 2.7d to 10.6d),. Headed bars
from different manufacturers are used with net bearing areas of 4.24, to 4.44,. The majority of
specimens contain ties within the joint, with the total area of tie legs within 10d, from the top of
headed bars ranging from 0.178A4, to 0.827 A4, where Ay is the total area of the headed bars being
developed. Most specimens have a side cover to the bar of 3.5 in. One No. 14 specimen and four
No. 18 specimens have a side cover of 6.5 in.

Of the 12 specimens containing hooked bars, eight contain No. 14 and four contain No. 18
bars. The No. 14 bar specimens include six with two widely-spaced bars and two with three
closely-spaced bars. All No. 18 bar specimens have two widely-spaced bars. Bar spacing ranges
from 3.5d, to 10.6d,. Specimens have concrete compressive strengths ranging from 6,390 to
15,770 psi, and bar stresses at failure range from 87,300 to 130,600 psi. Four No. 14 bar specimens
have no confining reinforcement in the joint region. The remaining hooked bar specimens have
ties in the joint region ranging from 0.178A4x to 0.46545,. All specimens have a side cover to the

bar of 3.5 in.
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CHAPTER 2: EXPERIMENTAL WORK
This chapter describes the details of the experimental work in this study, including the
properties of the reinforcing steel (headed and hooked bars, column longitudinal reinforcement
and ties) and concrete, specimen design and fabrication, testing apparatus (reaction frame, bearing
plates, and load cells), and testing procedure. The testing program is summarized at the end of the

chapter.
2.1 MATERIAL PROPERTIES
2.1.1 Hooked and Headed Bars

The hooked and headed bars used in this study were fabricated from No. 11, No. 14, and
No. 18 high-strength ASTM A1035 steel. The hooked bars consisted of No. 14 and No. 18 bars
with 90° standard hooks, as specified in Table 25.3.1 of the ACI 318-19 (Table 1.1). No. 11, No.
14, and No. 18 headed bars were supplied by three manufacturers. The heads were cold-swaged,

taper-threaded, and cold-swaged with a threaded coupling sleeve, as shown in Figure 2.1.

Cold-Swaged Threaded Coupling Sleeve

Cold-Swaged Taper-Threaded

|

Figure 2.1 Different types of headed bars used in the study
Table 2.1 shows the dimensions of the heads used in this study. Each head has a designation

consisting of a letter and a number, representing the head type and the net bearing area,
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respectively. The obstruction on the No. 18 headed bar with coupling sleeve (Figure 2.1) was
tapered to a smaller diameter adjacent to the head, and this diameter was used when calculating

the net bearing area in accordance with ASTM A970-17.

Table 2.1 Dimensions of the headed bars

. . Bar di t d> 2 1
Head Type Designation Size (n) | (n) | Gn) | Gn) Abrg
(3
— ’
¢ W B4.2 No. 14 | 4.125 | 45 - - | 424
Cold-Swaged
t L4.2 No. 14 | 3.875 | 2.5 - - 4.245
d = = H4.4 No. 18 | 5.25 | 6.25 - - 4.44p
ty 2
™ — —-" 04.5 No. 11 | 3.75 | 2.125 | 2.25 | 6.75 | 4.54,
dr | | il
Cold-Swaged Threaded 04.3 No. 18 6 375 | 375 | 10 | 4.34,
Coupling Sleeve

! Net bearing area
2 Nominal area of the bar

2.1.2 Reinforcing Steel Properties

The hooked and headed bars were made of ASTM A1035 Gr. 120 reinforcing steel to
ensure that the bars did not fracture prior to bond failure. In all specimens with No. 14 bars, Gr.
60 No. 11 reinforcing bars were used as column longitudinal reinforcement. Due to higher flexural
demand in specimens with No. 18 bars, ASTM A615 Gr. 80 or A1035 No. 11 bars were used. For
column shear reinforcement outside the joint region, ASTM A615 Gr. 60 No. 4 bars were used in
all specimens. For confining reinforcement in the joint region, parallel ties made of ASTM A615
Gr. 60 No. 4 or No. 5 bars were used. Table 2.2 provides the physical properties of hooked and
headed bars.
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Table 2.2 Physical properties of reinforcing steel

) . Average | Averagerib | Average
Bar Nommal Yield rib height (in.) gap Relative
Size | diameter, Type strength spacing | Al B? width | rib area?
dp (in.) (ksi) . : : )
. . (in.) (in.) | (in.) (in.)
4 0.5 Ties 72.7 — - — — —
50 | 0.625 Ties 66.7° - - - - -
11° 1.41 Long. reinf. 79.6° — — — — —
116 1.41 Long. reinf. 80.4* — — — — —
11° 1.41 Long. reinf. 120° — — — — —
11 1.41 Head, 04.5 135° 0.838 [0.097 | 0.092 | 0.394 0.099
Hook 127° 1.006 | 0.079 | 0.070 | 0.279 0.062
14 1.693 Head, B4.2 127° 1.006 | 0.079 | 0.070 | 0.279 0.062
Head, L4.2 127° 1.006 |0.079 | 0.070 | 0.279 0.062
Hook 131° 1.449 [0.121 | 0.117 | 0.312 0.074
18 5957 Head, H4.4 136° 1.502 ]10.144 | 0.130 | 0.316 0.078
' Head, L4.4 131° 1.449 [0.121 | 0.117 | 0.312 0.074
Head, 04.3 131° 1.449 10.121 | 0.117 | 0.312 0.074

I Per ASTM A615, A1035
2 Per ACI 408R- 3

3 ASTM A615 Gr. 60
* ASTM A615 Gr. 80
> ASTM A1035 Gr. 120

6 Rib area data not obtained

2.1.3 Concrete Properties

The specimens were cast with non-air-entrained ready-mix concrete with the mixture

proportions given in Table 2.3. Different high-range polycarboxylate-based water reducers were

used in the normal- and high-strength mixtures. The specific gravity (SG) for cementitious

materials and the bulk saturated surface dry specific gravity BSG (SSD) for fine and coarse

aggregates are also given in Table 2.3. The nominal maximum aggregate size was % in. for all

mixtures.
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Table 2.3 Concrete mixture proportions

Quantity (SSD) SG or
Material 5,000 psi | 12,000 psi | 15,000 psi | 16,000 psi | B0
wie = 0.44] wic = 0.26 |wiem = 021 wiem = 0.21] SSP)
Type I/Il Cement, Ib/yd? 600 880 800 498 32
Type C Fly Ash, Ib/yd® 3 : 200 : 23
Slag Cement, 1b/yd? - - - 373 2.9
Silica Fume Ib/yd? - - - 25 2.2
Water, 1b/yd® 263 228 210 188 1.0
Kansas River Sand, 1b/yd’ 1396 1517 1430 1214 2.63
Crushed Limestone, Ib/yd? 1735 - - - 2.59
Granite, lb/yd’ - 1517 1430 1792 2.61
High-range Water Reducer | | ) | 3
(superplasticizer), oz (US) 40 44 147 44+ 218 )
Viscosity Modifier (VMAR), oz (US) - - 20 54 -
Set Retarder*, oz (US) 12 - - 27 -
' ADVA® 140M
2 ADVA® Cast 575
3 ADVA® Cast 600
*DARATARD ®

2.2 TEST SPECIMENS
2.2.1 Specimen Design

The specimens represent exterior beam-column joints without casting the beam, similar to
those used in previous studies beginning with the work of Marques and Jirsa (1975) and the studies
at the University of Kansas by Searle et al. (2014), Sperry at al. (2015a, 2015b), Ajaam et al.
(2017), Yasso et al. (2017), Shao et al. (2016). The top longitudinal reinforcement of the simulated
beam is represented by the headed or hooked bars embedded in the column, and the compression
region of the virtual beam is simulated by the bearing member below the test bars. Figures 2.2 and
2.3 show a schematic of the specimens with hooked and headed bars, respectively. As shown in
the figures, a tensile force (7)) was applied to hooked and headed bars during the test, and a
compressive force (C) was applied through the bearing member below the test bars. The tensile
and compressive forces, 7 and C, represent the forces at the face of the column due to the
application of a negative bending moment by the beam.

The embedment length (., in Figures 2.2 and 2.3) was calculated based using the
descriptive equations for hooked and headed bars, Eq. (1.1) and (1.2), and (1.3) and (1.4),

respectively, to achieve a target bar stress so that the anchorage failure would occur prior to
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fracture of the test bars. For hooked bars, the embedment length is the distance from the back of
the hook to the front face of the column. For headed bars, the embedment length is defined as the
distance from the bearing face of the head to the front face of the column. Because the bars were
placed to provide the maximum embedment length, the depth of the column, 4, equaled the sum
of embedment length, head thickness, and cover to back of the head (3.5 in.) for headed bars, and
the sum of embedment length and cover to the back of the hook (2 in.) for hooked bars. The column
width, b, equaled the sum of out-to-out spacing of test bars and two times the side cover to the bar

(3.5 in. for the majority of specimens).

Back face\
/Front face
ooked bar
T _t h o
/ T
Joint region\
b
Ve ¢ |
Eeh
earing
member
—>_

Figure 2.2 Schematic of the specimens with hooked bars, side view (left) and top view (right)
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earing
member

Figure 2.3 Schematic of the specimens with headed bars, side view (left) and top view (right)

The specimen simulated an exterior beam-column joint in a building located halfway
between two inflection points. In most cases, load was applied so that the column moment demands
above and below the joint were equal and the shear force within the joint region was 80% of the
force applied to the hooked or headed bars. In other cases, the joint shear was reduced to about
69% of the force applied to the hooked or bars. Loading conditions are described in detail in
Section 2.3.1. The specimens had the proportions shown in Figure 2.4. The dimension X« was
28.6 and 38.2 in. for specimens with No. 14 and No. 18 bars, respectively. The total height of the

column, %9, was 14 ft and 18 ft for specimens with No. 14 and No. 18 bars, respectively.
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Figure 2.4 Dimensional proportions of the specimens; For specimens with No. 14 bar,
Xmia=28.56 in. and 9= 14 ft, and for specimens with No. 18 bar, x,.s= 38.15 in. and /9 = 18 ft

The quantity of confining reinforcement in the form of ties parallel to the hooked or
headed bars within the joint region (number, configuration, and spacing of ties) was one of the test
parameters, as described in Section 2.2.2. Outside of the joint region, longitudinal and transverse
reinforcement was designed to resist the flexural and shear demands on the column without
yielding!. The design was based on the assumption that all test bars reached the expected
anchorage failure stress simultaneously. No axial force was applied because it has been shown to

have a negligible effect on anchorage strength (Marquez and Jirsa, 1975, Sperry et al. 2015b).

! The contribution of concrete to shear, v., was taken as 2p4./ f
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2.2.2 Test Parameters

As discussed in Chapter 1, this study investigates the effects on anchorage strength of
headed and hooked bars of bar size, number and spacing of bars, concrete compressive strength,
embedment length, confining reinforcement within the joint region, and side cover to the bars, as
follows:

Bar Size: No. 14 and No. 18 hooked bars; No. 11, No. 14 and No. 18 headed bars.

Number and spacing of bars: The majority of the specimens (32 out of 42) had two hooked or
headed bars, and the remaining specimens contained three bars. Of the 32 specimens with two test
bars, 29 specimens had widely-spaced bars (ranging from 8.0 to 10.6d, on-center) and 3 specimens
had closely-spaced bars (5.3dp to 7.1d, on-center). All 10 specimens containing three bars had
closely-spaced bars, with center-to-center spacing ranging from 2.7 to 3.5d, on-center. Specimens
with two widely-spaced bars had a center-to-center bar spacing of 18 in. Specimens with two
closely-spaced bars had bars spaced at 12 in. on-center. Center-to-center spacing of bars in
specimens with three closely-spaced bars was 6 in.

Concrete compressive strength: The concrete mix designs used (Table 2.3) had target
compressive strengths of 5,000, 12,000, 15,000, and 16,000 psi. The measured concrete
compressive strength (fc») ranged from 5,310 to 16,210 psi for the headed bar specimens and from
6,390 to 15,770 psi for the hooked bar specimens.

Embedment length: Nominal embedment lengths of 26.6 and 35.8 in. were used for the No. 14
hooked bars and 27.8 and 37.8 in. for the No. 18 hooked bars. A nominal embedment length of
18.5 in. was used for the No. 11 headed bars and ranged from 20.5 to 31.9 in. for the No. 14 headed
bars and from 27.8 to 31.1 in. for the No. 18 headed bars.

Confining reinforcement within the joint region: The majority of specimens had confining
reinforcement within the joint region in the form of No. 4 or No. 5 ties parallel to the hooked or
headed bars. For the No. 14 hooked bar specimens, the ratio of confining reinforcement (total area
of tie legs within 9.5d, from the centerline of test bars, as shown in Figure 1.18) to the total cross-
sectional area of the bars being developed, Au/Axs, ranged from 0 to 0.28. For the No. 18 hooked
bar specimens, Ax/Ans ranged from 0.23 and 0.47. For the No. 14 headed bar specimens, A:/Ans
ranged from 0 to 0.83. For the No. 18 headed bar specimens, ranged from 0.23 to 0.54. Most of
the No. 4 or No. 5 ties had two legs. Three specimens had double overlapping No. 5 ties (four legs,

two internal legs and two external legs), as shown in Figure 2.5, to investigate the effect of having
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middle legs within the joint. Three specimens had double No. 5 ties, which consisted of two single

ties placed adjacent to each other (four external legs).

Q o)

Figure 2.5 Double overlapping tie configuration
Side cover to the bars: Most specimens had side cover to the hooked or headed bars of 3.5 in.

One No. 14 and four No. 18 headed bar specimens had a side cover of 6.5 in.
2.2.3 Specimen Designation

Each specimen has a designation denoting the design variables and parameters. For
example, the designation shown in Figure 2.6 indicates a specimen containing two No. 14 headed
bars with B4.9 heads (refer to Table 2.1) spaced at 10.6d, on-center, cast in concrete with a nominal
strength of 15 ksi concrete, and having a total of five No. 4 ties within the joint region. The headed
bars were placed inside the column core, with a nominal side cover to the bar (cs) and back cover
to the head (cpe) of 3.5 in., and a nominal embedment length (/.;) of 20.6 in. The confining
reinforcement designation is removed from specimens without ties within the joint region. For the

hooked bar specimens, the head type designation is removed, and the back cover is the cover to

the back of the hook.
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7. Inside
1. Number of 3. Bar 5. Head Colurnn 9. Back

Bars Size Type Core Cover

5 LT TL

(2@10.6)14-15-B4.9-5#4-1-3.5-3.5-20.6

2. Center-to-Center Concrete 6. Confining 8. Side  10. Embedment
Bar Spacing Strength Reinforcement ~ Cover Length

Figure 2.6 Example specimen designation
The cross-sectional dimensions of a typical headed bar specimen with variable callouts are

shown in Figure 2.7.

Cso
D @
b ] Ceh
L Cso
L L
CbCJL/, (e h

Figure 2.7 Cross-sectional dimensions and variable callouts of specimens

2.2.4 Specimen Fabrication

The formwork for the columns was fabricated using 2 x 4 dimension lumber and ¥s-in.
plywood. The lower half of the formwork was braced with clamps consisting of 2 X 6 dimension
lumber and all-thread rods to provide resistance against the lateral hydrostatic pressure of the fresh
concrete during concrete placement. Reinforcement cages (steel cages) were built according to the
specimen design, with No. 4 or No. 5 ties bent to the specified dimensions and tied to the No. 11
longitudinal reinforcing bars at the designated spacing. The clear cover to the No. 11 longitudinal
bars was 2 in. in all specimens, maintained using 2-in. steel chairs that were tied to the

reinforcement cages to maintain the side and back cover during casting. After the steel cages were
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placed in the formwork, the headed or hooked bars were tied into the steel cage at the desired
spacing and height in the column. The No. 14 bar specimens, with a height of 14 ft, were cast
vertically, and large sawhorses were built and placed under the test bars to hold them level. The
No. 18 bar specimens, with a height of 18 ft, were cast horizontally to ease concrete placement,
and a wooden frame was built and bolted/screwed to the form to hold the test bars level vertically.
Continuous bracing consisting of 2 x 6 lumber and all-thread rods was used to resist the lateral
pressure of fresh concrete.

The vertical formwork for No. 14 bar specimens and the large sawhorses to hold the test
bars is shown in Figure 2.8. The formwork bracing system used for No. 14 bar specimens is shown
in Figure 2.9. The horizontal formwork for No. 18 bar specimens is shown in Figure 2.10. A typical
reinforcement cage with steel chairs tied to the cage is shown in Figure 2.11. Cages with No. 14
headed and hooked bars tied to the vertical steel cage are shown in Figure 2.12. No. 18 headed and

hooked bars tied to the horizontal steel cage are shown in Figure 2.13.

F igur 2.8 Vertical formwork for No. 14 bar specimens and sawhorses to hold the bars
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Figu 2.10 Horizontal formwork for No. 18 bar specimens
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Figure 2.13 No. 18 hooked (left) and h

eaded (right) bars tied to steel cages

2.2.5 Specimen Instrumentation

In all specimens, strain gauges were installed on the first two ties above the joint region,
some ties within the joint region, column longitudinal bars, and the headed or hooked bars to
monitor the change in strain during the test. As shown in Figure 2.14, the strain gauges were
attached to one headed or hooked bar and on the ties on one side of the specimen. In specimens
with three test bars, strain gauges were attached to the middle bar in addition to one side bar. Two
strain gauges were installed on the test bars. On headed bars, one gauge was placed 1.5 in. from
the bearing face of the head (labeled T1) and the second gauge 1 in. from the column front face
(labeled T2). On the hooked bars, one gauge was mounted just before the bend in the tail of the
bar (labeled T1), and the second gauge 1 in. from the front face of the column (labeled T2). In all
specimens, strain gauges were mounted on the first two ties above the joint region (labeled S1 and
S2, with S2 being the closest to the test bar), and on the ties within the joint region, starting with
S3. On the longitudinal column bars, one gauge was mounted on a corner bar (labeled L1) and the
other gauge on an adjacent bar (labeled L2). Gauges L1 and L2 were installed at the location of
headed or hooked bars along the length of the column bars.
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Figure 2.14 Side view (left and middle) and top view (right) of strain gauge locations

2.3 TESTING APPARATUS
2.3.1 Loading Conditions

The specimens were tested in the horizontal position. The forces applied to the specimens
by the reaction frame (described in Section 2.3.2) during the test are shown in Figure 2.15. The
upward force 7 was applied to the test bars using hydraulic jacks. The two downward compressive
forces, C; and C>, were applied through bearing plates by bearing members of the reaction frame,
and the upward compressive force C; was applied through a “lower tension member,” which
consisted of two instrumented threaded rods — in some cases the force using a hydraulic jack and

in some cases the force was due to the reaction induced in the rods, as explained next.
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Figure 2.15 Forces applied to specimens by the reaction frame during the test

Two loading conditions were considered by testing the specimens with or without a
hydraulic jack applying a load to the lower tension member:
Loading Condition A — Midheight between inflection points: In this loading condition, the
specimen was tested with a hydraulic jack applying a load to the lower tension member equal to
one-fifth the load applied to the hooked or headed bars, resulting in equal column moments above
and below the joint and a shear force within the joint region was 80% of the force applied to the
test bars. This loading condition simulates the forces in an exterior beam-column joint with the
beam located at the midheight of the column between inflection points.
Loading Condition B — Anchorage only: In this loading condition, the specimen was tested
without using a hydraulic jack to apply load to the lower tension member. In this case, the only
load applied via the lower tension member, which was always in place and tightened, was due to
the strain induced in the member due to deflection of the column as load was applied to the hooked
or headed bars. Previous tests on No. 5, No. 8, and No. 11 hooked and headed bar specimens were
based on this configuration (refer to Figures 1.5 and 1.14). Without the hydraulic jack applying
load to the lower tension member, the force C3 was approximately 0.047 (based on strain gage
measurements), and the joint shear was reduced to about 69% of the force applied to the hooked

or bars.
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Table 2.4 summarizes the values of forces applied to the specimen for the two loading

conditions. All 12 hooked bar specimens were tested under loading condition A. Of the 20

specimens containing No. 14 headed bars, nine were tested under loading condition A and 11 under

loading condition B. Of the eight specimens with No. 18 headed bars, six were tested under loading

condition A, and two under loading condition B.

2.3.2

Table 2.4 Values of forces applied to the specimens under the two loading conditions

Force Loading Condition A Loading Condition B!
CiP 0.2T ~0.31T
C)B) i ~0.73T
Cst 0.2T ~0.04T
VP 0.8T7 ~0.69T

1
2
3

(1l Midheight between inflection points, test with the lower tension member
[

[

(4

[

[

Anchorage only, test without hydraulic jack applying a load to lower tension member
Downward compressive forces applied by the bearing members

]
1
]
1 Upward compressive force applied by the lower tension member
5]
]

6

Shear force in the joint region
Total force applied to the hooked or headed bars

Reaction Frame

The loading frame is a larger version of the system used by Shao et al. (2016) (Figure 1.14).

The loading frame can apply loads up to 1620 kips and allows for a single row of two or three bars,

as well as two rows of two or three bars, to be tested simultaneously. The frame can be modified

to test specimens with No. 11, No. 14, or No. 18 bars. Side and end-elevation views of the reaction

frame for No. 14 bar test setup are shown in Figure 2.16 and 2.17, respectively. The components

of the test frame are described next.
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Figure 2.16 Side elevation of the reaction frame for the No. 14 bar setup
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Figure 2.17 End-elevation of the reaction frame for the No. 14 bar setup
For the test, the specimens were placed horizontally on two 3 x 3 x 5 ft concrete blocks
with the hooked or headed bars oriented upward, as shown in Figure 2.18. The concrete blocks
were cast with the 15,000-psi concrete and were placed so as to avoid applying any load near the

tail of the hook. 6 x 1 x 36-in. steel plates were placed on the concrete blocks and leveled using

hydrostone to provide a level surface to support the specimens.
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Flgure 2.18 The reactlon frame (No 14 bar setup) and applied forces

The two downward compressive forces, Ci1 and C>, shown in Figure 2.18, were applied by
two W24 x 279 bearing members as the load 7 was applied to the hooked or headed bars anchored
in the column. The distances between the downward compressive forces and the hooked/headed
bars are shown in Figure 2.4.

The upward compressive force C3 shown in Figure 2.18 was applied through the lower
tension member, using two 150-ton jacks when active (loading condition A, as described in Section
2.3.1). The 150-ton jacks were bolted to the top of each W30 x 326 column. As shown in Figure
2.16, the lower tension member consisted of two sets of two MC18 x 42.7 channels, the two 150-
ton hydraulic jacks, and the two No. 14 threaded bar. As shown in Figures 2.16 and 2.18, one set
of channels was placed on top of the two 150-ton jacks (across the jacks), and the other set of
channels was placed in contact with the back face of the specimens. The No. 14 threaded rods
connected the two sets of channels. Strain gauges were installed on these rods to track the force in

the lower tension member during the test.

64



The force on the test bars, 7, was applied by two 740-ton hydraulic jacks using an electric
hydraulic pump. As shown in Figure 2.16, the jacks were bolted to horizontal W30x326
“columns,” and a built-up section was placed across the jacks, as shown in Figure 2.17. The W30
x 326 columns were bolted to the top of the bearing members, which have a center-to-center
spacing of 60 in. that allows for all possible spacings of test bars. The built-up section consists of
I and 2.5 in. steel plates welded together, and has rectangular openings spaced at 6 in. on-center
for the test bars to pass through. The 6 in. spacing between the openings allows for testing
specimens with two or three test bars spaced at 6, 12, or 18 in. on-center. As shown in Figure 2.16,
two triangular-shaped bracing members were bolted on top of W30 x 326 columns to act as guides

for positioning the built-up section prior to testing. The built-up section is shown in Figure 2.19.

S

A 42.0"
“ 6.0" 6.0" 6.0" 6.0" 6.0" 6.0" 6.0"
T _
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|

A
Flange PL.
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. f
Section A-A

Figure 2.19 Plan view and cross-section of the built-up section
As shown in Figure 2.20 for No. 14 bars, the test bars passed through cylindrical load cells
used to measure the applied force on each. A 1-in. thick washer plate was placed under each load
cell to transfer the forces to the built-up section. The test bars were gripped at the top using

mechanical reinforcing bar couplers. A 2.5-in. thick plate was placed between the couplers and the
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load cells. As shown in Figures 2.16 and 2.18, the reaction frame was anchored to the strong floor
at all four corners using test frame anchors consisting of C-channels and No. 14 threaded bars. The

test frame anchors did not apply any force to the specimen during the test.

.'A.l‘-i-‘;;- 2 :_,‘T‘

in. Wher‘

§Built-up Section \

Figure 2.20 Load cells, washer plates, and couplers for No. 14 bar test setup

The test setup shown in Figures 2.16 and 2.18 was used in all No. 14 bar specimens and
closely-spaced No. 18 bar specimens. For the widely-spaced No. 18 bar specimens (four specimens
with headed bars and four with hooked bars), an alternative configuration was used in which
hollow 434-ton jacks were used instead of the 740-ton jacks to apply the force directly to the bars.
The alternative test setup is shown in Figure 2.21. In this case as shown in the figure, the built-up
section was placed directly on top and across the two W30 x 326 columns. No guides were used
for the built-up section in this setup. New 1-in. thick washer plates were placed below and above

the hollow jacks to transfer the forces to the built-up section and load cells, respectively. The
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dimensions of the new washer plates were chosen to cover the entire area of the bottom of the
jacks and the jack pistons at the top. The load cells and couplers in the original test setup were
used. The alternative setup, shown in Figure 2.21, was used to test the two No. 11 headed bar

specimens in which 150-ton jacks were used in place of the 434-ton jacks and collars with wedges

were used instead of couplers as the gripping system.

|

\
wuif

9800900000
(EEXEXEERNEXY
*900en000 e

eooco00ensoe e

J

: 2.5in. Washer Plate ’
] r Al

!;_-,

o9 POOS
| esesevsovese

1L

Figure 2.21 Alternative test setup used in Wldely-spaced No. 18 bar spe01mens

2.3.3 Bearing Plates

To represent the compression region a beam at the face of a column with depth of the
neutral axis ¢, 1-in. thick by 48-in. long steel plates were placed between the specimen and each

of the two W24 x 279 bearing members, as shown in Figure 2.16. Plates with 6, 9, and 12 in.
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widths were used when the calculated neutral axis depth was c <6 in., 6 in. <¢<9in.,and 9 in. <
¢ <12 in., respectively. Based on the dimensional proportions for No. 14 or No. 18 bar setup, the
locations of the bearing plates on the front face of the specimen were marked. The plates were then
placed at those locations. Hydrostone was used between the plates and concrete surface to ensure

plates are set in place level in both directions. The reaction frame is placed on the bearing plates.
2.3.4 Bar Displacement Measurement

The displacement of each test bar relative to the front face of the column was measured
using linear variable differential transformers (LVDTs). The LVDTs, shown in Figure 2.22, were
attached to 2 % 4 lumber. The lumber was then clamped to a stiffener on the lower bearing member
between its flanges. A */s-in. solid square steel rod with a /s-in. thick plate bolted to one end and
a steel tube welded to the other end was used. The LVDTs were in contact with the flat plate during

the test. Two ¥%-in. nuts were welded to the tube so that the tube could be secured on the test bar

by tightening the bolts against the bars. The LVDTs were connected to a data acquisition system
(DAQ) during the test.

» Figure 2.22 Setup fér using the LVDTs
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2.3.5 Load Cells

Five load cells were built and calibrated to measure the applied force on the test bars during
the test. The same load cells were used for both No. 14 and No. 18 bars. The nominal capacity of
load cells was 600 kips. The load cells consisted of a steel pipe with two 2.5-in. thick steel plates
on top and bottom of the pipe, as shown in Figure 2.23. The pipe was connected to the plates using
a spring and eye bolt at the corner of each plate. The 2.5-in. thick plates were dimensioned so that
test bars could be spaced at 6 in. on-center without interfering with each other. Four 350-ohm
strain gauges were installed on the pipe at midheight in a full bridge, with two gauges orienting
parallel and two gauges perpendicular to the loading direction. The gauges were alternated at 90°

intervals around the pipe.

Figure 2.23 Load cell for No. 14 and No. 18 bars
2.3.6 Testing Procedure

A more detailed, step-by-step procedure for placement of specimens and the reaction frame
for testing is provided in the report by Blessent et al. (2020). In summary, the concrete blocks were

placed in position with respect to holes in the strong floor. The location of the blocks depended on
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the bar size, since they would be placed below the bearing members, as shown in Figures 2.16 and
2.18 (the location of bearing members was a function of bar size, Figure 2.4). The location of
bearing plates and contact points with the concrete blocks were marked on the specimen, which
was then lifted and placed on the blocks. Hydrostone was used between the specimen and the steel
plates on the blocks. The bearing plates were then seated and leveled on the specimen using
hydrostone. The reaction frame assembly, consisting of the two bearing members, two columns,
guides, hydraulic jacks, lower tension member (excluding the bottom set of channels), and four
corner anchors, was lifted and placed on top of the specimen, so the bearing members were
centered and aligned on the bearing plates. After placement, the reaction frame was secured in
place by tightening the corner anchor rods to the strong floor using a washer and nut above and
below the strong floor. The nuts attaching the anchors to the reaction frame were then loosened
slightly to avoid applying load to the specimen through them.

The LVDT bearing plate attachments were then placed on each test bar. The built-up
section was then lifted and placed across the 740-ton jacks, with the test bars passing through the
designated openings. The 1-in. washer plates, load cells, 2.5-in. washer plates, and the couplers
were placed on each test bar. The screws on the couplers were then tightened using an impact
wrench in accordance with the manufacturer guidelines. For the No. 18 bars, final tightening was
performed using a torque meter to ensure that every screw had reached the target torque. The
bottom set of channels of the lower tension member (Bottom Lower Tension Member Channels in
Figure 2.16) was lifted using a forklift so that the No. 14 threaded bars passed through the
designated holes on the channels. Before the bottom tension member was placed on the back face
of the specimen, hydrostone was used between the concrete and steel surface to ensure a level
contact area. A nut was then screwed onto each of the No. 14 threaded bars to lock the bottom
tension member in place. Hydraulic lines were connected to all four jacks. The lines were labeled,
and same lines were used for each jack throughout all tests for consistency and ease of a possible
troubleshooting. The assemblies with the LVDTs were clamped in place, as described earlier. The
strain gauges, load cells, and LVDTs were connected to the DAQ.

Initially, a trial load equal to 5% of the calculated failure load was applied to check if the
system and the apparatus were functioning properly. Once verified, the specimen was loaded in
increments, also equal to 5% of the calculated failure load. Cracks were marked and labeled at

loads equal to 20, 40, 50, 60, and 70% of the calculated failure load. After marking the cracks at
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70% of the estimated failure load, the specimen was covered with a tarp as a safety measure, and
then loaded to failure. Photographs were taken each time after the cracks were marked, and after

the failure.
2.3.7 Summary of Test Program

Forty-two simulated beam-column joint specimens with No. 11, No. 14 and No. 18 bars
were tested, 12 with hooked bars and 30 with headed bars. For the hooked bars, concrete
compressive strengths ranged from 6,390 to 15,770 psi and bar stress at failure ranged from 87,300
to 130,600 psi. For the headed bars, concrete compressive strengths ranged from 5,310 to 16,210
psi. and bar stresses at failure ranged from 54,900 to 148,300 psi. Table 2.5 presents the test
program and the main test parameters. Table 2.6 gives a summary of the test program and number

of specimens tested with each bar.

Table 2.5 Test program and the main parameters for No. 11, No. 14, and No. 18 bar specimens

Bar !
DM size n f;h caildy | Bar spacing!?! l{;i f:lh j:;//j';: f;l” L.C.
11-1 No. 11 14.1 | 10.0 Wide 18.5 0 3.5
11-2 No. 11 14.1 | 10.0 Wide 18.5| 0.282 | 3.5
14-2 No. 14 18 10.6 Wide 20.5| 0.267 | 3.5
14-3 No. 14 18 10.6 Wide 31.9 0 3.5
14-4 No. 14 18 10.6 Wide 31.9 | 0.267 | 3.5
14-15 No. 14 18 10.6 Wide 22.7 0 3.5
14-16 No. 14 18 10.6 Wide 2271 0.178 | 3.5

14-16AP! | No. 14
14-1A No. 14
14-2A No. 14
14-16B | No. 14
14-16C | No. 14

18 | 10.6 Wide
18 | 10.6 Wide
18 | 10.6 Wide
18 | 10.6 Wide
18 | 10.6 Wide

2271 0.178 | 3.5
22.7 0 3.5
2271 0.267 | 3.5
2271 0.178 | 3.5
22.71 0.356 | 3.5

BB [N 19|12 12|02 [0 {02 |6 [ 1|1 8|19 [N [ 19 [ [ 1|19 [ 8|19 [N [ 1| B9 [ 8o | 19
%

N ES ] iye Iy ES LI ENTES T EN I ESIEN I ESIEN | ESY RN BN o gl ST ENT ESTEST BN yel jonl Joy

rdidigidigicoliosAicvaiseliosl gieg g bgieclloviselioel bgivgiosl bgioelfegioe]ior!

14-16D* | No. 14 10.6 Wide 22.71 0.827 | 3.5
14-16EM | No. 14 18 | 10.6 Wide 2271 0.551 | 3.5
14-16F® | No. 14 18 | 10.6 Wide 2271 0.551 | 3.5
14-175181 | No. 14 12 7.1 Close 22.7 | 0.551 | 6.5
14-5 No. 14 6 3.5 Close 2271 0.178 | 3.5
14-6 No. 14 6 3.5 Close 2271 0276 | 3.5
14-7 No. 14 6 3.5 Close 31.9 0 3.5
14-8 No. 14 6 3.5 Close 319 0.276 | 3.5
14-9 No. 14 6 3.5 Close 2271 0.276 | 3.5
14-1041 | No. 14 6 3.5 Close 22.7 | 0.551 | 3.5
H14-1 No. 14 18 | 10.6 Wide 26.6 0 3.5
H14-2 No. 14 18 | 10.6 Wide 26.6 | 0.267 | 3.5
H14-3 No. 14 18 | 10.6 Wide 35.8 0 3.5
H14-4 No. 14 18 | 10.6 Wide 358 0.267 | 3.5
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H14-15 | No.14 | 2| 18 | 10.6 Wide 7 126.6 0 35] A
H14-16 | No.14 | 2| 18 | 10.6 Wide 7 1266 0.178 |35 A
H14-7 No.14 |3 | 6 3.5 Close 6 |358 0 351 A
H14-8 No.14 |3 | 6 3.5 Close 6 135810276 [35] A
18-1 No.18 | 2| 18 8.0 Wide 7 [31.1] 0543 |35 A
18-2 No.18 | 2| 18 8.0 Wide 15 1278 0543 [35]| A
18-3 No.18 | 2| 18 8.0 Wide 7 130.6] 0233 [35] B
18-4 No. 18 | 2] 18 8.0 Wide 7 130.6| 0465 [35] B
18-51¢ No. 18 | 2] 12 53 Close 7 130910543 [65] A
18-6° No.18 |2 | 12 5.3 Close 15 127.8] 0543 [ 65| A
18-7418 | No.18 |3 | 6 2.7 Close 7 1309 0543 |65 A
18-85119 | No.18 |3 | 6 2.7 Close 7 127810543 [65] A
H18-1 No. 18 | 2] 18 8.0 Wide 16 |28.6] 0233 |35 A
H18-2 No. 18 | 2] 18 8.0 Wide 16 |28.6] 0465 |35 A
H18-3 No.18 | 2| 18 8.0 Wide 7 137810233 |35] A
H18-4 No.18 | 2| 18 8.0 Wide 7 137.8] 0465 |35 A
( Designations starting with “H” denote a hooked bar specimen
0] Widely-spaced bars: cci/dp > 8.0 (6.0 for hooks), Closely-spaced bars: cqi/dy <
8.0 (6.0 for hooks)
B3] Specimen had an additional No. 11 longitudinal bar on both sides, 2 in. from
the bearing face on the head
4 Double overlapping No. 5 ties were used, refer to Figure 2.5
B Double No. 5 ties were used
(6] Specimen had an increased side cover of 6.5 in.
n Number of bars
Ceh Center-to-center bar spacing
1! Target concrete compressive strength
Len Nominal embedment length
An Total area of tie legs within 9.5d}, from the centerline of headed bars
Am Total area of tie legs within 9.5d} from the centerline of hooked bars
Ans Total area of headed or hooked bars being developed
Cso Side cover to the headed or hooked bar
L. C. Loading condition, refer to Section 2.3.2

Table 2.6 Summary of the test program and number of specimens

. Number of headed bar Number of hooked bar
Bar Confining . :
size reinforcement Specmens Specmens
Two heads | Three heads | Two hooks | Three hooks

No. 11 Without 1 0 0 0
’ With 1 0 0 0
Without 3 1 3 1
No. 14 With 11 5 3 1
Without 0 0 0 0
No. 18 With 6 2 4 0
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CHAPTER 3: TEST RESULTS
In this chapter, the general behavior of the simulated beam-column joint specimens with
No. 14 and No. 18 hooked bars and the No. 11, No. 14, and No. 18 headed bars is discussed.
Cracking patterns, failure modes, and stress/strain development in test bars and parallel ties in the
joint region as observed during the tests are presented. Anchorage strengths of the 42 specimens
tested are tabulated at the end of the chapter. The effects on anchorage strength of key parameters,
including bar size and spacing, concrete compressive strength, development length, confining

reinforcement in the joint region, and side cover are discussed in Chapter 4 and 5.
3.1 CRACKING PATTERNS

3.1.1 Hooked Bars

Cracks propagated in patterns that were similar to those observed for No. 5 through No. 11
hooked bars by Sperry et al. (2015b, 2017a). Examples are shown in Figures 3.1 and 3.2. Cracking
initiated on the front face of the specimen (top of the specimen as tested) adjacent to the hooked
bars (Figure 3.1a) and propagated towards the sides of the specimens (Figure 3.2a). As the force
in the hooked bar increased, cracks on the sides of the specimens grew along the straight portion
of the bars and additional cracks branched towards the upper and lower bearing members (Figure
3.2b and 3.2¢). On the front face, the cracks continued to extend, radiating from the hooked bars
(Figure 3.1b). At higher loads, the cracks on the sides of the specimens continued to propagate and
branch towards the bearing members, resulting in a cone-shaped pattern (Figure 3.2d). As shown
in Figure 3.2d, diagonal cracks extended through the joint to the lower bearing member, while the
inclined cracks outside the joint reached the upper bearing member. On the front face, the cracks
that radiated from the hooked bars connected to each other and portions of concrete were pulled

out resulting in local damage to the concrete near the surface (Figure 3.1c¢).
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Figure 3.1 Example of cracking pattern in hooked bar specimens (front face, specimen H14-15):
(a) Horizontal cracks likely initiating due to bar slip, (b) Cracks radiating from the hooked bars,
and (c) Cracks radiated from the hooked bars connected to each other along with local concrete

damage
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Figure 3.2 Exmple of cracking pattern in hdoked bar specimens .side face, siﬁeh H14-15):
(a) Vertical crack likely initiating due to bar slip, (b) and (c) Cracks propagating and branching
towards upper and lower bearing members, (d) Cone-shaped cracking pattern near failure (see

arrows.)

3.1.2 Headed Bars

Headed bar specimens had cracking patterns similar to those observed for hooked bars.
The side and top faces of specimen 18-3 are shown at the same load stages in Figures 3.3 and 3.4,
illustrating the formation of cracks. Initially, a crack started to form on the front face adjacent to
and between the headed bars (Figure 3.4a) and extended to the sides of the specimen, propagating
along the bars (Figures 3.3a and 3.4a). This initial crack was likely due to the slip of the bars during
the first stages of loading. As shown in Figure 3.4a, the cracks on the front face eventually radiated
from the bars (Figure 3.4¢e) as the load increased. On the side faces, the crack in line with the bars
continued to develop towards the head, while new cracks started to form, branching from this crack

(Figure 3.3b). With an increase in load, a large diagonal crack appeared on the sides that extended
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from the bearing face of the head to the edge of the nearest bearing member (compression region
of the simulated beam) from one side of the joint to the other, as shown in Figure 3.3c. The
formation of the first diagonal crack in the joint was often sudden and accompanied by a loud noise
and a slight drop in the applied load. On the front face, more cracks parallel to the original crack
between the bars formed across the column width above and below the level of headed bars (Figure
3.4b and 3.4c¢). Further increases in the load resulted in the formation of new diagonal cracks within
the joint, and cracks branching towards upper and lower bearing members in a cone-shaped pattern
(Figure 3.3d and 3.3e). The diagonal cracks in the joint usually extended parallel to the back face
of the member towards the top of the column, passing close to the bearing face of the head (see
dashed lines in Figures 3.3c-f). On the front face of the column, new cracks, primarily in the
longitudinal direction, branched from the existing cracks that had formed across the column width,
as shown in Figure 3.4d.

Near failure, the cracks grew wider, and the number of cone-shaped cracks on the sides
branching towards bearing members increased (Figure 3.3f). The extension of diagonal cracks
along the back face and towards the top of the column continued, and these cracks also extended
diagonally towards the upper bearing member (bottom left corner of Figure 3.3f). On the front face
of the specimen, the cracks branched further and connected to each other. The front face cracks
extended towards the sides and connected to the cone-shaped cracks on both sides. The amount of
cracking was mainly governed by the amount of confining reinforcement in the joint region, as
specimens with parallel ties (or more parallel ties) generally underwent more deformation before
failure and developed more cracks than specimens with no parallel ties or with a lower level of

confinement, which failed in a more brittle fashion with fewer cracks at a lower force.
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Figure 3.3 Example of cracking pattern in headed bar specimens (side face, specimen 18-3): (a)
Vertical crack likely initiating due to bar slip, (b) Cracks branching towards bearing members,
(c) First diagonal crack due to shear in joint, (d) and (e) Cracks propagating throughout the joint,
(f) Cone-shaped cracking pattern after failure. (Note: Extension of diagonal cracks along the
back face of the specimen towards the top of the column are marked by dashed lines.)
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Figure 3.4 Example of cracking pattern in headed bar specimens (top face, specimen 18-3): (a)
Crack between bars likely initiating due to bar slip, (b) Cracks branching towards bearing
members, (c¢) First diagonal crack due to shear in joint, (d) and (e) Cracks propagating
throughout the joint
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3.2 FAILURE MODES

In this section, the different types of anchorage failure are discussed. For both hooked and
headed bars, specimens showed two primary failure types, namely concrete breakout and side
splitting. A few headed bar specimens failed in shear (not anchorage). In some specimens, a

secondary failure mode was also observed.
3.2.1 Hooked Bars

As observed in previous research on No. 5 through No. 11 hooked bars (Sperry et al. 2015,
Ajaam et al. 2017), two primary failure modes were observed in the specimens, concrete breakout
and side splitting. A concrete breakout failure, accompanied by tail kickout, is shown in Figure
3.5. Concrete breakout, the only failure mode observed in seven out of the 12 specimens (four No.
14 bar and three No. 18 bar specimens), is characterized by a mass of concrete being pulled out
along with the hooked bar from the front face of the specimen. As shown in Figure 3.5, the failure
surface is cone-shaped, with spalling of concrete on the front face at failure. Side splitting is usually
sudden and more explosive in nature than breakout failure and is marked by the side cover on the
hooked bar separating from the column, as shown in Figure 3.6. Side splitting was observed as the
only failure mode in three out of the 12 specimens (two No. 14 bar and one No. 18 bar specimen),
while two specimens exhibited breakout on one hook and side splitting on the other.

The likelihood of a given failure mode depended on the amount of confinement in the joint.
Three out of the four specimens without confining reinforcement in the joint region (all with No.
14 hooked bars) exhibited a breakout failure, while the other specimen without confining
reinforcement had a breakout failure on one hook and a side-splitting failure on the other. Of the
eight specimens with confining reinforcement, three (H14-4, H14-8, and H18-2) exhibited a side-
splitting failure, four experienced a breakout failure, and one had a breakout failure on one hook
and side-splitting failure on the other.

The effect of bar spacing on the failure mode was less clear. Of the two specimens with
three closely-spaced bars, H14-7 (without confining reinforcement) exhibited a breakout failure,
while the companion specimen H14-8 (with confining reinforcement) had a side-splitting failure.
Of the ten specimens with widely spaced bars, six exhibited a breakout failure, two exhibited a
side-splitting failure, and two (H14-2 and H14-3), experienced a breakout failure on one hook and

side splitting on the other hook. In the latter case, it appeared that the bars acted independently
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when widely spaced. Of the specimens with widely-spaced bars, in three No. 14 bar specimens
and one No. 18 bar specimens, one hook failed first. After the initial failure, loading continued
until the second hook failed. In these specimens, the maximum load on the second hook was
noticeably higher that the load corresponding to the failure of the first hook. At the failure of the
second hook, the load difference between the two bars ranged from 11.5 to 19 kips, corresponding
to a bar stress of 5.1 to 8.4 ksi. The percentage difference between the bar stresses ranged from
4.8-9.6% of the average bar force at failure, f;. The failure load for these specimens is reported as
the average of the two bar loads, but the individual loads are reported in Appendix B2. In all other
cases, the failure load is total applied peak load divided by the number of bars.

In two out of the four specimens without confining reinforcement in the joint region (H14-
1 and H14-7), a secondary failure mode, tail kickout, was observed in conjunction with concrete
breakout. Tail kickout occurs when the tail of the hooked bar pushes the concrete cover off the
back of the column, causing the cover to spall and exposing the tail (Figure 3.5). The tendency for
tail kickout in specimens without confining reinforcement in the joint region agrees with

observations by Yasso et al. (2017, 2021) and Sperry et al. (2017a) for smaller bar sizes.
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Figure 3.5 Side view of a concrete breakout failure in hooked bars with tail kickout (H14-7)
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Figure 3.6 Side view of a side-splitting failure for hooked bars (H14-8)
3.2.2 Headed Bars

As observed for the hooked bar specimens, the two main anchorage failure types observed
in headed bars were concrete breakout and side splitting, with the latter referred to as side-face
blowout in some studies (Chun et al. 2017, Chun and Lee 2019, Sim and Chun 2022a, 2022b). The
failure types generally matched those observed by Shao et al. (2016) and Ghimire et al. (2018) for
No. 11 and smaller bars. Breakout or side-splitting failures were occasionally accompanied by a
compression failure in the joint region along a line between the head and the lower bearing
member. Four specimens (all with No. 14 bars) did not exhibit an anchorage failure. These
specimens have been excluded from the analysis and are discussed later in this section.

The definitions of concrete breakout and side splitting for headed bars is similar to hooked
bars. Breakout occurs when the concrete mass in front of the head separates from the front face of
the column as the bar was being pulled out. Side splitting occurs when the movement of the head
causes the concrete side cover around the head to spall and separate, usually blowing out in a
sudden and explosive way, exposing the head.

Concrete breakout was the primary failure mode in six out of 20 No. 14 bar specimens and

in two out of eight No. 18 specimens. Examples are shown in Figure 3.7. A cone-shaped failure
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surface was observed in these specimens, characterized by diagonal cracks in the joint region
extending beyond the joint, passing the location of the head and moving along the back face of the

column in the form of splitting cracks (top and bottom images in Figure 3.7), or moving diagonally

towards the upper bearing member (top image in Figure 3.7).

Figure 3.7 Primarily concrete breakout failure (top: specimen 14-10, bottom: specimen 18-5).
(Note: Dashed lines highlight the cracks extending beyond the joint and along the back face of
the column or towards the upper bearing member)

3o~

In one No. 11 bar specimen, six out of the 20 No. 14 bar specimens, and three out of the
eight No. 18 bar specimens, failure was primarily due to side splitting, as shown in Figure 3.8. In

specimens failing primarily due to side splitting, the cracks extending beyond the head along the
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back face of the column and diagonally towards the top of the column (highlighted by dashed lines
in Figures 3.3 and 3.7) did not form, a key difference between side splitting and concrete breakout
failures. A failure primarily involving side-splitting was more likely to occur in specimens with a
higher number of parallel ties in the joint region.

In one No. 11 bar specimen, four out of 20 No. 14 bar specimens, and three out of eight
No. 18 bar specimens, the failure mode was a combination of concrete breakout and side splitting,
as shown in Figure 3.9.

In some specimens, breakout or side splitting occurred along with a compression failure
within the joint (from the bearing face of the head to the bearing member representing the
compression region of the simulated beam, as shown in Figure 1.27). A compression failure, which
was often explosive, was observed in five out of 20 No. 14 bar specimens and in four out of eight
No. 18 bar specimens, including four out of the six specimens cast with high-strength concrete (>
12,000 psi), and was more likely to occur in specimens with a higher level of confining
reinforcement in the joint region. An example of concrete breakout accompanied by compressive

strut failure is shown in Figure 3.10.

Figure 3.8 Primarily side-splitting failure (left: specimen 14-3, right: specimen 18-4)
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ccoﬁlp‘an‘ied by_side splitting and compreson failure of
concrete between bearing face of the head and lower bearing member (specimen 14-16B)

As described earlier, four headed bar specimens did not exhibit an anchorage failure but,
rather, failed at a relatively low load with a diagonal crack between bearing face of the head and
lower bearing member that was reminiscent of what might occur due to a shear failure and is
referred to here as a “shear-like” failure (Figure 3.11). Three out of the four specimens had
relatively low levels of confining reinforcement (two specimens with A4/Axs of 0.178, namely 14-
16 and 14-16A, and one with A./Axs of 0.267, specimen 14-2) and were tested under loading
condition A (joint shear equal to 80% of the force applied to bars). The fourth specimen with a
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shear-like failure, specimen 14-1A, contained no confining reinforcement and was tested under

loading condition B (joint shear ~69% of the force applied to bars).
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Figure 3.11 Shear-like failure in headed-bar specirrién 14-16. (Note: The specimen shows no
indication of a breakout or side-splitting failure.)

Shear-like failures occurred only in the headed bar specimens. The following
characteristics were observed in these four specimens:
e The first diagonal crack in the joint region appeared at a force at or above 75% of the failure
load with the specimen failing shortly after the formation of the crack.
e The diagonal crack extended beyond the joint, passing through the location of the head in the
form of a splitting crack along the back face of the column.
e After formation of the diagonal crack, no more cone-shaped cracks, such as shown in Figures
3.2 and 3.3, formed.
e There was little to no damage on the front face of the columns around the headed bars.
The joint shear stress is worth analyzing for these four specimens. The shear force in the
joint, ¥, depends on the loading condition, as discussed before. Under loading condition A, V=
0.87, and under loading condition B, V;= 0.69T. The joint shear stress is then V,/bh, where b and

h are column width and height, respectively. The joint shear stress is normalized with respect to
\.f.,, for analysis. The values of VJ/(bh./f,, ) were 3.5, 3.5, 4.3, and 2.6 for specimens 14-2, 14-

16, 14-16A, and 14-1A, respectively. These values are significantly lower than reflected in Table
15.4.2.3 of Chapter 15 in ACI 318-19 for a continuous column with a non-continuous beam that

is not confined by transverse beams (which is the case in an external beam-column joint). For that

85



condition, Table 15.4.2.3 requires a nominal joint shear strength, V,, to be 15bA,/ f. , whichis 3.5

to 5.7 times greater than obtained in the four specimens that exhibited a shear-like failure. This
indicates that the shear-like failures were not strength-related and most likely the result of detailing
issues. This point is further discussed in Section 5.5.1.

For two No. 14 headed bars specimens with widely-spaced bars (14-3 and 14-16D), one
head failed first and loading continued until the failure of the second head. The load difference
between the two bars was 26.2 and 29.1 kips, corresponding to a bar stress of 11.6 and 12.9 ksi,
respectively. As in the similar hooked bar specimens, this difference in bar stress was less than
10% of the average bar stress at failure (8.6% and 10.0% in 14-3 and 14-16D, respectively).
Although the widely-spaced bars failed independently, they were not treated as separate tests and
the failure load was calculated as the average of the maximum load per bar. In all other specimens,
the failure load is taken as the total peak load divided by the number of bars. The individual bar
forces are reported in Appendix C2.

For specimens exhibiting an anchorage failure, no direct relationship was found between
the type of failure and the anchorage strength. Tables 3.1 and 3.2 summarize the number of

specimens for each failure type for, respectively, the hooked and headed bar specimens.

Table 3.1 Summary of hooked bar specimens with different failure types

Failure type No. 14 No. 18 Total
CB! 4 3 7
SS? 2 1 3

CB/SS? 2 0 2
SF* 0 0 0

! Primarily concrete breakout

2 Primarily side splitting

3 Concrete breakout on one side and side splitting on the other side
4 Shear-like failure

Table 3.2 Summary of headed bar specimens with different failure types

Failure type No. 11 | No. 14 | No. 18 | Total
CB! 0 6 2 8
SS? 1 6 3 10

CB+SS? 1 4 3 8
SF* 0 4 0 4

! Primarily concrete breakout

2 Primarily side splitting

3 Combination of breakout and side splitting
4 Shear-like failure
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3.3 STRAIN DEVELOPED IN REINFORCEMENT

In this section, the strain developed in the ties and the hooked and headed bars obtained
from strain gauges during testing is discussed. As described in Section 2.2.5, strain gauges were
mounted on the two parallel ties above the joint region (labeled S1 and S2) and on all ties within
the joint region (labeled S3, S4, etc., in specimens with joint confining reinforcement). The gauges
were installed at the center of each tie leg. Two strain gauges were mounted on one hooked or
headed bar per specimen. On hooked bars, the first gauge was mounted just before the bend in the
tail (labeled T1), and the second gauge 1 in. from the column front face (labeled T2). On headed
bars, strain gauge T1 was mounted 1.5 in. from the bearing face of the head, and T2 was mounted
I in. from the column front face. The strain gauge configuration is shown in Figure 2.14. Not all
specimens provided good strain gauge readings due to damage to the gauges during concrete
placement. The specimens selected for analysis in this section had all strain gauges working,

providing good readings throughout the test.
3.3.1 Ties

In general, the strain development in the ties in specimens with confining reinforcement in
the joint region was similar for hooked and headed bars. While the strain developed in each tie
differed for each specimen, the overall load-strain curves showed similar patterns. The load-strain
curves for the ties in hooked bar specimen H14-2 and headed bar specimen 14-6 are shown in
Figure 3.12. Specimen H14-2 had two widely-spaced No. 14 hooked bars cast in high-strength
concrete, with five No. 4 ties within the joint region. Specimen 14-6 had three closely-spaced

headed bars cast in normal-strength concrete, with five No. 5 ties in the joint region.
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Figure 3.12 Examples of strain developed in parallel ties in hooked bar specimen H14-2 (left)
and headed bar specimen 14-6 (right)

As shown in Figure 3.12, the strains developed in the ties for hooked and headed bar
specimens were a function of their location. For hooked bar specimen H14-2, the ties just above
and below the bars (S2 and S3, respectively) were the first ties to show a noticeable increase in
strain. Up to about 200 kips, minimal strain developed in the ties. At a load close to 200 kips, S2
(the tie just above the hooked bars) started to show an increase in strain as the first diagonal crack
appeared in the joint region. As the load increased to 350 kips, additional ties began to exhibit
increases in strain as more diagonal cracks started to branch out from existing cracks above and
below the joint. The increase in strain was generally more noticeable in ties closest to the hooked
bars. The ties within the joint region (S3, S4, and S5) continued to undergo an increase in strain
up to failure of the specimen. At a load of about 390 kips, a loud bang was heard. This marked the
onset of a plateau in the load-strain curves of all ties, except for S7, the tie farthest from the hooked
bars and closest to the bearing member at the base of the joint. While S6 (the second farthest tie
from the bars) started to increase in strain at a load around 390 kips, S7 developed no significant
strain during the test. The yield strength of the No. 4 ties was 72,700 psi, corresponding to a yield
strain of 0.0025, as marked in Figure 3.12. In this specimen, four ties yielded, starting with S2 and
followed by S3, S5, and S4. The peak load for specimen H14-2 was 587.8 kips. Figure 3.13 shows
specimen H14-2 after failure along with the location of the ties and the corresponding strain

gauges.
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Figure 3.13 Specimens H14-2 at failure showing location of ties and strain gauges

As shown in Figure 3.12 for headed bar specimen 14-6, no strain development was
observed up to a load of about 250 kips (only cracks in the plane of the headed bars, likely due to
initial bar slip, had formed up to this point). At a load of about 255 kips, a loud pop was heard,
coinciding with the formation of the first large diagonal crack in the joint, along with another
diagonal crack above the joint. This was the onset of an increase in strain in all ties, except for the
ties farthest from the headed bar, S5 and S6. At this point, the ties crossing the first diagonal cracks
(S1, S2, S3, and S4, as shown in Figure 3.14 with the cracks marked at 280 kips) exhibited a
sudden increase in strain, with S1, S2, and S4 almost immediately reaching a plateau in the load-
strain curve. The noticeable increase in the strain in the ties arresting the first diagonal crack was
observed in all specimens. The diagonal cracks passed close to the midheight of ties with strain
gauges S2 and S4, which is likely the reason these gauges exhibited high strain. Strain gauge S2
indicated that the strain was close to yield at a load of 278 kips but provided no additional data at
higher loads. S4 was the only tie in this specimen with an intact strain gage that yielded at a load
close to failure. The tie just below the headed bars in the joint region, S3, did not have a plateau
and continued showing a gradual increase in strain until a load of about 480 kips (failure load =
538.5 kips). Similar to hooked bar specimen H14-2, the ties farthest from the headed bars and
closest to or in the compression region within the joint (S6 and S7) showed almost no strain

development.
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Figure 3.14 Parallel ties trapping the first diagonal cracks and their strain gauge labels in the
headed bar specimen 14-6

These observations indicate that the ties closest to the hooked or headed bars were effective
in arresting cracks and contributing to anchorage strength, as previously established by Sperry et
al. (2015b) and Shao et al. (2016). In addition, by looking at the data for the specimens with strain
gauges that provided readings throughout the test, the ties closest to the hooked or headed bars
yielded in all cases (11 No. 14 headed bar specimens, all No. 18 headed bar specimens, 4 No. 14
hooked bar specimens, and 3 No. 18 hooked bar specimens). More specifically, the tie placed
immediately below the bars (corresponding to strain gauge S3 in Figures 3.13 and 3.14) yielded in
most cases, followed by the tie placed immediately above the bars (corresponding to strain gauge
S2). In a few cases, ties corresponding to gauges S4 and S5 yielded as well. For the No. 18 bar
specimens, it was generally observed that more ties yielded within the joint than for the No. 14 bar
specimens, even those corresponding to strain gauges S6 and S7, indicating that larger bars are

more likely to engage greater number of ties within the joint to arrest the large diagonal cracks.
3.3.2 Hooked Bars

As described in Section 2.2.5, two strain gauges were mounted on the hooked bars, T1 just
before the bend in the tail of the bar and T2 at 1 in. from the front face of the column. The strain
developed in hooked bars in the two locations generally followed a similar trend in all specimens.

The load-strain behavior of hooked bars is plotted for specimens H14-2 and H14-15 in Figure 3.15.
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The specimens had two widely-spaced No. 14 hooked bars. Specimen H14-2 had five No. 4 ties
in the joint region, while H14-15 had none. It should be noted that, as shown in Figure 3.15, gauge
T2 in specimen H14-15 stopped working at a load of about 150 kips. However, based on the similar

trend observed in all specimens, it is fair to assume that the load-strain response of T2 followed

the dashed line drawn.
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Figure 3.15 Strain developed in one hooked bar in specimens H14-2 (left) and H14-15 (right).
(Note: T1 was mounted just before the bend in the tail, and T2 mounted 1 in. from the front face
of the column)

As shown in Figure 3.15, the strain developed in the bar 1.5 in. from the column front face
(T2) increased almost linearly during testing and was always higher than the strain at the bend
(T1). The difference between the strains indirectly represents the force carried by bond along the
straight portion of the bar. The strain at the bend increased slowly up to a load of about 100 kips
for H14-2 and 150 kips for H14-15, corresponding to the first vertical cracks developing on the
sides of the columns. The strain at the bend developed at a much faster rate as the load increased
and once the cracks on the sides of the column reached the location of the bend. The strain at the
bend continued to increase at a fast rate as the diagonal cracks appeared within the joint, indicating
the increased contribution of the tail of the hook in carrying the load, holding the concrete in the
joint together and providing anchorage. Due to increased damage on the front face of the column
near failure, strain gauge T2 in specimen H14-2 failed at a load about 400 kips but gauge T1

remained functional until failure in both specimens.
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3.3.3 Headed Bars

The strains developed in the headed bars (from gauges T1 and T2 as shown in Figure 2.14)
are discussed in this section. Overall, the strain development in headed bars at both locations (1.5
in. from the bearing face of the head, T1, and 1 in. from the front face of the column, T2) followed
a similar trend in all specimens regardless of bar size or confining reinforcement in the joint region.
The load-strain curves for strain gauges T1 and T2 for specimens 14-16C and 18-8 are shown in
Figure 3.16. Specimen 14-16C had two widely-spaced No. 14 bars with No. 4 ties in the joint
region. Specimen 18-8 had three closely-spaced No. 18 bars with double overlapping No. 5 ties in

the joint region.
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Figure 3.16 Strain developed in one headed bar in specimen 14-16C (left) and 18-8 (right)
(Note: T1 was mounted 1.5 in. from the bearing face of the head, and T2 was mounted 1 in. from
the column front face)

As shown in Figure 3.16, the strain in the bar 1 in. from the column front face (T2) started
to increase almost as soon as the loading initiated and continued to develop throughout the test. At
this point, a short crack started to form in the plane of the headed bars on the front face and
extending on the sides of the column, likely due to initial bar slip. The strain in the bar 1.5 in. from
the bearing face of the head (T1) remained near zero up to a load of about 100 kips in 14-16C and
about 200 kips in 18-8. After the cracking initiated on the front face emanating from the bars, the
strain near the head in both specimens increased at a faster rate as the vertical crack on the sides
extended towards the location of the head. The first large diagonal cracks within and above the
joint appeared at about 260 kips in specimen 14-16C and 400 kips in 18-8, accompanied by a small
drop (~10 kips) in the load, as shown in Figure 3.16. After this point, the strain in the bar at both
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locations continued to increase, at a slower rate near the head in both specimens and at a faster rate
at the front face of the column in specimen 14-16C. The strain in the bar near the front face of the
column always exceeded the strain near the head. The difference between the strain developed at
the two locations provides an indication of the load transferred by the bond along the bar. This
difference, however, is not a direct representation of load, since the bars were no longer on the
linear portion of the stress-strain curve. The strain developed near the head increased much faster
near failure, above 350 kips in 14-16C and 800 kips in 18-8, indicating the increased contribution
of the head in carrying the applied force.

Looking at the available data for the headed bar specimens reveals that, at the initial stages
of the loading (and in some cases up to about 50% of the failure load), the major portion of the
applied force was carried by bond. As shown in Figure 3.16, the head would start to contribute in
carrying the load after the initial cracking on the front face (Figure 3.4a) and continue to contribute,
but would pick up load at a slower rate than it was by bond. The lower tensile stress near the head
may have been due to the wedge of concrete forming on the head as the bar was being pulled out.
If T1 had been mounted more than 1 in. from the head, a higher rate of increase in the strain may
have resulted.

The difference observed between the contribution by bond and the head in carrying the
forces in headed bar specimens seems to be a major distinction from the hooked bar specimens,
comparing the plots in Figures 3.15 and 3.16. While both the hook and the head start to engage
and provide anchorage after the start of cracking, the portion of the force carried by the hook
increases with increasing load, while the portion of the load carried by bond remains nearly
constant once cracking has occurred and may even drop off as the failure load is attained. In
contrast, the contribution of the head increases at a slower rate than the contribution by bond up to

failure based on the reading obtained for gauge locations used in this study.
3.4 ANCHORAGE STRENGTH

The anchorage strengths of the beam-column joint specimens measured in the tests are
summarized in Tables 3.3 and 3.4 for the hooked and headed bars, respectively. The tables include
the specimen ID (given in Table 2.5), specimen designation (described in Section 2.2.3), number
of hooked or headed bars (n), center-to-center spacing between the bars in terms of bar diameter
(cen/dp), measured concrete compressive strength (f.,), average measured embedment length

(Len,avg), ratio of effective confining reinforcement in the joint region (A4./A4xs for headed bars or
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Am/Ans for hooked bars; described in Figure 1.18), loading condition (discussed in Section 2.3.1),
average peak load (7, total applied peak load divided by the number of bars), and failure mode
(discussed in Section 3.2). Full details of the specimens are presented in Appendices B2 and C2.
Analyses of the hooked and headed bar results are presented in Chapters 4 and 5, respectively.

Table 3.3 Summary of anchorage strength results for hooked bar specimens

. . L T Failure

D™ Designation n | colds ﬁ;"l ”i';’l‘ivg AmlAns | L. C. kips | Mode®
H14-1 2@10.6)14-15-i-3.5-2-26.6 2 10.6 12,980 27.0 0 A 240.0 CB

H14-2B1 (2@10.6)14-15-5#4-i-3.5-2-26.6 2 10.6 13,010 24.8 0.267 A 293.9 CB/SS

H14-3B1 2@10.6)14-15-i-3.5-2-35.8 2 10.6 8,100 36.7 0 A 279.1 CB/SS
H14-4 (2@10.6)14-15-5#4-i-3.5-2-35.8 2 10.6 7,570 34.9 0.267 A 268.5" SS
H14-15 (2@10.6)14-7-i-3.5-2-26.6 2 10.6 6,980 26.5 0 A 196.5" CB
H14-16 2@10.6)14-7-3#4-1-3.5-2-26.6 2 10.6 6,810 25.9 0.178 A 235.3" CB
H14-7 (3@3.5)14-6-1-3.5-2-35.8 3 3.5 6,390 36.4 0 A 250.8 CB
H14-8 (3@3.5)14-6-5#4-1-3.5-2-35.8 3 3.5 6,650 36.6 0.276 A 298.2 SS
H18-1 (2@8.0)18-16-6#5-1-3.5-2-26.6 2 8.0 15,310 28.5 0.233 A 358.2 CB
H18-2 (2@8.0)18-16-12#5-i-3.5-2-26.6 2 8.0 15,770 27.0 0.465 A 445 SS
H18-3 (2@38.0)18-7-6#5-1-3.5-2-35.8 2 8.0 7,560 36.5 0.233 A 371.4 CB
H18-4 (2@8.0)18-7-12#5-i-3.5-2-35.8 2 8.0 7,610 36.4 0.465 A 427.9 CB

n
Cch
Jem

E eh,avg
Ath

Ahs
L.C.
T

(1

[2]

[3]

*

Number of bars

Center-to-center bar spacing

Measured concrete compressive strength

Average measured embedment length

Total area of tie legs within 9.5d}, from the centerline of hooked bars larger than No’ 8 — this differs from the
definition in ACI 318-19

Total area of headed or hooked bars being developed

Loading condition, refer to Section 2.3.2

Total applied peak load divided by the number of bars

The first number after “H” denotes the bar size

CB: Concrete breakout, SS: Side splitting

One bar had a breakout and the other bar had a side-splitting failure

Bars failed independently, so 7 is the average of the maximum force on individual bar. Individual results in
Appendix B2
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Table 3.4 Summary of anchorage strength results for headed bar specimens

1 . . _fcm Eeh,avg T Failure
D Designation n | coldp psi in. AdlAns | L. C. kips | Mode®
11-1 (2@10)11-15-04.5-i- 3.5-3.5-18.25 2| 10.0 | 16,210 | 18.5 0 B 163.0 CB+SS
11-2 (2@10)11-15-04.5-7#3-i- 3.5-3.5-18.25 2| 10.0 | 15,850 | 18.5 0.282 B 221.0 SS
14-2 (2@10.6)14-15-B4.2-5#4-1-3.5-3.5-20.5 2| 10.6 | 12,830 | 20.5 0.267 A 190.6 SF
14-3 (2@10.6)14-7-1.4.2-1-3.5-3.5-31.9 2| 10.6 8,510 31.8 0 B 303.0" SS
14-4 2@10.6)14-7-14.2-5#4-i-3.5-3.5-31.9 2| 10.6 7,700 32.0 0.267 A 333.6 SS
14-15 (2@10.6)14-7-1.4.2-1-3.5-3.5-22.7 2| 10.6 6,190 22.8 0 B 204.8 CB+SS
14-16 2@10.6)14-7-14.2-3#4-i-3.5-3.5-22.7 2| 10.6 5,390 22.6 0.178 A 123.6 SF
14-16AB] 2@10.6)14-7-14.2-3#4-i-3.5-3.5-22.7 2| 10.6 8,350 224 0.178 A 186.0 SF
14-1A (2@10.6)14-15-14.2-i-3.5-3.5-22.7 2| 10.6 | 12,030 | 224 0 B 160.0 SF
14-2A 2@10.6)14-15-L4.2-5#4-1-3.5-3.5-22.7 2 10.6 13,750 23.0 0.267 B 248.1 CB
14-16B 2@10.6)14-7-14.2-3#4-i-3.5-3.5-22.7 2| 10.6 7,500 22.1 0.178 B 191.7 CB+SS
14-16C 2@10.6)14-7-14.2-7#4-i-3.5-3.5-22.7 2 | 10.6 6,470 22.6 0.356 B 229.6 SS
14-16D“ (2@10.6)14-7-1.4.2-10#5-i-3.5-3.5-22.7 2| 10.6 6,900 22.9 0.827 A 289.8" SS
14-16EM™ Q@10.6)14-7-L4.2-6#5-i-3.5-3.5-22.7 2| 106 | 6,170 | 224 | 0.551 A 218.6 SS
14-16FF) 2@10.6)14-7-14.2-6#5-i-3.5-3.5-22.7 2| 10.6 5,640 224 0.551 A 197.8 SS
14-178316] Q@7.1)14-7-L4.2-6#5-i-6.5-3.5-22.7 2| 7.1 6,540 | 224 | 0.551 A 206.7 CB
14-5 (3@3.5)14-7-1L4.2-5#4-i-3.5-3.5-22.7 3 3.5 6,830 22.3 0.178 B 181.8 CB
14-6 (3@3.5)14-7-1L4.2-5#5-i-3.5-3.5-22.7 3 3.5 6,890 224 0.276 B 179.5 CB
14-7 (3@3.5)14-7-1L4.2-i-3.5-3.5-31.9 3 3.5 7,080 32.1 0 B 252.1 CB+SS
14-8 (3@3.5)14-7-1L4.2-5#5-i-3.5-3.5-31.9 3 3.5 7,100 31.7 0.276 B 274.6 CB+SS
14-9 (3@3.5)14-12-14.2-5#5-i-3.5-3.5-22.7 3 3.5 11,480 | 22.1 0.276 B 173.9 CB
14-104 (3@3.5)14-7-1L4.2-10#5-i-3.5-3.5-22.7 3 3.5 6,820 | 223 | 0.551 A 206.6 CB
18-1 (2@8.0)18-7-1L4.4-14#5-i-3.5-3.5-31.1 2 8.0 5,750 32.6 0.543 A 322.0 SS
18-2 (2@8.0)18-15-H4.4-14#5-i-3.5-3.5-27.8 2 8.0 11,770 | 28.4 0.543 A 406.6 CB+SS
18-3 (2@8.0)18-7-04.3-6#5-1-3.5-3.5-30.6 2 8.0 6,540 30.9 0.233 B 366.5 CB
18-4 (2@8.0)18-7-04.3-12#5-i-3.5-3.5-30.6 2 8.0 7,200 30.9 0.465 B 380.0 SS
18-5] (2@5.3)18-7-L4.4-14#5-i-6.5-3.5-31.1 2 5.3 5310 | 32.5 | 0.543 A 300.8 CB
18-6[°1 (2@5.3)18-15-H4.4-14#5-i-6.5-3.5-27.8 2 5.3 10,230 | 28.6 | 0.543 A 419.8 SS
18-71416] (3@2.7)18-7-L4.4-20#5-i-6.5-3.5-31.1 3 2.7 5,890 | 32.1 0.543 A 252.1 CB+SS
18-g13le] (3@2.7)18-7-L4.4-20#5-i-6.5-3.5-31.1 3 2.7 6,380 | 323 | 0.543 A 295.3 CB+SS
n Number of bars
Ceh Center-to-center bar spacing
fem Measured concrete compressive strength
Lehave Average measured embedment length
4 Total area of tie legs within 9.5d}, from the centerline of headed bars larger than No’ 8 — this differs from the
4 definition in ACT 318-19
Aps Total area of headed or hooked bars being developed
L.C. Loading condition, refer to Section 2.3.2
T Total applied peak load divided by the number of bars

(1]
[2]
B3]
(4]
(5]
(6]

*

The first number in ID denotes the bar size.

CB: Primarily concrete breakout, SS: Primarily side splitting, CB+SS: Combination of breakout and side splitting
Specimen had an additional No. 11 longitudinal bar on both sides, 2 in. from the bearing face on the head

Double overlapping No. 5 ties were used, refer to Figure 2.5

Double No. 5 ties were used

Specimen had an increased side cover of 6.5 in.

Bars failed independently, so T is the average of the maximum force on individual bar. Individual results in
Appendix C2
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CHAPTER 4: ANALYSIS AND DISCUSSION: HOOKED BARS
In this chapter, the test results of the hooked bar specimens are analyzed. First, the results
are compared with stresses based on the provisions in ACI 318-19 to show the limitations of the
current Code. The results are then compared with the forces obtained using the descriptive
equations proposed by Ajaam et al. (2017, 2018), Eq. (1.1) and (1.2). New descriptive equations
are then developed based on a database that includes the No. 14 and No. 18 bar test results from
this study. Finally, the effects on anchorage strength of key parameters, such as confining

reinforcement, bar size and spacing, and strut angle are discussed.
4.1 COMPARISON OF TEST RESULTS WITH ACI 318-19

The provisions in ACI 318-19 for the development of hooked bars are discussed in detail
in Section 1.3.1. ACI 318-19 gives no credit to confining reinforcement or wide spacing for hooked
bars larger than No. 11 and requires that a modification factor of y,= 1.6 be applied for No. 14
and No. 18 bars (even if confining reinforcement is provided or the center-to-center spacing of the
bars is > 6dp) when calculating the development length using Eq. (1.7). To compare the test results
with stresses corresponding to the Code equation, Eq. (1.7), yield strength £, is replaced by bar

stress, fs,ac1, f 1s replaced by the measured compressive strength, .., (with an upper limit of 10,000

psi), and development length /4, is replaced by the measured embedment length, /.;, and the
equation is solved for f;aci. To better evaluate the ACI 318-19 provisions for No. 14 and No. 18
bars, the \, factor is taken as it is for No. 11 and smaller bars (= 1.0 if s > 6d} or Am ac/Ans> > 0.4),
rather than applying 1.6 for all No. 14 and No. 18 bar specimens, which will result in very high
fs/fs,ac1 values for the large bars.

Sl

Soucr = v yd" (4.1)

where . is the coating factor, , is the confining reinforcement factor, , is the location factor,
. is the concrete strength factor, and A is the concrete density factor as shown in Table 1.3.
Table 4.1 presents the measured bar stress at failure, f;, and the ratio fi/fs4c; for the

specimens in this study. The table also presents the values of bar forces 7, 75, and the ratio 7/T},

2 Ay is defined differently in ACI 318-19 than in the descriptive equations. Code (A4 4cr): total cross-sectional
area of confining reinforcement within 154, from the centerline of hooked bars. Descriptive equations (4): within
8d) for No. 9 and smaller bars and 10d, for larger bars.
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where T} is based on the descriptive equations developed by Ajaam et al. (2017, 2018), as
described in the next section, along with specimen ID and key parameters (number and spacing of

bars, concrete compressive strength, embedment length, and confining reinforcement).

Table 4.1 Comparison of No. 14 and No. 18 hooked bar test results with descriptive equations
by Ajaam et al. (2018), Eq. (1.1) and (1.2), also Eq. (4.2) and (4.3), and ACI 318-19. Eq. (4.1)

D0 | o) sty | | " | Aulhe | Auscite| W | i | s | P | i | | Al
H14-1 | 2] 10.6 | 12,980 | 27.0 0 0 1.0 | 240.0 | 219.2 | 1.09 | 106.7 | 106.7 | 1.58
H14-2 | 2] 10.6 | 13,010 | 24.8 | 0.267 0.356 1.0 [ 29392482 | 1.18 | 130.6 | 130.6 | 2.11
H14-3 | 2] 10.6 | 8,100 36.7 0 0 1.0 | 279.1 | 266.0 | 1.05 | 124.0 | 124.0 | 1.50
H14-4 |1 2] 10.6 | 7,570 349 | 0.267 0.356 1.0 | 268.5 1 295.1 | 091 | 1193 | 1193 | 1.57
H14-5 1 2] 10.6 | 6,980 26.5 0 0 1.0 | 196.5 | 1789 | 1.10 | 873 | 87.3 1.58
HI14-6 | 2] 10.6 | 6,810 259 | 0.178 0.267 1.0 [ 2353 12049 | 1.15 | 104.6 | 104.6 | 1.96
H14-7 | 3] 3.5 6,390 36.4 0 0 1.6 | 250.8 | 181.3 | 1.38 | 111.5 | 111.5| 2.45
H14-8 | 3| 3.5 6,650 36.6 | 0.276 0.367 1.6 | 298.2 | 252.0 | 1.18 | 132.5 | 132.5| 2.85
H18-1 | 2| 8.0 | 15,310 | 28.5 | 0.233 0.388 1.0 | 358.2 | 371.6 | 0.96 | 89.6 | 89.6 1.94
H18-2 | 2| 8.0 | 15,770 | 27.0 | 0.465 0.620 1.0 | 445.0 | 4524 | 098 | 1113 | 111.3 | 2.54
HI18-3 | 2] 8.0 7,560 36.5 | 0.233 0.388 1.0 | 371.4 | 388.8 | 0.96 | 929 | 929 1.80
Hi8-4 | 2| 8.0 7,610 36.4 | 0.465 0.620 1.0 | 4279 | 482.7 | 0.89 | 107.0 | 107.0 | 2.08
Max | 1.38 Max | 2.85
Min | 0.89 Min 1.50
Mean | 1.07 Mean | 2.00
CoV | 0.132 CoV | 0.228

n Number of bars

s Center-to-center spacing of bars

dp Nominal bar diameter

fem Measured concrete compressive strength

Lenavg Average measured embedment length

Am Total area of tie legs within 9.5d), from the centerline of hooked bars

Amact Total area of tie legs within 15d; from the centerline of hooked bars

Ans Total area of hooked bars being developed

fs Bar stress at failure

T Average force per bar at failure

T Calculated failure load using descriptive equations (Ajaam et al. 2017, 2018), Eq. (1.1) and (1.2)

fsact Bar stress calculated based on ACI 318-19 equation

] The first number after “H” denotes the bar size

Table 4.1 shows that ACI 318-19 provides very conservative estimates of anchorage
strength for No. 14 and No. 18 hooked bars, with values of fi/f; aci ranging from 1.50 to 2.85 with
a mean of 2.00, demonstrating that ACI 318-19 requires unnecessarily long embedment lengths
for No. 14 and No. 18 hooked bars. These high numbers are in spite of using y, = 1.0 when s/dj >
6 or Ay aci/Ars > 0.4 (and not 1.6 for all specimens as required by ACI 318-19 for No. 14 and No.

18 hooked bars). A degree of the conservative nature reflected in these comparisons is expected
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because, unlike the descriptive equation, the Code equation has an embedded strength reduction
factor. The strength reduction factor alone, however, would result in fi/f; ac1 values averaging near
1.25, not 2.00. Separate from the strength reduction factor, a key reason that the provisions in ACI
318-19 are conservative is that y, does not account for the combined effects of widely-spaced bars
and confining reinforcement, while the descriptive equation does. When widely-spaced bars are
used and confining reinforcement is provided, the required development length can be safely
reduced. As will be shown in Chapter 6, the proposed design provisions for hooked bars provide
a modified y, factor that varies as a function of s/d» and Am/Ass, resulting in values < 1.0 when
confining reinforcement is provided. Here, the use of y, = 1.0 is due solely to bar spacing for
specimens H14-2, H14-4, H18-1, and H18-3. All four specimens also contained confining
reinforcement, which adds to anchorage strength that is not acknowledged by the current Code.
Only for two of the specimens, H18-2 and H18-4, is y, = 1.0 used due to confining reinforcement
because 4m,ac1 > 0.4. The highest values of fi/f; ac1 are obtained for specimens H14-7 and H14-8,
because neither has s/dy > 6 or Amaci/Ans > 0.4, requiring that y, = 1.6 under ACI 318-19. Both,
however, have s/d, = 3.5, and H18-4 has Ay act = 0.367 (Amac1 = 0.367 for H18-3), which justify
values of y, below 1.6.

The ratio of bar stress measured in the tests to the bar stress calculated based on the ACI
318-19 equation, fs/fs 4c1, 1s plotted versus the concrete compressive strength (f.,) in Figure 4.1. As
shown in the figure, ACI 318-19 is unrealistically conservative, independent of concrete

compressive strength. Clearly, improvements could be made in these provisions.
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Figure 4.1 Ratio of test/calculated bar stress (ACI), f/fs, acr versus concrete compressive strength

fem for No. 14 and No. 18 hooked bar specimens (using values of y, permitted for No. 11 and
smaller bars, as shown in Table 4.1)

4.2 COMPARISON OF TEST RESULTS WITH DESCRIPTIVE EQUATIONS
DEVELOPED BY AJAAM ET AL. (2017, 2018)

The descriptive equations to characterize the anchorage strength of hooked bars developed
by Ajaam et al. (2017, 2018) based on test results for 245 beam-column joint specimens containing
No. 5, No. 8, and No. 11 hooked bars without and with confining reinforcement are given in Eq.

(1.1) and (1.2), respectively, and repeated here as Eq. (4.2) and (4.3).

cm
b

T, = 294 025 (104504 (0.0974i + 0.391} (4.2)

where [0.0974di+ 0.391j <10.

b
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1.0175
T, = [294 F0205 108451047 4 55 oso(-fhj d*” J (0.05 16—+ 0.6572j (4.3)

n b
where [0.0516di+0.6572J <1.0 .
b

and T} is the anchorage strength of an individual hooked bar (Ib); fon is the measured concrete
compressive strength (psi); /e is the embedment length of the hooked bar measured from the face
of the column to the end of the hook (in.); dj is the hooked bar diameter (in.); 4, is the total area
of the hooked bars (in.?); 44 is the effective confinement and defined as the area of confining
reinforcement (in.?) within 84 from the top of the hooked bar for No. 8 bars and smaller or within
10dp for No. 9 bars or larger; n is the number of hooked bars in the joint; and s is the center-to-
center spacing between hooked bars. The specimens in this study were proportioned based on the
descriptive equations.

To evaluate the applicability of Eq. (4.2) and (4.3) for No. 14 and No. 18 bars, the
anchorage strengths measured in the tests, 7 (as reported in Table 3.4), are compared with the
strengths calculated using the descriptive equations, 75 in Table 4.1. Table 4.2 summarizes the
comparison of test results with Eq. (4.2) and (4.3), including the maximum, minimum, mean,
standard deviation, and coefficient of variation. The specimens are categorized based on the
presence of confining reinforcement in the joint region and bar size.

Table 4.2 Summary of test-to-calculated ratio for No. 14 and No. 18 hooked bars based on
descriptive equations by Ajaam et a. (2017, 2018), Eq. (4.2) and (4.3)

T/Ty
All Withput Confining Wit'h Confining No. 14 | No. 18
Reinforcement Reinforcement
No. of Specimens 12 4 8 8 4

Max 1.38 1.38 1.18 1.38 0.98

Min 0.89 1.05 0.89 0.91 0.89

Mean 1.07 1.16 1.03 1.13 0.95
STDEV 0.142 0.153 0.124 0.135 | 0.042
CoV 0.133 0.132 0.121 0.119 | 0.045

As shown in Table 4.2, the twelve hooked bar specimens had a mean test-to-calculated
T/Ty ratio of 1.07 and a coefficient of variation of 0.133, with the values ranging from 0.89 to 1.38.

The four specimens without confining reinforcement had a mean value of 7/7}, of 1.16, higher than
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the eight specimens with confining reinforcement with a mean value of 7/7) of 1.03. The mean
value of 7/Ty s 1.13 for the No. 14 bar specimens and 0.95 for the No. 18 bar specimens.

Student’s t-test can be used to determine if the difference in the mean values is statistically
significant. The type of t-test used in this study was homoscedastic (two-sample equal variance)
with a two-tailed distribution. A threshold of 0.05 is used for the p value. Thus, if the p value is
less than 0.05 the probability that the difference in to values occurred by chance is less than 5%.
Values of p above 0.05 indicate the difference was not due to any meaningful difference in
behavior.

Although the comparisons with Eq. (4.2) and (4.3) appear to be more conservative for the
specimens without confining reinforcement than for the specimens with confining reinforcement
(mean 7/T, = 1.16 and 1.03, respectively), p = 0.144, indicating that the difference in the mean
values is not statistically significant. In terms of bar size, however, the difference in the mean

values of 7/T for the No. 14 and No. 18 bar specimens, 1.13 and 0.95, respectively, with p = 0.026.
4.3 NEW DESCRIPTIVE EQUATIONS

In this section, the descriptive equations developed for No. 11 and smaller hooked bars are
updated by adding the No. 14 and 18 bar test results from this study to the database. Using the
same procedure by Ajaam et al. (2017), an equation is first developed for specimens with widely-
spaced bar (center-to-center spacing > 6d,) without confining reinforcement using an iterative
analysis resulting in 7/7, =1.00. The effect of close bar spacing is then accounted for. The same
procedure is then repeated for specimens with confining reinforcement. The database used by
Ajaam et al. (2017, 2018) to develop the previous equations is used along with the results for the
No. 14 and No. 18 bar specimens tested in this study. Eleven specimens with an effective beam
depth to embedment length ratio (de/len, as will be discussed in detail in Section 4.4.5) greater
than 1.5 are removed from the analysis. Those include three No. 6 bar specimens by Ramirez and
Russell (2008) and three No. 8 and five No. 11 bar specimens by Sperry et al. (2015b) and Ajaam
(2017).

4.3.1 Widely-spaced Bars Without Confining Reinforcement

Developing a new descriptive equation starts with obtaining an expression for the 76
specimens with widely-spaced bars without confining reinforcement. The specimens include No.

7 hooked bars tested by Lee and Park (2010). The specimen details are presented in Table B.2 of
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Section B3 (Specimens tested at the University of Kansas) and Table B.8 of Section B4 (Specimens

tested in other studies) in Appendix B. The resulting expression is

T 319f0281€1 106d0430 (44)

where T.is the anchorage strength of hooked bars without confining reinforcement (Ib), fon is
concrete compressive strength on the day of test (psi), /e is embedment length (in.), and d is bar
diameter (in.). Compared with Eq. (4.2) developed by Ajaam et al. (2017, 2018), the constant has
increased from 294 to 319, the power of f., has decreased from 0.295 to 0.281, the power of /e
has increased from 1.0845 to 1.106, and the power of dj has decreased from 0.470 to 0.430. Figure
4.2 compares fen With 7/T, as a function of f.,, for the 76 specimens used to develop Eq. (4.4).
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Figure 4.2 Ratio of test-to-calculated bar force at failure 7/7. versus concrete compressive
strength for hooked bar specimens with widely-spaced bars (center-to-center spacing > 6d5)
without confining reinforcement

As shown in Figure 4.2, no noticeable trend is observed, indicating that the 0.281 power of
fem captures the effect of concrete compressive strength. The statistical parameters for 7/7. are

shown in Table 4.3, where 7/7. ranges from 0.72 to 1.49, with a mean of 1.00 and a coefficient of
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variation of 0.122. Equation (4.4) is conservative for No. 14 bars with a mean of 1.07, but less so
than Eq. (4.2) (mean = 1.13). At 0.81, the mean value of 7/T. are especially low for two No. 7 bar
specimens tested by Lee and Park (2010).

Table 4.3 Statistical parameters of 7/7. ratio using Eq. (4.4) for hooked bar specimens with
widely-spaced bars (center-to-center spacing > 6d) without confining reinforcement

Bar size All No.5 [No.7 | No.8 | No. 11 | No. 14
No. of specimens 76 18 2 33 20 3
Max 1.49 1.19 | 0.89 | 1.49 | 1.17 1.09
Min 0.72 0.87 | 0.72 | 0.74 | 0.86 1.03
Mean 1.00 1.00 | 0.81 | 1.01 | 0.99 1.07
STDEV 0.122 | 0.099 |0.120 | 0.141 | 0.103 | 0.027
CoV 0.122 | 0.099 |0.149 | 0.139 | 0.105 | 0.025

4.3.2 Closely-spaced Bars Without Confining Reinforcement

For the 26 specimens with closely-spaced bars (s/dy < 6, where s is the center-to-center
spacing of hooked bars) without confining reinforcement, the values of 7/7., with T, based on Eq.
(4.4), are plotted versus s/dp in Figure 4.3. The specimens include two No. 7 bars by Hamad et al.
(2003) and three No. 11 bars by Ramirez and Russell (2008). These specimens were tested as
cantilevers, meaning the bottom of the columns were fixed and the only forces applied to
specimens were tension on hooked bars and compression at the simulated beam. The specimens
were retained for developing descriptive equations for consistency. Ajaam et al. (2017, 2018) also
included six No. 7 bar specimens by Marques and Jirsa (1975), but those specimens are not used
here due to their unrealistic geometry and proportions as well as yielding of the bars accompanied
by relatively high bar slips, as discussed in detail in Section 4.5. The specimen details are presented
in Table B.3 of Section B3 (Specimens tested at the University of Kansas) and Table B.8 of Section
B4 (Specimens tested in other studies) in Appendix B.
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Figure 4.3 Test-to-calculated bar force at failure 7/7. versus ratio of center-to-center spacing to
bar diameter s/d), for widely- and closely-spaced hooked bars without confining reinforcement

As shown in Figure 4.3, the 7/T. ratio decreases with a decrease in s/dp. T/T. approaches
1.0 at s/dp = 6.0. The linear trendline equation can be used as a multiplier to account for the effect
of close bar spacing. When used in conjunction with Eq. (4.4), the equation for widely- and closely-

spaced bars without confining reinforcement becomes

Tvc — (319]2"10.281€eh14106db0.430 )[0077414_ 04803} (45)

b

where [0.0774di+ O.4803] <1.0

b
It is worth noting that incorporating the effect of close bar spacing may actually be a
convenient proxy for a bar group effect. For both hooked and headed bars, the majority of
specimens with closely-spaced bars contain 3 or 4 bars, whereas all specimens with widely-spaced

bars contain 2 bars. Therefore, what is considered to be the effect of close bar spacing on anchorage
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strength, may be the effect of a greater total force on a member of fixed size. The center-to-center
bar spacing, however, is a simple and safe proxy to take this effect into account.
The statistical parameters for the 26 specimens with closely-spaced bars and without

confining reinforcement are shown in Table 4.4.

Table 4.4 Statistical parameters of 7/7. ratio using Eq. (4.5) for hooked bar specimens with

closely-spaced (s/dp < 6dp) bars without confining reinforcement

Bar size All | No.5 | No.7 | No.8 | No.11 | No. 14
No. of specimens | 26 7 2 10 6 1
Max 1.33 1.16 0.91 1.14 1.22 1.33
Min 0.76 | 0.91 0.80 0.76 1.02 1.33
Mean 1.00 1.00 0.85 0.93 1.11 1.33
STDEV 0.141 | 0.092 | 0.083 | 0.126 | 0.079 0
CoV 0.141 | 0.092 | 0.097 | 0.135 | 0.071 0

As shown in Table 4.4 the 7/7¢ ratio ranged from 0.76 to 1.33 with a mean of 1.00 and a
coefficient of variation of 0.141 for the specimens with closely-spaced bars and without confining
reinforcement. The mean values range from 0.85 for No. 7 bars to 1.11 for No. 11 bars. 7/7. for
the sole No. 14 bar is 1.33. 7/T is plotted as a function of f.,, in Figure 4.4 for the 100 specimens
without confining reinforcement. No visible trend is apparent, indicating that the effect of concrete
compressive strength is adequately captured by Eq. (4.5). The statistical parameters of 7/7¢ ratio

are presented in Table 4.5 for all specimens without confining reinforcement.
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Figure 4.4 Ratio of test-to-calculated failure load 7/T. versus concrete compressive strength for
hooked bar specimens having widely- and closely-spaced bars without confining reinforcement

Table 4.5 Statistical parameters of 7/7. ratio using Eq. (4.5) for hooked bar specimens with
widely- and closely-spaced bars without confining reinforcement

Bar size All | No.5 | No.7 | No.8 | No. 11 | No. 14
No. of specimens | 102 25 4 43 26 4
Max 149 | 1.19 | 0.89 | 1.49 | 1.22 1.33
Min 0.72 | 0.87 | 0.72 | 0.74 | 0.86 1.03
Mean 1.00 | 1.00 | 0.81 | 1.00 | 1.01 1.13
STDEV 0.128 | 0.095 | 0.120 | 0.141 | 0.110 | 0.131
CoV 0.128 | 0.095 | 0.149 | 0.142 | 0.109 | 0.115

As shown in Table 4.5, the 102 specimens without confining reinforcement had a mean
T/T. of 1.00, with individual values ranging from 0.72 to 1.49 with a coefficient of variation of
0.128. Based on bar size, the mean value of 7/7. ranges from 0.81 for the No. 7 bar specimens to

1.13 for the No. 14 bar specimens.
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4.3.3 Widely-spaced Bars with Confining Reinforcement

The next step is developing an expression for the contribution of confining reinforcement.
To begin, the same iterative analysis is performed for 54 specimens having widely-spaced bars
with confining reinforcement (all tested at the University of Kansas as presented in detail in Table
B.4 in Section B3 of Appendix B). The expression for the contribution of the confining steel, T,
is added to the expression for the contribution of concrete, 7c, shown in Eq. (4.4), giving

T,=T +T =319f, "0 "%, + 54,568(%} d,"” (4.6)

where Ay is total cross-sectional area (in.?) of tie legs within 8d, from the top of the hooked bar
for No. 8 bars and smaller or within 10d, for No. 9 bars or larger, and #» is the number of bars.
Compared with the previous descriptive equation, Eq. (4.3), the constant in the 7§ term has slightly
decreased from 55,050 to 54,568, the power of 44/n has decreased from 1.0175 to 1.0, and the
power of dj has decreased from 0.73 to 0.693. Figure 4.5 compares 7/T) calculated based on Eq.
(4.6) with f.n.. As observed in the figure, Eq. (4.6) adequately captures the effect of concrete
compressive strength, with no positive or negative trend in the data as a function of concrete
compressive strength. Table 4.6 presents the statistical parameters of 7/7) for the specimens with

widely-spaced bars and confining reinforcement.
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Figure 4.5 Ratio of test-to-calculated bar force at failure 7/7}, versus concrete compressive
strength for hooked bar specimens having widely-spaced (s/d» > 6d5) bars with confining
reinforcement

Table 4.6 Statistical parameters of 7/7} ratio using Eq. (4.6) for hooked bar specimens with
widely-spaced (s/d» > 6dp) bars with confining reinforcement

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 54 7 22 18 3 4
Max 1.26 | 1.07 | 1.26 | 1.14 1.19 1.01
Min 0.77 | 0.89 | 0.82 | 0.77 0.90 0.90
Mean 1.00 | 0.98 | 1.00 | 1.01 1.08 0.96
STDEV 0.098 | 0.072 | 0.097 | 0.107 | 0.154 | 0.047
CoV 0.098 [ 0.074 | 0.097 | 0.106 | 0.143 | 0.048

As shown in Table 4.6, T/T) ranges from 0.77 to 1.26 with a mean of 1.00 and a coefficient
of variation of 0.098. Based on bar size, the mean values of 7/7) range from a low of 0.96 for the

No. 18 bar specimens to a high of 1.08 the No. 14 bar specimens.
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4.3.4 Closely-spaced Bars with Confining Reinforcement

The last step in developing the new descriptive equations is to account for close bar spacing
for specimens with confining reinforcement. The same approach used for specimens without
confining reinforcement (Section 4.3.2) is followed. Figure 4.6 shows the plot of 7/7}, versus s/dp
for 23 specimens having closely-spaced bars with confining reinforcement (all tested at the

University of Kansas as presented in Table B.5 in Section B3 of Appendix B).

1.4
L 121
E A

A
s 1.0 - . it :
= K o
e

£ 08 - e . 5 No. 5
2 AA A No. 8
(1°]
3 0.6 | y=0.0428x+0.7002 e No. 11
3 e No. 14
E 04 7 o Widely-spaced
Q
[

0.2 -

0.0 l | |

0 3 6 9 12

Center-to-center Spacing/Bar Diameter, s/d,

Figure 4.6 Test-to-calculated bar force at failure 7/7) versus ratio of center-to-center spacing to
bar diameter s/d, for widely- and closely-spaced hooked bars with confining reinforcement

As shown in Figure 4.6, the correlation between anchorage strength and bar spacing is not
strong for hooked bars with confining reinforcement and is less significant than it is for specimens
without confining reinforcement, indicating the adverse effects of having closely-spaced bars are
less detrimental when confining reinforcement is used. The linear trendline equation given in

Figure 4.6 is multiplied by Eq. (4.6) to give the final equation for specimens with confining

reinforcement having widely- and closely spaced bars:
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T, = (319 £, 01 1106 0430 54,568(ﬁJ db°'693j[0.0428di+ 0.7002]

n b

4.7)

where [0.0428di+ 0.7002} <1.0

b

The statistical parameters for 7/7) using Eq. (4.7) for specimens with closely-spaced bars
and confining reinforcement are shown in Table 4.7. 7/T) ranges from 0.75 to 1.25 with a mean of
1.00 and a coefficient of variation of 0.130. Based on bar size, the mean value of 7/T), ranges from

a low of 0.93 for the No. 11 bar specimens to a high of 1.04 for the No. 5 bar specimens. 7/7}
equals 1.15 for the single No. 14 bar specimen.

Table 4.7 Statistical parameters of 7/7} ratio using Eq. (4.7) for hooked bar specimens with
closely-spaced bars with confining reinforcement

Bar size All | No.5 | No. 8 | No. 11 | No. 14
No. of specimens | 23 9 10 3 1
Max 1.25 | 1.25 | 1.20 | 0.95 1.15
Min 0.75 | 0.86 | 0.75 | 0.93 1.15
Mean 1.00 | 1.04 | 0.97 | 0.93 1.15
STDEV 0.130 { 0.124 | 0.143 | 0.012 0
CoV 0.130 { 0.119 | 0.148 | 0.013 0

Table 4.8 presents the statistical parameters of 7/7, for all specimens with confining
reinforcement. 7/7; ratio ranges from 0.75 to 1.26, with a mean of 1.00 and a coefficient of

variation of 0.107. Based on bar size, the mean value of 7/7) ranges from a low of 0.99 for the No.

8 to a high of 1.10 for No. 14 bar specimens.

Table 4.8 Statistical parameters of 7/7} ratio using Eq. (4.7) for hooked bar specimens with

widely- and closely-spaced bars with confining reinforcement

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 77 16 32 21 4 4
Max 1.26 | 1.25 | 1.26 | 1.14 1.19 1.01
Min 0.75 | 0.86 | 0.75 | 0.77 0.90 0.90
Mean 1.00 | 1.01 | 0.99 | 1.00 1.10 0.96
STDEV 0.107 | 0.107 | 0.112 | 0.102 | 0.131 | 0.047
CoV 0.107 | 0.106 | 0.113 | 0.102 | 0.120 | 0.048
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Figure 4.7 compares 7/T, with the concrete compressive strength for the specimens with
confining reinforcement. Similar to Figure 4.5, no noticeable trend can be detected. Thus, the

descriptive equations developed in this study represent the effect of concrete strength for all of the

specimens in the database.

1.4

1.2 - ° o
I;: ‘A: o .. A
\ ),
S 1.0 - ul o .i} ; o
()
b= A ° No. 5
T 0.8 - s : ©
B A No.8
£ 0.6 - e No. 11
S e No. 14
2 04 - ©
2 = No. 18
5 0.2 -
2

0-0 I I I

0 5000 10000 15000 20000

Concrete Compressive Strength, f,,. (psi)

Figure 4.7 Ratio of test-to-calculated bar force at failure 7/7}, versus concrete compressive
strength for hooked bar specimens having widely- and closely-spaced bars with confining

reinforcement
4.3.5 Summary
Table 4.9 presents the statistical parameters of 7/7} for all hooked bar specimens used to

develop the descriptive equations.

Table 4.9 Statistical parameters of 7/7} ratio using Eq. (4.5) and (4.7) for all hooked bar
specimens used to develop the descriptive equations

Bar size All | No.5 | No.7 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 179 41 4 75 47 8 4
Max 149 | 125 | 0.89 | 149 | 1.22 1.33 1.01
Min 0.72 | 0.86 | 0.72 | 0.74 | 0.77 0.90 0.90
Mean 1.00 | 1.01 | 0.81 | 0.99 | 1.01 1.12 0.96
STDEV 0.117 1 0.099 | 0.098 | 0.129 | 0.106 | 0.123 | 0.047
CoV 0.117 1 0.099 | 0.122 | 0.130 | 0.105 | 0.110 | 0.048
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As shown in Table 4.9, the test-to-calculated ratio 7/7 for all hooked bar specimens used
to develop the new descriptive equations ranged from 0.72 to 1.49 with a mean of 1.00 and a
coefficient of variation of 0.117. For No. 14 and No. 18 bars, the new equations provide improved
coefficient of variation and mean compared with the equations developed previously for No. 11
and smaller bars by Ajaam et al. (2017, 2018), Eq. (4.2) and (4.3). Similar to Egs. (4.2) and (4.3),
the new equations are more conservative for No. 14 bars than No. 18 bars.

For the specimens in the database, the measured bar force at failure 7 is compared with the
calculated failure load 7} in Figure 4.8. As shown in the figure, the best fit trendline for the
specimens closely matches the dashed line representing 7'= T}. The new descriptive equations are

evaluated for No. 14 and No. 18 bars in Table 4.10.
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Figure 4.8 Measured versus calculated bar force at failure based on new descriptive equations
for hooked bars, Eq. (4.5) and (4.7)
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Table 4.10 Summary of test-to-calculated ratio 7/7} using Eq. (4.5) and (4.7) for No. 14 and No.
18 hooked bar specimens tested in this study

T/Ty
All Withput Confining Wit'h Confining No. 14 | No. 18
Reinforcement Reinforcement
No. of Specimens 12 4 8 8 4

Max 1.33 1.33 1.19 1.33 1.01

Min 0.90 1.03 0.90 0.90 0.90

Mean 1.06 1.14 1.03 1.12 0.96
STDEV 0.127 0.133 0.116 0.124 | 0.047
CoV 0.119 0.117 0.112 0.111 0.048

As shown in Table 4.10, Eq. (4.5) and (4.7) are more conservative for No. 14 bars than No.
18 bars, with respective values of 7/T; of 1.12 and 0.96 for the No. 14 and No. 18 bar specimens,
respectively, a difference that is statistically significant, with a p value of 0.042. Equations (4.5)
and (4.7) give more conservative results, on average, for specimens without confining
reinforcement than those with confining reinforcement, with respective mean 7/7 values of 1.14
and 1.03, similar to 1.16 and 1.03 obtained using Eq. (4.2) and (4.3). Overall, the new descriptive
equations provide comparable results for No. 14 bars but are improved for No. 18 bars, compared
with Eq. (4.2) and (4.3) developed for No. 11 and smaller bars. Compared with Eq. (4.2) and (4.3),
the new equations have a lower overall coefficient of variation for No. 14 and No. 18 bar specimens
(0.119 versus 0.133). Overall, Eq. (4.5) and (4.7) are appropriate for characterizing the anchorage
strength of large hooked bars.

4.4 EVALUATING DESCRIPTIVE EQUATIONS

In this section, the descriptive equations are evaluated with respect to several key
parameters, including bar location, confining reinforcement, bar spacing, strut angle, effective
beam depth, and embedment length. In Section 4.5, the results for specimens not used to develop

descriptive equations are investigated.
4.4.1 Bar Location

In accordance with Table 25.4.3.2 of ACI 318-19, the modification factor for bar location,
Yo, 18 1.0 for hooked bars terminating inside column longitudinal reinforcement (column core)
with side cover normal to plane of hook > 2.5 in., or with side cover normal to plane of hook >

6dp. In all other cases, y, = 1.25. These factors were adopted based on comparisons made by
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Sperry et al. (2015b) and Ajaam et al. (2017, 2018) between 13 pairs of specimens with hooked
bars placed outside versus inside the column core. The comparisons showed that specimens with
hooked bars placed outside column core exhibited lower anchorage strength than the companion
specimen with hooked bars inside the column core in 12 of 13 cases. Touside/inside ranged from
0.66 to 1.03 with an average of 0.85. The reduction in anchorage strength was then taken
conservatively as 80% (therefore, 1/0.8 = 1.25).

In this section, all of the specimens, not just paired specimens, tested by Sperry (2015b)
and Ajaam et al. (2017) with hooked bars placed outside the column core are re-analyzed using
the descriptive equations developed in this study, Eq. (4.5) and (4.7), to establish a more accurate
bar location factor. Table 4.11 presents the key properties of these specimens along with their 7/7%
ratio. Details of these specimens are presented in Table B.6 of Section B3 (specimens tested at the

University of Kansas) of Appendix B.

Table 4.11 Test-to-calculated 7/7) ratio based on Eq. (4.5) and (4.7) for specimens with hooked
bars placed outside column core (Ajaam et al. 2017)

.feh fcm d b sidpy | AmlAns T Th T/Ty,
n. psi in. kips | kips

5 4930 | 0.63 | 9.8 0 14.1 | 169 | 0.83
4.8 | 4930 | 0.63 | 9.2 193 | 16.2 | 1.19
6.2 | 5650 | 0.63] 9.5 17.8 | 223 | 0.80
7.9 | 5650 | 0.63 | 9.5 22.8 | 29.2 | 0.78

9 | 5780 [0.63] 9.5 26.1 | 339 | 0.77
9.4 | 4420 1 0.63 | 9.2 29.5 | 33.0 | 0.89
9.5 | 4520 [ 0.63 | 9.5 30.1 | 33.6 | 0.90
11.3] 4520 [ 0.63| 9.5 0 324 | 40.8 | 0.80
9.2 | 4420 [ 0.63|10.0| 0.350 | 35.5 | 36.6 | 0.97
11.6 | 4420 | 0.63 | 10.0 | 0.350 | 43.1 | 46.0 | 0.94
8.8 | 4520 [ 0.63 [ 10.0 | 0.350 | 20.3 | 35.2 | 0.58
11.3 ] 4520 | 0.63 | 10.0 | 0.350 | 42.3 | 45.1 | 0.94

5 5205 [0.63| 9.8 | 1.060 | 21.8 | 30.2 | 0.72
5.2 | 4930 | 0.63 | 10.0 | 1.060 | 22.5 | 30.7 | 0.73
7.9 | 5650 [0.63| 9.7 | 1.060 | 25.1 | 42.2 | 0.59
7.5 | 5650 | 0.63 ] 9.8 | 1.060 | 24.9 | 40.6 | 0.61
6.5 | 5780 [ 0.63 | 9.8 | 1.060 | 21.7 | 36.7 | 0.59
10.4 | 5270 1 9.0 0 423 | 473 | 0.89

Specimen ID

5-5-90-0-0-1.5-2-5
5-5-90-0-0-2.5-2-5
5-5-90-0-0-1.5-2-6.5
5-5-90-0-0-1.5-2-8
5-5-90-0-0-2.5-2-8
5-5-180-0-0-1.5-2-9.5
5-5-180-0-0-2.5-2-9.5
5-5-180-0-0-1.5-2-11.25
5-5-180-2#3-0-2.5-2-9.5
5-5-180-2#3-0-1.5-2-11.25
5-5-180-2#3-0-1.5-2-9.5
5-5-180-2#3-0-2.5-2-11.25
5-5-90-5#3-0-1.5-2-5
5-5-90-5#3-0-2.5-2-5
5-5-90-5#3-0-1.5-2-8
5-5-90-5#3-0-2.5-2-8
5-5-90-5#3-0-1.5-2-6.5
8-5-90-0-0-2.5-2-10a

j=) [l fer ) fen ) Fen ) fan)

DN (N[NNI N[NNI NN NN (N S

8-5-90-0-0-2.5-2-10b 9.8 | 5440 1 9.0 0 33.7 | 44.7 | 0.75
8-5-90-0-0-2.5-2-10c 10.6 | 5650 1 9.0 0 56.0 | 493 | 1.14
8-8-90-0-0-2.5-2-8 8.4 | 8740 1 8.0 0 33.0 | 43.1 | 0.77
8-8-90-0-0-3.5-2-8 7.8 | 8810 1 8.8 0 359 | 39.8 | 0.90
8-8-90-0-0-4-2-8 8.2 | 8630 1 8.8 0 375 | 41.8 | 0.90
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8-5-90-5#3-0-2.5-2-10a | 2| 10.4| 5270 1 9.1 | 0420 | 543 | 654 | 0.83
8-5-90-5#3-0-2.5-2-10b | 2 | 10.5 | 5440 1 9.1 | 0420 | 65.6 | 66.4 | 099
8-5-90-5#3-0-2.5-2-10c | 2| 10.9 | 5650 1 9.1 | 0420 | 57.7 | 69.0 | 0.84
8-8-90-5#3-0-2.5-2-8 2| 8.5 | 8630 1 8510420 | 580 | 61.6 | 0.94
8-8-90-5#3-0-3.5-2-8 21 7.9 | 8810 1 8.7 | 0420 | 55.0 | 58.5 0.94
8-8-90-5#3-0-4-2-8 2| 83 | 8740 1 92 | 0420 | 39.1 | 60.6 | 0.64
11-8-90-0-0-2.5-2-25 21252 9460 | 1.41| 8.6 0 1747 | 172.2 | 1.01
11-8-90-0-0-2.5-2-17 21166 9460 | 1.41 | 8.8 0 107.2 | 108.5 | 0.99
11-12-180-0-0-2.5-2-17 |2 |17.1 | 11800 | 1.41| 8.5 0 83.5 | 119.3 | 0.70
11-12-90-0-0-2.5-2-17 2116911800 | 1.41 | 8.8 0 1054 | 117.8 | 0.90
11-8-90-6#3-0-2.5-2-22 |2 ]219| 9120 | 141 | 85 | 0.210 [ 170.2 | 168.6 | 1.01
11-8-90-6#3-0-2.5-2-16 |2 |162| 9420 | 141 | 85 | 0.210 | 136.8 | 128.2 | 1.07
11-12-180-6#3-0-2.5-2-17 | 2| 16.5] 11800 | 1.41 | 8.5 | 0.210 | 113.1 | 1374 | 0.82
11-12-90-6#3-0-2.5-2-17 |2 |16.4 | 11800 | 141 | 87 | 0.210 | 1159 | 136.6 | 0.85
Mean | 0.85
CoV | 0.174

Based on the results shown in Table 4.11, the 7/7} ratio for the 37 specimens with hooked
bars placed outside column core ranges from 0.58 to 1.19 with a mean of 0.85 and a coefficient of
variation of 0.174. The average of 0.85 indicates that the bar location factor could be reduced to
1/0.85 = 1.17. For simplification and for design purposes, a value of 1.15 is suggested.

Chun et al. (2017b) tested 26 specimens with No. 14 and No. 18 hooked bars, in which
each specimen had two hooked bars placed outside column core. The specimens were designed to
force a side-face blowout failure. All specimens had a high amount of confining reinforcement,
with values of Aus/Ans ranging from 0.44 to 0.88. In 20 of the specimens, the hooked bars were
placed outside the confining ties, as shown in Figure 4.9.a, and were considered “unconfined” by
Chun et al. (2017b). In the remaining 6 specimens, the confining ties were wrapped around the
hooked bars, as shown in Figure 4.9.b; this configuration is the same as used by Sperry et al.

(2015Db) for hooked bars placed outside the column core, as shown in Figure 4.9.c.
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Figure 4.9 Confining reinforcement layouts in specimens with hooked bars placed outside the
column core: (a) hooks outside the confining ties (Chun et al. 2017b), (b) hooks inside confining
ties (Chun et al. 2017b), and (c) hooks inside confining ties (Sperry et al. 2015b)

Table 4.12 presents 7/7 based on Eq. (4.5) and (4.7) for the 26 specimens tested by Chun
et al. (2017b). The specimens with hooks inside the confining ties are identified by Chun et al. as
“confined” with a “C” at the end of the specimen ID. 7/7} is calculated for two cases. In the first
case (second to last column), the confining reinforcement is counted as being effective and used
to calculate 77. In the second case (last column), the confining reinforcement is not counted for the

specimens with hooks placed outside the confining ties (Figure 4.9a).

Table 4.12 Test-to-calculated ratio 7/T, based on Eq. (4.5) and (4.7) for specimens with No. 14
and No. 18 hooked bars placed outside column core by Chun et al. (2017b)
Lo | Jem | @b 3 i | dntd e @ | 17,0
in. psi in. kips
16.9 | 6440 | 1.693 | 9.6 0.88 115.3 0.44 1.07
169 | 6950 | 1.693 | 9.6 0.59 | 168.9 0.79 N/A
16.9 | 10010 | 1.693 | 9.6 0.88 123.2 0.44 1.01
16.9 | 7020 | 1.693 | 9.6 0.88 131.5 0.49 1.19
22.0 | 7020 | 1.693 | 9.6 0.88 144.9 0.48 0.98
22.0 ] 7020 | 1.693 | 9.6 0.59 | 170.7 0.68 N/A
22.0 1 10600 | 1.693 | 9.6 0.88 142.4 0.44 0.86
22.0 | 7020 | 1.693 | 9.6 0.88 154.5 0.51 1.05
27.1 | 7020 | 1.693 | 9.6 0.88 163.2 0.48 0.88
27.1] 7020 | 1.693 | 9.6 0.59 | 177.5 0.61 N/A
27.1 110010 | 1.693 | 9.6 0.88 172.7 0.48 0.84
27.1] 7020 | 1.693 | 9.6 0.88 181.9 0.53 0.98
33.9 | 7020 | 1.693 | 9.6 0.88 172.0 0.44 0.72
22.6 | 5450 | 2.257| 7.2 0.66 | 147.2 0.36 0.92
22.6 | 6150 | 2.257 | 7.2 0.66 | 1504 0.36 0.91
22.6 | 5450 | 2.257 | 7.2 0.44 | 2232 0.68 N/A
22.6 | 5450 |2.257| 7.2 0.66 | 214.6 0.52 1.34

S

Specimen ID

D43-L10-C1-S42
D43-L10-C1-S42-C 1
D43-L10-C1-S70
D43-L10-C2-S42
D43-L13-C1-S42
D43-L13-C1-S42-C 1
D43-L13-C1-S70
D43-L13-C2-S42
D43-L16-C1-S42
D43-L16-C1-S42-C 1
D43-L16-C1-S70
D43-L16-C2-S42
D43-L20-C1-S42
D57-L10-C1-S42-a
D57-L10-C1-S42-b
D57-L10-C1-S42-C 1
D57-L10-C2-S42

DO [N [DN [N [N N[N [N [N |
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D57-L13-C1-S42-a
D57-L13-C1-S42-b
D57-L13-C1-S42-C 1
D57-L13-C2-S42
D57-L16-C1-S42-a
D57-L16-C1-S42-b
D57-L16-C1-S42-C [
D57-L16-C2-S42
D57-L20-C1-S42

29.3 | 5450 | 2257 | 7.2 0.66 | 2364 0.51 1.11
29.3 | 6150 | 2257 | 7.2 0.66 | 232.6 0.49 1.05
293 | 5450 | 2257 | 7.2 044 | 2542 0.66 N/A
293 | 5450 | 2257 | 7.2 0.66 | 2734 0.59 1.28
36.1 | 5450 | 2257 | 7.2 0.66 | 254.0 0.49 0.95
36.1 | 6150 | 2257 | 7.2 0.66 | 284.0 0.53 1.02
36.1 | 5450 | 2.257 | 7.2 0.44 | 279.6 0.64 N/A
36.1 | 6530 | 2257 | 7.2 0.66 | 318.8 0.59 1.13
451 | 6530 | 2.257 | 7.2 0.66 | 3284 0.53 0.91
Max 0.79 1.34
Min 0.36 0.61
Mean 0.53 0.93
CoV 0.192 0.210

NN N[N [N

[T Specimens with hooks placed inside the confining ties (Figure 4.9b)
(21 Confining reinforcement counted towards anchorage strength
B3] Confining reinforcement taken as not contributing to anchorage strength

As shown in Table 4.12, if the ties are taken as contributing to anchorage strength, 777},
ranges from 0.36 to 0.89, with a mean of 0.53. The very low average indicates that confining
reinforcement in specimens with hooks placed outside the confining ties (Figure 4.9.a) do not
contribute to anchorage strength. If these specimens are treated as containing no confining
reinforcement, the 7/T} ratio ranges from 0.61 to 1.34 with a mean of 0.93. Since the hooked bars
were placed outside column core in all these specimens, a bar location factor of 1.17 should be
applied, increasing the average 7/7% to 1.09, which is within the range of the coefficient of variation
of the developed descriptive equations, Eq. (4.5) and (4.7).

For the six “confined” specimens (hooked bars inside confining ties, Figure 4.9.b), ties are
counted towards anchorage strength and 4m/Ans = 0.4 is used in calculating 7%, resulting in 7/7}
ratio ranging from 0.72 to 0.92 with a mean of 0.79, after applying the bar location factor of 1.17.
This indicates these specimens were weaker than similar specimens with respect to descriptive
equations. For comparison, for the specimens by tested by Sperry et al. (2015b) and Ajaam et al.
(2017) with a similar layout (shown in Figure 4.9¢), 7/T ranged from 0.68 to 1.25 with a mean of
0.96 after applying the bar location factor of 1.17. The lower 77T}, for specimens tested by Chun et
al. (2017b) could be attributed to having a small concrete side cover, just 1d, for No. 14 and No.
18 bars (to force a side-face blowout failure), whereas Ajaam et al. (2017) used 2.4 or 4d, for No.
5 bars, 2.5, 3.5, or 4d, for No. 8 bars, and 1.8d} for No. 11 bars.

The justification for counting confining reinforcement towards anchorage strength when

hooks are placed inside the confining ties (Figure 4.9.b and ¢) is that the tale of the hook is wrapped
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by the column ties, thus mobilizing the outside longitudinal reinforcing bars when the hooked bars
are being pulled out during the test. A direct design recommendation can be drawn from this
observation; if the hooked bars are placed outside the column core and confining ties, the confining

reinforcement should not be counted towards contributing to anchorage strength.
4.4.2 Confining Reinforcement

The effect of confining reinforcement on the anchorage strength of hooked bars is
discussed in this section. Given the very limited number of specimens with No. 14 and No. 18
bars, earlier test results for No. 11 and smaller bars are also used in the analyses (Searle et al. 2014,
Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018). The
values of 7/T, based on new descriptive equations, Eq. (4.5) and (4.7), for specimens with
confining reinforcement are compared with respect to Ax/Axs in Figure 4.10. The details of these

specimens are presented in Tables B.4 and B.5 of Section B3 in Appendix B.

1.6
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< N No. 5, < 6db

= 1.2 &, No. 7, > 6db
S 1.0 l. : § = No. 7, < 6db
T 8 e o 4 = 4 No. 8,2 6db
(' $ n
o 08 e 2 A No. 8, < 6db
g 0.6 - e No. 11, > 6db
3 o No. 11, < 6db
g 0.4 e No. 14, > 6db
502— o No. 14, < 6db
= = No. 18, > 6db

0.0 ; ‘ | . | \ ; | ; | \

0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1.0 1.1 1.2
Confining Reinforcement Ratio, A,,/A,,

Figure 4.10 Test-to-calculated ratio 7/7) based on new descriptive equations, Eq. (4.5) and (4.7),
for hooked bars versus confining reinforcement ratio Asm/Ans

As shown in Figure 4.10, the 4:/Axs ratio ranged from 0.14 to 1.06 for the specimens with
confining reinforcement. The mean value of 4/Axs was 0.40 for all specimens. Values above 0.5

pertain solely to the No. 5 bars. No trend is evident, indicating the insensitivity of the descriptive
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equations to the term A»/n in Eq. (4.7). Since no bars larger than No. 8 had 4:/A4xs above 0.5, a cap
on Am/Ars would be appropriate to consider for design purposes, as discussed in Chapter 6. Figure
4.10 also shows that, generally, the No. 14 and No. 18 bar specimens performed in a manner similar
to the No. 11 and smaller bar specimens with comparable values of Au/Ans.

As discussed previously, the provisions in ACI 318-19 give no credit to confining
reinforcement for hooked bars larger than No. 11, mainly due to a lack of test data on No. 14 and
No. 18 bars. As shown in the test program for hooked bars (Table 2.5), the No. 14 and No. 18
hooked bar specimens were designed in pairs: one specimen without and the other specimen with
confining reinforcement in the joint region, while keeping the dimensional properties, bar size,
and bar spacing the same. The embedment lengths for each pair had close values (differing only
within construction tolerances), with the exception of H14-1/H14-2, H14-3/H14-4, and H18-
1/H18-2. Specimen H14-1 had a 2.2 in. longer embedment length than H14-2 (27.0 versus 24.8
in.), and specimen H14-3 had 1.8 in. longer embedment length than its companion H14-4 (36.7
versus 34.9 in.). Specimen H18-1 had a 1.5 in. longer embedment length than its companion H18-
2 (28.5 in. versus 27.0 in.).The specimens in a pair were cast with the same concrete, but the
measured concrete compressive strengths were slightly different due to different testing dates.
Similarly, the No. 18 hooked bar specimens were also cast in pairs, with the second specimen in
each pair having a higher quantity of confining reinforcement than the first.

Based on the results given in Table 4.1, providing confining reinforcement in the joint
region contributes to the anchorage strength of No. 14 and No. 18 hooked bars. Comparing
specimens without and with confining reinforcement in the joint region reveals that ties parallel to
the straight portion of a hooked bar increase the anchorage strength for both widely-spaced (s/d»
> 6) and closely-spaced (s/d» < 6) hooked bars. Figures 4.11 and 4.12 show bar charts displaying
the anchorage strengths of the specimens in each pair of specimens for No. 14 and No. 18 hooked

bars, respectively. The 7/T), ratios for each specimen are provided for comparison.
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Figure 4.11 Comparing anchorage strength of No. 14 hooked bars for confining reinforcement.

T/Ty ratios shown based on Eq. (4.5) and (4.7). Center-to center spacing is 3.5d, for specimens
H14-7 and H14-8 (closely-spaced), and 10.6d) for all other specimens (widely-spaced)
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Figure 4.12 Comparing anchorage strength of No. 18 hooked bars for confining reinforcement.
T/Ty ratios shown on top of each bar. Hooked bars have center-to-center spacing of 6dp.
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As shown in Figures 4.11 and 4.12, the anchorage strength of the specimens with confining
reinforcement or with the greater amount of confining reinforcement is higher than that of the
companion specimen, with the exception of specimens H14-3 and H14-4, for which 7= 279.1 kips
and 7= 268.5 kips, respectively. This might be attributed to the longer average embedment length
in specimen H14-3 (36.7 in. compared with 34.9 in.) or to natural variability in test results. For the
pair H14-1 and H14-2, the specimen with ties (H14-2) had a higher anchorage strength despite
having a shorter average embedment length. Similarly, for the pair HI18-1/H18-2, the specimen
with a greater quantity of confining reinforcement (H18-2) had a higher anchorage strength than
its companion despite having a shorter embedment length.

As discussed before, all hooked bar specimens were tested under loading condition A, in
which the joint shear demand is equal to 80% of the load applied to the bars. All hooked bar
specimens, even the four specimens without ties, carried the joint shear and exhibited an anchorage
failure, whereas shear-like failures, as described in Section 3.2.2, were observed in headed bars
under similar conditions, as will be discussed in Chapter 5. These observations reveal the distinct
role of the tail of the hook in carrying the joint shear by preventing the inclined crack in the joint
from propagating towards the back of the column.

Overall, the findings of this study indicate that the contribution by the ties in the joint region
to the anchorage strength of hooked bars as large as No. 14 and No. 18 should be included in the
ACI 318 Code.

4.4.3 Bar Spacing

As mentioned in Section 4.3.2, bar spacing is used as a useful proxy for a bar group effect
on anchorage strength. In the database, bar spacing and number of bars are tied together, and it is
not possible to separate the individual effects; therefore, the choice was made to continue using
center-to-center bar spacing to represent the observed effect, done in previous studies, although
the actual mechanism is not clear.

The relationship between spacing and the anchorage strength of hooked bars is discussed
in Sections 4.3.2 and 4.3.4. The ratio of test-to-calculated failure load, 7/7}, is compared as a
function of the center-to-center bar spacing normalized by bar diameter (s/dp) in Figure 4.13.

As shown in Figure 4.13, no noticeable positive or negative trend can be observed for the
data as a whole, indicating the match between the test results and the descriptive equation is not

affected by s/d». It can also be observed that the results for No. 14 and No. 18 specimens fall within
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the corresponding cluster of data points for both closely-spaced and widely spaced bars, suggesting
that the relationship between bar spacing and anchorage strength as established for No. 11 and
smaller bars is similar for larger bars. Of the specimens with closely-spaced bars, the highest 7/7},
ratio belongs to the No. 14 bar specimen with three bars spaced at 3.5d, on-center and no confining

reinforcement (specimen H14-7).
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Center-to-center Spacing/Bar diameter, s/d,

Figure 4.13 Test-to-calculated ratio 7/7} versus ratio of center-to-center spacing to bar diameter
s/dp based on Eq. (4.5) and (4.7), for hooked bar specimens used to develop the equations

4.4.4 Strut Angle

For hooked bars, the compression strut angle is defined as the angle from the centerline of
the straight portion of the bar to an inclined line drawn between the intersection of the centerlines
of the straight portion and tail of the hook and the center of the bearing plate simulating the
compression zone of the imaginary beam, as shown in Figure 4.14. Among previous studies, Joh
et al. (1993) and Coleman et al. (2023) investigated the influence of strut angle on anchorage
strength. Joh et al. (1993) evaluated five specimens with the same column depth and proportions,
but different embedment lengths, and observed that a decrease in strut angle 6 resulted in an
increase in anchorage strength. As shown in Figure 4.14, however, a decrease in 8 will result from
increasing the embedment length, which is, of course, expected to increase anchorage strength.

This was also the case with the study by Coleman et al. (2023), as discussed later. A key point
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often raised in a discussion of the effect of strut angle on anchorage strength of beam reinforcement
in beam-column joints is the observed decrease in strength once the effective depth of a member
exceeds 1.5/.,. This is discussed in Section 4.4.5. The results addressed in this section are for
specimens in which the effective depth was less than or equal to 1.5/.

Any relationship between the strut angle and the test results for the specimens used in
developing Eq. (4.5) and (4.7), including No. 14 and No. 18 bar specimens in this study (see Tables
B.2 through B.5 in Section B3 in Appendix B) can be observed by comparing 7/7} versus 6 for the
specimens, as shown in Figure 4.15. The strut angle @ is calculated as the inverse tangent of the
ratio Xmid/len, Where xmiq 1s the distance from the center of the hooked bars to the center of the

bearing plate representing the compression region of the simulated beam.

Hooked/””?
Bar

\\\\Beaﬁng

Plate

Figure 4.14 Definition of compression strut angle (6) for hooked bars
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Figure 4.15 Test-to-calculated 7/7} ratio based on Eq. (4.5) and (4.7) versus compression strut
angle 6 for hooked bar specimens used to develop descriptive equations (not including
specimens with degflen > 1.5)

As shown in Figure 4.15, there appears to be, at most, a weak negative trend, with 7/7,
decreasing as the strut angle 6 increases up to 60°, with a somewhat greater drop for the small
number of specimens with 8 > 60°, with 10 out of the 14 specimens in this range having 7/7) <
1.0. On the other hand, of the six specimens with a strut angle 8 < 40°, four have 7/7, > 1.0, three
of which are No. 14 bar specimens. The No. 14 and No. 18 bar specimens with 45° < § < 55° fall
within the cloud of data points along with other bar sizes and do not exhibit a trend. Overall, Figure
4.15 indicates that descriptive equations are insensitive to strut angle.

The conclusion drawn here differs from that by Joh et al. (1993), as well as that in a recent
study by Coleman et al. (2023), in which, like Joh et al., Coleman et al. also compared the strut

angle @ with the bar stress at failure (f;,) normalized by concrete compressive strength (fcn) to the

0.29 power, f,,/ 0,3'29. The 0.29 power was chosen based on the descriptive equations developed

by Sperry et al. (2015b). Coleman et al. (2023) observed a significant decrease in f,, / f,,> with

increase in # and concluded that strut angle negatively affects the anchorage strength of hooked

bars. Also, like Joh et al., however, Coleman et al. made a logical error, missing the point that the
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increase in strut angle coincides with a decrease in the embedment length, as shown in Figure 4.16,
where 6 is plotted as a function of embedment length normalized by bar diameter, /.x/dp, for
specimens used to develop descriptive equations, Eq. (4.5) and (4.7). Bars of a given size are
grouped together in the figure because each had a different value of xia.

Coleman et al. (2023) did make some comparisons for specimens with the same
embedment length, but with increasing member depths, and made a similar observation. In that
comparison, the reduction in anchorage strength with increasing strut angle only occurred for
members with ratios of depth to embedment length over 1.5, a point that is discussed next in

Section 4.4.5.
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Figure 4.16 (.;/d) versus compression strut angle 0 for hooked bar specimens used to develop
descriptive equations, Eq. (4.5) and (4.7)

4.4.5 Effective Beam Depth

The ratio of effective beam depth to embedment length, deg//es, is another parameter shown
to affect the anchorage strength of hooked bars. For this analysis, the effective beam depth is
defined in Figure 4.17 and is calculated as the sum of /. and ¢, where A is the distance measured
from the center of the hooked bars to the top edge of the bearing plate and c is the calculated neutral
axis depth. c is calculated as a/f1, where a is the depth of equivalent rectangular compressive stress
block and calculated as nA,f;/0.85f:mb per the flexural design procedure for reinforced concrete

beams, £;=0.85-0.05((fc»-4000)/1000) < 0.65 per Section 22.2.2.4.3 of ACI 318-19, and b is the
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width of the specimen. Ajaam et al. (2017) showed that when dej/ler > 1.5 (deeper beam),

specimens generally have a lower anchorage strength.
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Figure 4.17 Effective beam depth d.; for hooked bars (Ajaam et al. 2017)
Variations of 7/T} ratio with respect to des//en for the hooked bar specimens used to develop
descriptive equations, Eq. (4.5) and (4.7), are shown in Figure 4.18, plus specimens with dej/ (e >
1.5 for comparison. Details of specimens with dej/len > 1.5 are presented in Table B.7 in Section

B3 of Appendix B.
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Figure 4.18 Test-to-calculated 7/T} ratio based on Eq. (4.5) and (4.7) versus effective beam
depth to embedment length d.z//.s ratio for hooked bar specimens used to develop descriptive
equations plus specimens with dej/ler, > 1.5

As shown in Figure 4.18, all but two specimens with deg/len > 1.5 have a T/T}, ratio < 1.0.

No noticeable positive or negative trend, however, is observed for the rest of the specimens,

including those with No. 14 and No. 18 hooked bars, indicating that anchorage strength of hooked

bars, as represented by those in the database, is not affected by the de//en ratio when degf fen < 1.5.

4.4.6 Embedment Length

Figure 4.19 compares 7/7, with the l./dp ratio for the specimens used to develop

descriptive equations. The figure shows that, generally, there is a no noticeable trend in 7/7}), with

increasing lex/dp. Of the specimens with the highest /./d} ratio, four had No. 14 bars with Zei/dp >

20, three of which had 7/7, > 1.0.
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Figure 4.19 Test-to-calculated 7/7 ratio based on Eq. (4.5) and (4.7) versus embedment length
to bar diameter /.»/d} ratio for hooked bar specimens used to develop descriptive equations

4.5 SPECIMENS NOT USED TO DEVELOP DESCRIPTIVE EQUATIONS

In Section 4.3, Eq. (4.5) and (4.7) were developed to represent the anchorage strength of
hooked bars by incorporating the results for No. 14 and No. 18 bar specimens in this study into the
database used by Ajaam et al. (2017). The database included No. 11 bar and smaller hooked bar
specimens tested at the University of Kansas (Searle et al. 2014, Sperry et al. 2015a, 2015b, 2017a,
2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018) as well as two No. 7 bar specimens by
Lee and Park (2010), two No. 7 bar specimens by Hamad et al. (1993), and three No. 11 bar
specimens by Ramirez and Russell (2008). The details of these specimens are presented in Tables
B.2 through B.5 in Section B3 (specimens tested at the University of Kansas) and Table B.8 in
Section B4 (specimens tested in other studies) in Appendix B. As described in Section 4.3, three
No. 6 bar specimens by Ramirez and Russell (2008) were originally included in the database but
not used in this study because they had de/lern values > 1.5. Those specimens are included in the

analysis below.

128



In this section, the anchorage strengths based on the test results 7" for beam-column joint
specimens tested in other studies and not used to develop descriptive equations are compared with
those calculated using Eq. (4.5) and (4.7), T». The studies include those by Marques and Jirsa
(1975), Pinc et al. (1977), Hamad et al. (1993), Ramirez and Russell (2008), and Lee and Park
(2010). The specimens tested by Chun et al. (2017b) are covered in Section 4.4. The specimens
tested by Marques and Jirsa (1975) (see Figure 1.3), discussed in detail later in this section, had
narrow, short columns that reduced the force carried by the joint and an unrealistic reinforcement
layout. The same is true of the specimens tested by Pinc et al. (1977). Some specimens tested by
Hamad et al. (1993), Ramirez and Russell (2008), and Lee and Park (2010) were used by Ajaam
et al. (2017) to develop the descriptive equations and were retained for that purpose in this study.
The specimens tested by Hamad et al. (1993), Ramirez and Russell (2008), and Lee and Park
(2010) that are discussed in this section were excluded for the same reasons they were excluded
by Ajaam et al. (2017) when developing the descriptive equations: “because the number of the
specimens was relatively small, 12 in total, and because of the inherent variability in the
contribution of confining reinforcement to the anchorage strength of hooked bars as a result of the
variations in test setup.” Table 4.13 shows a summary of these specimens, their key properties,
and their 7/T) ratio based on Eq. (4.5) and (4.7). Full details of the specimens are presented in
Table B.8 of Section B4 in Appendix B.

Table 4.13 Test-to-calculated 777}, ratio based on Eq. (4.5) and (4.7) for specimens tested outside
University of Kansas and not used to develop Eq. (4.5) and (4.7)

Study Specimen ID n .geh Je - d L sidy | Al Ans T Th /Ty
n. psi n. kips | kips
J7-180-12-1-H 2 110.0 | 4350 | 0.875 | 6.1 0 36.6 | 38.8 0.94
™~ J7-180-15-1-H 2 113.0| 4000 | 0.875] 6.1 0 52.2 | 50.6 1.03
> J7-90-12-1-H 2 110.0] 4150 | 0.875 | 6.1 0 372 | 383 0.97
‘:; J7-90-15-1-H 2 113.0| 4600 | 0.875] 6.1 0 54.6 | 52.6 1.04
_;Q J7-90-15-1-L 2 113.0 | 4800 | 0.875] 6.1 0 582 | 533 1.09
= J7-90-15-1-M 2 113.0] 5050 | 0.875] 6.1 0 60.0 | 54.0 1.11
s J11-180-15-1-H 2 13.1| 4400 | 141 | 34 0 70.2 | 50.1 1.40
g J11-90-12-1-H 2 110.1 | 4600 | 141 | 34 0 65.5 | 38.0 1.72
g J11-90-15-1-H 2 [ 13.1] 4900 | 141 | 34 0 749 | 50.6 1.48
= J11-90-15-1-L 2| 13.1] 4750 | 141 | 34 0 81.1 51.2 1.58
J7-90-15-3a-H" |2 ]13.0| 3750 [ 0.875| 6.1 | 0.367 | 58.8 | 53.8 1.09
J7-90-15-3-HM |2 ]13.0| 4650 | 0.875| 6.1 | 0.183 | 624 | 51.9 1.20
J11-90-15-3a-LM | 2 ] 13.1 | 5000 | 1.41 | 3.4 | 0282 | 107.6 | 72.5 1.48
J11-90-15-3-LM |2 | 13,1 | 4850 | 1.41 | 3.4 | 0.141 | 96.7 | 61.1 1.58
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q o~ 9-12 20100 4700 | 113 | 45| 0 | 47.0 | 366 | 1.28
J—)l\
g 9 11-15 213.1| 5400 | 141 | 3.4 | 0 | 780 | 47.6 | 1.64
= 11-18 2]16.1| 4700 | 141 | 34 | 0 | 905 | 575 | 1.57
_ 11-90-U 2130|2570 | 141 |34 | 0 | 480 | 428 | LI2
y 11-90-U* 2130|5400 | 141 |34 | 0 | 750 | 527 | 142
) 11-180-U-HS 2[13.0] 7200 | 141 | 34| 0 | 588 | 572 | 1.03
= 11-90-U-HS 2[130] 7200 | 141 | 34| 0 | 738 | 572 | 1.29
5 11-90-U-T6 2130|3700 | 1.41 | 3.4 | 0.141 | 71.8 | 932 | 0.77
g 7-180-U-T4 21100 3900 | 0.88 | 6.1 | 0.183 | 346 | 322 | 1.08
= 11-90-U-T4 2130|4230 | 141 | 34 | 0212 | 832 | 753 | 110
7-90-U-SC!M 21100 4230 | 0.88 | 84 | 0 | 299 | 402 | 0.87
= 112 2|65 ]8910|075 123 0 | 30.0 | 288 | 1.04
2 132 2|65 12460 | 075 |123| 0 | 30.0 | 31.7 | 0.95
& 1521 2|65 112850 | 075 |123| 0 | 30.5 | 319 | 0.95
X 1-6 20125]12850 | 141 | 6.1 | 0 [ 1140 | 864 | 1.32
S8 11-13 2165 13980 | 0.75 | 123 | 0.500 | 41.3 | 426 | 0.97
5 1I-15 2165 16350 | 0.75 | 123 | 0.500 | 38.5 | 44.0 | 0.87
g 111-14 2[125]13980 | 1.41 | 6.1 | 0.212 | 105.0 | 111.3 | 0.94
111-16 2125]16500 | 1.41 | 6.1 | 0.212 | 120.0 | 1155 | 1.04
g~
§%2
5 53 H3 2| 15.0 | 4450 | 0.88 | 9.0 | 0.367 | 53.8 | 75.1 | 0.72
QA A
q N—
Max | 1.72
Min | 0.72
Mean | 1.18
CoV | 0.224

(] Hooked bars outside column core, bar location factor of 1.17 applied to 7/7},
21 Specimens had dep/len > 1.5

The values of 7/T} for the specimens in Table 4.13 ranged from 0.72 to 1.72, with a mean
of 1.18 and a coefficient of variation of 0.235. For the No. 7 and No. 11 bar specimens by Marques
and Jirsa (1975), the mean 7/7} is 1.26. For the No. 9 and No. 11 bar specimens by Pinc et al.
(1977), the mean 7/T} is 1.50. The mean 7/7} for the No. 7 and No. 11 bar specimens by Hamad
etal. (1993) and No. 6 and No. 11 bar specimens by Ramirez and Russell (2008) are 1.12 and 0.98,
respectively, both within the range of the coefficient of variation for Eq. (4.5) and (4.7), 12%.

The No. 7 bar specimens tested by Marques and Jirsa (1975) had a mean 7/7}, value of 1.06.
A careful look at the specimens tested by Marques and Jirsa (1975) reveals that, while the No. 7

bar specimens show a good match with the descriptive equations, the No. 11 bar specimens have
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high 7/T}, values with a mean of 1.54. The noticeable difference in the mean 7/7} values is despite
the fact that the No. 7 bar specimens had the same specimen proportions and were tested in the
same apparatus as the No. 11 bar specimens. For this reason, these specimens are investigated in
more detail in terms of the test setup, specimen proportions, and applied forces.

The self-reacting system used to test specimens at the University of Kansas studies (Searle
et al. 2014, Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017,
2018) was a modified version of the test apparatus used by Marques and Jirsa (1975). Both systems
applied forces in a manner similar to loading condition B used in this study. The forces applied to
specimens by the University of Kansas test setup and Marques and Jirsa (1975) are shown

schematically in Figure 4.20.
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Figure 4.20 Schematic of the forces applied to specimens by (a) Marques and Jirsa (1975) and
(b) University of Kansas studies (Searle et al. 2014, Sperry et al. 2015a, 2015b, 2017a, 2017b,
2018, Yasso et al. 2017, Ajaam et al. 2017, 2018) (Note: drawings are not to scale)
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As shown in Figure 4.20, a bearing member was used to simulate the compression zone of
the virtual beam in both studies. As shown on Figure 4.20b, two compressive reaction forces, one
above and one below the joint region by the upper compression member and the lower tension
member, respectively, counteracted the moment applied at the joint and prevented the specimen
from rotating. In the schematic drawing provided by Marques and Jirsa (1975) and shown in Figure
4.20a, the two forces above and below the joint are represented by V. When describing the
components of their test apparatus, however, Marques and Jirsa clearly state that “A horizontal
reaction was provided at the top of the test column to balance the moment imposed by the
simulated beam” but provide no information on how the force was applied at the bottom of the
column, although the photo of the test setup shows something similar to a lower tension member
with a tension rod at the bottom of the reaction frame. It is therefore fair to assume that the force
at the bottom of the Marques and Jirsa (1975) specimens (below the joint) was provided solely by
the stiffness of the test apparatus. For the tests in the University of Kansas studies, the compressive
force at the bottom of the column was mobilized in the lower tension member (Peckover et al.
2013). In the latter case, that force was low due to the relative flexibility of tension tie used to
provide that force (Searle et al. 2014, Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al.
2017, Ajaam et al. 2017, 2018). In this sense, the two test setups were similar.

The main difference between the approach taken by Marques and Jirsa and the studies at
the University of Kansas, however, involves the specimen proportions. Marques and Jirsa (1975)
used the same specimen proportions for No. 7 and No. 11 bar specimens, in which the distance
from the center of the hooked bars to the center of the bearing member (xiz) was 14.25 in. and the
upper compression reaction was placed just 1.17xmi¢ = 16.75 in. away from the hooked bars, as
shown in Figure 4.21a. In addition to having the same proportions, the specimens also had the
same geometry. All specimens were 12 in., had depths of 12 or 15 in., and had a height of 50 in.
The specimen geometry and proportions used by Marques and Jirsa (1975) are not representative
of those used in practice for reinforced concrete frames, although it was not unreasonable at the
time for a study of the anchorage strength of hooked bars since the factors controlling the behavior
of hooked bars were not known as well as they are now. The University of Kansas studies used
specimens with more realistic proportions. The value of x,s increased with the size of the hooked
bar (9.5 in. for No. 5 bar, 14.25 in. for No. 8 bars, and 23.75 in. for No. 11 bars). Second, the upper

compression member was placed farther away from the hooked bars than in Marques and Jirsa
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(1975) specimens: 2.39xmiq = 22.75 in. for No. 5 bars, 1.60x,« = 22.75 in. for No. 8 bars, and
2.22xmia = 52.75 in. for No. 11 bars. A total height of 54 in. was used for the No. 5 and No. 8 bar
specimens and 96 in. for No. 11 bar specimens.

Figure 4.21 compares the specimen proportions and the resulting applied forces for the No.
11 bar specimens tested by Marques and Jirsa (1975) and at the University of Kansas (Searle et al.
2014, Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018).
Because of its low value, the force in the lower tension member is neglected. As shown in the
figure, a much higher portion of the total applied force 7' was shared with the upper region of the
column in the No. 11 bar specimens by Marques and Jirsa (1975) (0.467) than the University of
Kansas specimens (0.347). This means a much lower portion of 7" had to be carried within the joint
in the Marques and Jirsa specimens than those tested at the University of Kansas (0.547 versus
0.667)°. Thus, with the closer location of the upper compression member with respect to the
hooked bars in the specimens tested by Marques and Jirsa specimens, the anchorage strength would
be expected to be higher than if the geometry of the test specimens had been more realistic, such
as that used in the specimens tested at the University of Kansas. This explains the higher strength

of the No. 11 bar Marques and Jirsa specimens with respect to Eq. (4.5) and (4.7).

30.695T and 0.60T for No. 5 and No 8 bar specimens, respectively, tested at the University of Kansas
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Figure 4.21 No. 11 hooked bar specimen proportions and applied forces: (a) University of
Kansas (Searle et al. 2014, Sperry et al. 2015a, 2015b, 2017a, 2017b, 2018, Yasso et al. 2017,
Ajaam et al. 2017, 2018), and (b) Marques and Jirsa (1975) (Note: T is the total applied force,

and the force in the lower tension member is neglected)

The reasons for the higher strengths of the No. 11 bar specimens by Marques and Jirsa
(1975) with respect to Eq. (4.5) and (4.7) also applies for the specimens tested by Pinc et al. (1977),
as they used the same specimen proportions, with the exception that Pinc et al. used column depths
between 12 and 24 in.

The question then arises as to why the No. 7 bar specimens tested by Marques and Jirsa
(1975) had a mean 77T}, of just 1.05, despite having the same specimen proportions as the No. 11
bar specimens. The answer is found by looking at the bar stresses and approximate slip at failure

reported for these specimens, as shown in Table 4.14.
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Table 4.14 Bar stresses and slip at failure for No. 7 and No. 11 hooked bar specimens by
Marques and Jirsa (1975) along with 7/T}, based on descriptive equations, Eq. (4.5) and (4.7)

) Bar Slip fsu T Th

Specimen ID size in. ksi kips kips T
J7-180-12-1-H No.7 | 0.07 61.0 36.6 38.8 0.94
J7-180-15-1-H No. 7 0.15 87.0 52.2 50.6 1.03
J7-90-12-1-H No. 7 0.08 62.0 37.2 38.3 0.97
J7-90-15-1-H No.7 | 0.15 91.0 54.6 52.6 1.04
J7-90-15-1-L No. 7 0.21 97.0 58.2 53.3 1.09
J7-90-15-1-M No. 7 0.18 | 100.0 | 60.0 54.0 1.11
J7-90-15-3a-H" | No.7 | 0.22 | 98.0 | 58.8 50.1 1.40
J7-90-15-3-HW No. 7 021 | 1040 | 624 38.0 1.72
J11-180-15-1-H No. 11 | 0.05 45.0 70.2 50.6 1.48
J11-90-12-1-H No. 11 | 0.04 42.0 65.5 51.2 1.58
J11-90-15-1-H No. 11 | 0.06 | 48.0 74.9 53.8 1.09
J11-90-15-1-L No. 11 | 0.06 52.0 81.1 51.9 1.20
J11-90-15-3a- L1 No. 11 | 0.06 69.0 107.6 72.5 1.48
J11-90-15-3 - L1 No. 11 | 0.09 62.0 96.7 61.1 1.58

[l Hooked bars outside column core, bar location factor of 1.17 applied to 7/T,

For the No. 11 bar specimens, the bar stress at failure ranged from 42 to 69 ksi with a mean
of 53 ksi. The bars were Grade 60 and, although the actual yield stress is not reported by Marques
and Jirsa (1975), it can be assumed to be about 69 ksi (Bournonville et al. 2004). This means that
only one of the No. 11 bar specimens had bars that yielded (or were close to yield), while the other
specimens had bar stresses at failure much below the yield stress. For the No. 7 bar specimens,
however, the bar stresses ranged from 61 to 104 ksi, with a mean of 87.5 ksi, meaning that is likely
that all but two of the No. 7 bar specimens had hooked bars that yielded prior to failure. This
observation is further reinforced by the values of bar slip at failure. For the No. 7 bar specimens,
slip ranged from 0.07 to 0.22 in., with a mean of 0.16 in., while for the No. 11 bar specimens, slip
ranged from just 0.04 to 0.09, with a mean of 0.06 in. The prime mode of failure of the Marques
and Jirsa specimens was side splitting, which would have been enhanced by the high slip of the
No. 7 bars. The combined yielding and high slip are the likely reason for the lower values of 7/T%

for the No. 7 bar specimens than for the No. 11 bar specimens.
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CHAPTER 5: ANALYSIS AND DISCUSSION: HEADED BARS

In this chapter, the test results of the headed bar specimens are analyzed. The results are
compared with stresses at anchorage failure based on the provisions in ACI 318-19 to evaluate the
suitability of current Code provisions to large headed bars. The results are then compared with the
forces at anchorage failure based on the descriptive equations proposed by Shao et al. (2016) and
Ghimire et al. (2018, 2019a), Eq. (1.5) and (1.6). New descriptive equations developed to better
represent the behavior of the larger bars are then presented and compared with the test database.
After that, the effects on anchorage strength of key parameters, such as loading condition,
contribution of parallel ties, bar size and spacing, bar placement within the cross-section,

compression strut angle, and bar location are discussed.
5.1 COMPARISON OF TEST RESULTS WITH ACI 318-19

The provisions in ACI 318-19 for the development of headed bars are discussed in detail
in Section 1.3.2. Under those provisions, No. 14 and No. 18 headed bars are not allowed, mainly
due to a lack of experimental data. For No. 11 bars and smaller, the Code provides a binary choice
of 1.0 or 1.6 for the parallel tie reinforcement modification factor, y,. v, equal to 1.0 can be
applied only if Axact > 0.3455 or s > 6dp, where Ay aci 1s the total cross-sectional area of ties or
stirrups parallel to headed bars within 845 from the centerline of the headed bars and spaced no
greater than 8d) (as shown in Figure 1.26), 4 is the total cross-sectional area of headed bars being
developed, and s is the minimum center-to-center spacing of the headed bars. In all other cases, v,
is 1.6. To compare the test results with stresses corresponding to the Code equation, Eq. (1.10),

yield strength f, is replaced by bar stress, fsacl, f, is replaced by the measured compressive

strength, fc, (With an upper limit of 10,000 psi), and the development length /4 is replaced by the

measured embedment length, /.;. The equation is then solved for f; act:
75 f;'mgeh

frno ==
A “Ve"Vp"Vchdbl‘s

(5.1)

Using Eq. (5.1) and the modification factors for No. 11 and smaller bars, the ratios of bar
stress measured in the tests to the bar stress calculated based on the Code equation, fi/fs acl, are
presented in Table 5.1 and plotted versus the concrete compressive strength (fc») for the No. 14
and No. 18 headed bars in Figure 5.1. The four specimens that failed in shear (14-1A, 14-2, 14-16,
14-16A) are not included in the figure.
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Table 5.1 Comparison of No. 14 and No. 18 headed bar test results with descriptive equations by

Shao et al. (2016), Eq. (1.5) and (1.6), also (5.2) and (5.3), and ACI 318-19

D | nl| sid, g;"l fhoe | g dy, | Auncrldns | L.C. ki{) S kiTp"S mr | S
11-1 21 10.0 | 16,210 | 18.5 0 0 B 163.0 | 182.5 | 0.89 | 104.5 | 69.8 1.26
11-2 21 10.0 | 15,850 | 18.5 | 0.282 0.212 B 221.0 12106 | 1.05 |141.7]199.9 | 1.71
14-2" 2| 10.6 | 12,830 | 20.5 | 0.267 0.178 A 190.6 | 250.6 | 0.76 84.7 | 95.6 | 1.21
14-3 2|1 10.6 | 8,510 31.8 0 0.000 B 303.0 | 290.6 | 1.04 | 134.7 | 61.1 1.35
14-4 21 10.6 | 7,700 32.0 | 0.267 0.178 A 333.6 | 332.1 1.00 | 1483 | 58.9 | 1.55
14-15 21 10.6 | 6,190 22.8 0 0.000 B 204.8 | 191.1 1.07 91.0 | 69.7 1.49
14-16" 21 10.6 | 5,390 22.6 | 0.178 0.089 A 123.6 | 213.9 | 0.58 549 [ 764 | 0.93
14-16A™1 | 2] 10.6 | 8350 224 | 0.178 0.089 A 186.0 | 233.0 | 0.80 82.7 | 78.3 1.19
14-1A" 2|1 10.6 | 12,030 | 224 0 0.000 B 160.0 | 220.1 | 0.73 71.1 | 652 | 0.93
14-2A 21 10.6 | 13,750 | 23.0 | 0.267 0.178 B 248.1 | 280.1 | 0.89 | 110.3 | 61.8 1.41
14-16B 21 10.6 | 7,500 22.1 | 0.178 0.089 B 191.7 1 225.1 | 0.85 85.2 | 64.7 1.31
14-16C 21 10.6 | 6,470 22.6 | 0.356 0.267 B 208.4 | 243.5| 0.86 92.6 | 59.8 1.50
14-16D¥ | 21 10.6 | 6,900 22.9 | 0.827 0.827 A 289.8 1249.2 | 1.16 | 128.8 | 58.0 | 1.99
14-16E®! | 2] 10.6 | 6,170 224 | 0.551 0.276 A 218.6 | 239.7 | 0091 972 1 61.7 | 1.62
14-16F® | 2| 10.6 | 5,640 224 | 0.551 0.276 A 197.8 | 233.6 | 0.85 879 |39.2 1.50
14-178161 | 21 7.1 6,540 224 | 0.551 0.276 A 206.7 | 238.4 | 0.87 919 139.6 | 1.49
14-5 3| 3.5 6,830 223 | 0.178 0.119 B 181.8 | 169.6 | 1.07 80.8 | 57.5 | 2.06
14-6 3] 3.5 6,890 224 | 0.276 0.184 B 179.5 1 183.9 | 0.98 79.8 | 56.8 | 2.01
14-7 3| 35 7,080 32.1 0 0.000 B 252.1 | 1799 | 140 | 112.0 ] 47.1 1.95
14-8 3] 35 7,100 31.7 | 0.276 0.184 B 274.6 | 248.2 | 1.11 122.0 | 62.6 | 2.15
14-9 3] 35 | 11,480 | 22.1 | 0.276 0.184 B 173.9 1 200.7 | 0.87 77.3 | 55.5 1.64
14-104 3| 3.5 6,820 22.3 | 0.551 0.551 A 206.6 | 185.6 | 1.11 91.8 | 629 | 1.47
18-1 2| 8.0 5,750 32.6 | 0.543 0.465 A 322.0 | 419.7 | 0.77 80.5 | 55.3 1.45
18-2 21 80 | 11,770 | 28.4 | 0.543 0.465 A 406.6 | 429.5| 0.95 | 101.7 | 58.0 | 1.62
18-3 2] 8.0 6,540 309 | 0.233 0.155 B 366.5 | 386.2 | 0.95 91.6 | 549 | 1.66
18-4 2| 8.0 7,200 30.9 | 0.465 0.388 B 380.0 | 4194 | 0091 95.0 | 63.3 1.64
18-5161 2| 5.3 5,310 32.5 | 0.543 0.465 A 300.8 | 361.1 | 0.83 752 |1 549 | 1.37
18-6/°1 2| 53 | 10,230 | 28.6 | 0.543 0.465 A 419.8 | 368.0 | 1.14 | 105.0 | 57.1 1.66
18-714161 | 31 2.7 5,890 32.1 | 0.543 0.413 A 252.1 12952 | 0.85 63.0 | 829 | 1.15
18-8B161 | 3] 2.7 6,380 323 | 0.543 0.413 A 295.3 1301.0 | 0.98 73.8 1829 ] 1.29
n Number of bars
s/dy Center-to-center spacing of bars normalized by nominal bar diameter
Sem Measured concrete compressive strength
Leh,avg Average measured embedment length
Ay Total area of tie legs within 9.5d,, from the centerline of headed bars (as defined in descriptive equation)
Auact Total area of tie legs within 8.5d), from the centerline of headed bars (as defined by ACI 318-19)
Aps Total area of headed bars being developed
L.C. Loading condition, as defined in Section 2.3.2
fs Bar stress at failure
 ACI Bar stress calculated based on ACI 318-19 equation (Eq. 5.1)
T Average force per bar at failure
Ty Anchorage strength of headed bars calculated using descriptive equations by Shao et al. (2016)

The first number in ID denotes the bar size

Maximum effective value for A,/4s of 0.3 applied for calculating 75

Specimen had an additional No. 11 longitudinal bar on both sides, 2 in. from the bearing face of the head
Double overlapping No. 5 ties were used, refer to Figure 2.5
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[3]
[6]

Double No. 5 ties were used
Specimen had a side cover of 6.5 in.
Specimen exhibited a shear-like failure (not anchorage)
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Figure 5.1 Ratio of test/calculated bar stress fi/f; act applying the ACI 318-19 provisions to No.
14 and No. 18 headed bar specimens versus concrete compressive strength f.,, excluding
specimens that failed in shear

As shown in Table 5.1, fi/f; ac1 for the four specimens that failed in shear ranged from 0.93
to 1.21 with an average of 1.07. For the rest of the of specimens, the fi/f; ac1 ratio ranged from 1.15
to 2.15, with an average of 1.59, as shown in Figure 5.1. This indicates that the current ACI
equation would be very conservative if applied to No. 14 and No. 18 bars. There are several reasons
for this conservatism. First, relative to descriptive equation the Code equation has an embedded
strength reduction factor that results in fi/fsac1 values greater than 7/7}. This is reflected in the
minimum fy/f; ac1 value being 1.15 among specimens with an anchorage failure. Second, the current
Code does not allow the y, modification factor to be less than 1.0, whereas it would be appropriate
to use in cases where bars are widely-spaced (s > 6d, based on Code and > 8d, based on descriptive
equations) and parallel ties are provided, as will be shown when presenting the proposed design
equation in Chapter 6. Despite applying y, = 1.0 when s > 6d}, fi/fs ac1 for the specimens with

widely-spaced bars ranges from 1.26 to 1.99, with an average of 1.53, indicating an
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overconservative estimation by the current Code provisions, even for specimens with bars spaced
as wide as 10.6d, with parallel ties, which could permit a shorter development length. Third, for
specimens for which ACI 318-19 requires that y, = 1.6 to be applied, the Code is unnecessarily
conservative, resulting in values of fi/f; ac1 ranging from 1.64 to 2.15, with an average of 1.96.
Four out of five specimens with y, = 1.6 had parallel ties in the joint region (with A4 aci/Ans values
0f 0.119 and 0.184), and as will be discussed in Section 5.5.2, providing parallel ties improves the
anchorage strength even when Ay ac1 < 0.344s, a fact not recognized in in ACI 318-19.

Overall, these observations show that the current Code provisions will have limitations that
would cause an inaccurate representation of the effects of bar spacing and parallel tie reinforcement
if extended to No. 14 and No. 18 headed bars. A modified approach is needed to provide alternative
expressions for yp, permitting the use of shorter development lengths (that is, y, other than 1.6)
under conditions where s < 6d» and A« ac1 < 0.34s, and permitting v, values < 1.0 when bars are
widely-spaced and parallel ties are provided. These points are addressed in developing the design

equation proposed in Chapter 6.

5.2 COMPARISON OF TEST RESULTS WITH DESCRIPTIVE EQUATIONS
DEVELOPED BASED ON TESTS OF NO. 5 THROUGH NO. 11 HEADED BARS

In this section, the test results are compared with the descriptive equations developed by
Shao et al. (2016) and Ghimire et al. (2018, 2019a, 2019b). As described in Section 1.2.2, the
equations characterize the anchorage strength of headed bars based on 202 tests of simulated beam-
column joint specimens with No. 5, No. 8, and No. 11 headed bars tested under a loading condition
similar to that of loading condition B in this study. The descriptive equations are given below for
headed bars without and with confining reinforcement in the joint region as Eq. (5.2) and (5.3),

respectively:
T, =T781f %0 P> (0.0836di+ 0.344) (5.2)

m
b

where (0.0836i+ 0.344J <1.0.

b

cm
n b

T, = (781 foH g3 +48,800id§~88](0.06221+0.5428] (5.3)
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where (0.0622di+0.5428j <1.0 and 4, £0.34,,, T» is the anchorage strength of an individual

b
headed bar (Ib); fon is the measured concrete compressive strength (psi); /en is the embedment
length of the headed bar measured from the face of the column to the bearing face of the head (in.);
dp is the headed bar diameter (in.); A is the area of confining reinforcement (in.?) within 8d from
the top of the headed bar for No. 8 bars and smaller or within 10d, for No. 9 bars or larger (Figure
1.18); Axsis the total area of the headed bars (in.?) in a joint; 7 is the number of headed bars in the
joint; and s is the center-to-center spacing between headed bars. The maximum value of 4, in Eq.
(5.3) is 0.34xs (Shao et al. 2016, Ghimire et al. 2018, 2019a, 2019b).

The specimens in this study were designed based on Eq. (5.2) and (5.3). To evaluate the
applicability of the equations for the tests of No. 14 and No. 18 bars in this study, the anchorage
strengths measured in the tests, 7" (reported in Table 3.4), are compared with the calculated
strengths based on the descriptive equations, 7. Table 5.1 presents the values of 7, T, and the
ratio of 7/T) for all specimens, along with specimen ID and key parameters (number and spacing
of bars, concrete compressive strength, embedment length, confining reinforcement in the joint
region, and loading condition).

Based on Table 5.1, the test-to-calculated ratio 7/7) varied among specimens with different
properties. Among the No. 14 bar specimens with confining reinforcement, specimens 14-16B and
14-16F had the lowest 7/T} ratio (0.85). Specimen 14-16D with the highest amount of confining
reinforcement (A4+/Ans = 0.83) had the highest 7/T), ratio (1.16). The test-to-calculated ratio 7/7}, is
below 1.0 for all but one No. 18 bar specimen. The specimens that failed in shear had the lowest
T/Ty ratios, ranging from 0.58 to 0.80, with 14-16 with the lowest 7/T} ratio (0.58) among all
specimens.

The test results can be compared with the descriptive equations based on specimen
properties, including bar size, parallel ties, and loading condition. In the following comparisons,
the four specimens exhibiting a shear-like failure (see Section 3.2.2) are excluded from analysis.

Table 5.2 summarizes the 7/7 values based on bar size and parallel ties for the No. 14 and
No. 18 bar specimens, regardless of loading condition and excluding the specimens with a shear-
like failure.

As shown in Table 5.2, the values of 7/}, range from 0.77 to 1.40, with a mean of 0.98 and

a coefficient of variation of 0.147. The three specimens without parallel ties (all No. 14 bars) have
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amean 7/T} ratio of 1.17, while those with parallel ties have a mean 7/7}, ratio of 0.95, a statistically
significant difference with a p value of 0.01. Based on bar size, the mean 7/7}1s 1.00 for the No.
14 bar specimens and 0.92 for the No. 18 bar specimens (0.92), but the difference is not statistically
significant (p = 0.20).

Table 5.2 Summary of test-to-calculated ratio 7/, for No. 14 and No. 18 headed bars based on
bar size and parallel ties with 7} based on Eq. (5.2) or (5.3), excluding specimens that failed in

shear
T/Th
All - Without All - With
All Parallel Ties Parallel Ties AllNo. 14 | All No. 18
No. of Specimens 24 3 21 16 8
Max 1.40 1.40 1.16 1.40 1.14
Min 0.77 1.04 0.77 0.85 0.77
Mean 0.98 1.17 0.95 1.00 0.92
STDEV 0.143 0.199 0.114 0.152 0.113
CoV 0.147 0.170 0.120 0.151 0.123

Table 5.3 summarizes the 7/7) values for the No. 14 and No. 18 headed bar specimens
tested under loading condition A (joint shear equal to 80% of the applied load), excluding those
with a shear-like failure. All specimens had parallel ties within the joint.

Table 5.3 Summary of test-to-calculated ratio 7/7} for No. 14 and No. 18 headed bars tested

under loading condition A (all with parallel ties) with 7}, based on Eq. (5.3), excluding specimens
that failed in shear

T/T» — Loading Condition A
All No. 14 | No. 18
No. of Specimens 12 6 6

Max 1.16 1.16 1.14

Min 0.77 0.85 0.77

Mean 0.95 0.98 0.92
STDEV 0.131 | 0.132 0.133
CoV 0.137 | 0.134 0.145

As shown in Table 5.3, the headed bar specimens tested under loading condition A have

test-to-calculated 7/T) ratios ranging from 0.77 to 1.16 with a mean of 0.95 and a coefficient of

variation of 0.137. Under this loading condition, the mean 7/7} for No. 14 bars (0.98) is higher

than that of No. 18 bars (0.92), but the difference is not statistically significant (p = 0.42).
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Specimens with parallel ties and tested under loading condition B can be compared based

on bar size, as shown in Table 5.4.

Table 5.4 Summary of test-to-calculated ratio 7/7} for No. 14 and No. 18 headed bars with
parallel ties and tested under loading condition B with 7}, based on Eq. (5.3)

T/T; 'Y — Loading Condition B — with Parallel Ties
All No. 14 No. 18
No. of Specimens 9 7 2

Max 1.11 1.11 0.95

Min 0.85 0.85 0.91

Mean 0.94 0.95 0.93
STDEV 0.094 0.107 0.030
Cov 0.099 0.113 0.033

As shown in Table 5.4, the headed bar specimens with parallel ties and tested under loading
condition B had 7/T} ratios ranging from 0.85 to 1.11, with a mean of 0.94 and a coefficient of
variation of 0.099. Comparing based on bar size, the No. 14 bar specimens had a mean 7/7}, of
0.95, slightly higher than that of No. 18 bars (0.93). This small difference is not statistically
significant (p = 0.83).

The similarities in the mean values of 7/7 for the specimens with parallel ties tested under
loading conditions A and B (0.95 and 0.94) indicate that in cases where confining reinforcement
within a joint is adequate to prevent a shear-like failure, the differences in the two loading
conditions did not affect anchorage strength.

The average force per bar at failure, 7, for all No. 14 and No. 18 headed bar specimens
(excluding those that failed in shear) is compared with that calculated using descriptive equations,
Ty, in Figure 5.2.

As shown in Figure 5.2, the best fit trendline on all specimens starts slightly above 7'= T,
for lower values of 7 and becomes less conservative as T increases, suggesting that it would be
worthwhile to update the descriptive equations to more accurately represent the anchorage strength

of headed bars larger than No. 11.
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Figure 5.2 Test versus calculated force per bar at failure for No. 14 and No. 18 headed bar
specimens based on descriptive equations by Shao et. al (2016)

5.3 NEW DESCRIPTIVE EQUATIONS

New descriptive equations were developed following the iterative analyses procedure used
by Shao et al. (2016) for headed bars and Ajaam et al. (2017) for hooked bars. In summary, a base
equation is first developed for specimens with widely-spaced bars without parallel ties. Using the
same equation, an expression to account for close bar spacing is developed using specimens with
closely-spaced bars without parallel ties. Next, the same base equation is used for specimens with
widely-spaced bars with parallel ties to develop an expression representing the contribution of the
parallel ties. Finally, the equation for widely-spaced bars with parallel tie is applied to specimens
with closely-spaced bars and parallel ties to develop an expression for closely spaced bars. The
new descriptive equations have the same format as Eq. (5.2) and (5.3). The iterative analysis is
based on forcing the average 7/7) to be 1.00, in which T is the measured and 7} is the calculated
failure load. The database used for analyses includes No. 5, No. 8, and No. 11 bar specimens tested

by Shao et al. (2016) and the specimens tested in this study, excluding those that failed in shear.
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5.3.1 Widely-spaced Bars Without Parallel Ties

The best-fit equation obtained using the iterative analysis for the 33 specimens with widely-

spaced bars (center-to center bar spacing > 8d) without parallel ties is

T; — 1296f00.207€(;.h941d[(7)‘498 (54)

where T, is the anchorage strength of headed bars without parallel ties (Ib), f.. is concrete
compressive strength (psi), Zex is embedment length (in.), and d is bar diameter (in.). Compared
with Eq. (5.2), the constant increased from 768 to 1296, the power of f., decreased from 0.24 to
0.207, the power of /., decreased from 1.03 to 0.941, and the power of dj increased from 0.35 to
0.498. The T/T. ratio is compared with f.,, in Figure 5.3.
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Figure 5.3 Ratio of test-to-calculated bar force at failure 7/7,, with 7. based on Eq. (5.4), versus
concrete compressive strength for headed bar specimens with widely-spaced bars without
parallel ties

As shown in Figure 5.3, there is no noticeable trend in 7/7. as function of f., indicating
that the 0.207 power provides an adequate representation of the effect of concrete compressive
strength on anchorage strength. Also, the distribution the of 7/7. values indicates no noticeable

bias towards bar size. The statistical parameters for the 33 specimens are presented in Table 5.5.
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Table 5.5 Statistical parameters for 7/7. ratio for headed bar specimens with widely-spaced bars
without parallel ties with 7. based on Eq. (5.4)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 33 4 20 7 2 0
Max 1.18 | 1.10 | 1.15 | 1.18 1.06 -
Min 0.81 | 1.03 | 0.82 | 0.81 1.05 -
Mean 1.00 | 1.07 | 0.97 | 1.03 1.06 -
STDEV 0.095 | 0.035 | 0.083 | 0.135 | 0.007 -
CoV 0.095 | 0.033 | 0.086 | 0.131 | 0.006 -

As shown in Table 5.5, the 7/T. ratio ranges from 0.81 to 1.18 with a mean of 1.00 and a
coefficient of variation of 0.095 for the 33 headed bar specimens with widely-spaced bars and no

parallel ties.
5.3.2 Closely-spaced Bars Without Parallel Ties

As discussed in Sections 4.3.2 and 4.4.3, center-to-center bar spacing is used as a proxy to
represent the effects on anchorage strength for members with more than two widely spaced bars.
Using Eq. (5.4), the effect of close bar spacing (center-to-center spacing < 8d) can be determined.
To do so, the 7/T. is calculated for the 35 specimens with closely-spaced bars and no parallel ties.

T/Te versus s/dp for these specimens in shown in Figure 5.4.
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Figure 5.4 Test-to-calculated bar force at failure 7/7. versus ratio of center-to-center spacing to
bar diameter s/d, for widely- and closely-spaced headed bars without parallel ties with 7. based
on Eq. (5.4)

As shown the figure, the 7/7. ratio (and therefore anchorage strength) decreases with a
decrease in bar spacing. To account for the effect of bar spacing, the linear trendline equation

shown in Figure 5.4 is combined with Eq. (5.4) to give

N
T, =(1296 1,0, *d, "+ )[o.o792d—+ 0.3755j (5.5)

b

where (0.0792i+0.3755jﬁ 1.0, and s is the center-to-center spacing of the bars (in.). The

b
statistical parameters for 7/7. for the 35 specimens with closely-spaced bars and no parallel ties

are given in Table 5.6.
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Table 5.6 Statistical parameters of 7/7. ratio for headed bar specimens with closely-spaced bars

without parallel ties with 7. based on Eq. (5.5)

Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 35 2 28 4 1 0
Max 1.39 | 1.14 | 1.21 | 1.15 1.39 -
Min 0.64 | 1.01 | 0.64 | 0.89 1.39 -
Mean 1.00 | 1.07 | 098 | 1.01 1.39 -
STDEV 0.136 | 0.087 | 0.125 | 0.111 0 -
CoV 0.136 | 0.081 | 0.127 | 0.109 0 -

As shown in the table for the specimens with closely-spaced headed bars and no parallel
ties, the 7/T. ratio ranges from 0.64 to 1.39, with a mean value of 1.00 and a coefficient of variation
of 0.136. For all headed bar specimens without parallel ties, 7/7¢ is compared with the concrete
compressive strength in Figure 5.5. The statistical parameters for 7/7. for the specimens without

parallel ties are given in Table 5.7.
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Figure 5.5 Ratio of test-to-calculated bar force at failure 7/7., based on Eq. (5.5), versus
concrete compressive strength for headed bar specimens with widely- and closely-spaced bars
without parallel ties
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As shown in Table 5.6 and Figure 5.5, the single specimen with three closely-spaced No.
14 bars, 14-7, had the highest 7/7} ratio of 1.39. If the close-bar spacing term in Eq. (5.5) is not
applied, however, the 7/7. ratio is 0.91. This observation indicates that bar spacing might not be
the controlling factor here, but as mentioned earlier, it can be safely used as a convenient
representation of the effect of multiple bars anchored in a member.

Table 5.7 Statistical parameters of 7/7¢, with T, based on Eq. (5.5), for headed bar specimens
with widely- and closely-spaced bars without parallel ties

Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 68 6 48 11 3 0
Max 1.39 | 1.14 | 1.21 1.18 1.39 -
Min 0.64 | 1.01 | 0.64 | 0.81 1.05 -
Mean 1.00 | 1.07 | 0.98 | 1.02 1.17 -
STDEV 0.119 | 0.048 | 0.109 | 0.124 | 0.191 -
CoV 0.119 1 0.044 | 0.111 | 0.121 | 0.164 -

As shown in Table 5.7, the 68 specimens without parallel ties have a 7/7¢ ratio ranging

from 0.64 to 1.39 with a mean value of 1.00 and a coefficient of variation of 0.119.
5.3.3 Widely-Spaced Bars with Parallel Ties

The procedure to develop Eq. (5.4) was used for 55 specimens with widely-spaced bars
with parallel ties to obtain an expression representing the contribution of ties to anchorage strength
(Ts), assuming that Eq. (5.4) represents the contribution of concrete (7). In developing an
expression for T, it is assumed that an effective area of parallel ties, A, contribute to anchorage
strength. The definition of A4 is retained from the previous research (Shao et al. 2016), that is, the
total area of tie legs within 8dj, from the top of the headed bars for No. 3 through No. 8 bars and
10d} for No. 11 and larger bars.

As stated earlier, Shao et al. (2016) limited A, to 0.3A4,s, where Ay is the total area of headed
bars. The limit was chosen based on the range of A:/A4xs values tested (0.07 to 1.07, with an average
of 0.3). If the No. 14 and No. 18 specimens are included, the average of A,/A4xs values increases to
0.33. If only the No. 14 and No. 18 bar specimens are considered, the average value of A:/A4xs 1s

0.42. Therefore, to better permit the effect of 4,/A4xs to be evaluated for larger bars, the limit for 4,

148



was chosen as 0.44;; for this study. As shown in the next few pages, the new limit provides a good
match between calculated and measured failure loads.
For the 55 specimens with widely-spaced bars with parallel ties, the following equation is
obtained using iterative analysis:
A
n

T =T +T =12961, °*7¢ 0*d,*** 4 49,402( jdb(’-“ and 4, <0.44, (5.6)

where 7 is the number of headed bars.

The noticeable difference between Eq. (5.6) and the equation developed by Shao et al.
(2016), Eq. (5.3), is the reduction in the power of dj in the expression for 7 from 0.88 to 0.11.
This indicates a much lower effect of bar size on the contribution of parallel ties than previously
obtained. The other difference is a very slight increase in the constant from 48,800 to 49,402.

The ratio 7/T) is compared with the concrete compressive strength for the 55 specimens

used to develop Eq. (5.6) in Figure 5.6.
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Figure 5.6 Ratio of test-to-calculated bar force at failure 7/7}, versus concrete compressive

Eq. (5.6)
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As shown in Figure 5.6, the data points show, perhaps, a slight positive trend, indicating a
slight underestimation of the effect of concrete compressive strength by Eq. (5.6). The statistical
parameters for 7/7) values for the specimens with widely-spaced bars and parallel ties are shown

in Table 5.8. In this case, 7/T; ranges from 0.76 to 1.21, with an average of 1.00 and a coefficient
of variation of 0.109.

Table 5.8 Statistical parameters of 7/7} ratio for headed bar specimens with widely-spaced bars
with parallel ties with 7}, based on Eq. (5.6)

Bar size All No. 5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens 55 6 30 8 7 4
Max 1.21 1.17 | 1.20 | 1.21 1.17 1.04
Min 0.76 0.76 | 0.85 | 0.84 0.84 0.81
Mean 1.00 1.01 | 1.00 | 1.06 0.96 0.95
STDEV 0.109 ] 0.153]0.093 | 0.135 | 0.111 | 0.086
CoV 0.109 | 0.151]0.093 | 0.127 | 0.116 | 0.091

5.3.4 Closely-Spaced Bars with Parallel Ties

As for the specimens without parallel ties, an expression to account for close bar spacing
can be developed for specimens with parallel ties. To this end, 7, was calculated for 41 specimens

with closely-spaced bars and parallel ties using Eq. (5.6), and the ratio 7/7} is plotted versus s/dp
in Figure 5.7.
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Figure 5.7 Test-to-calculated bar force at failure 7/7) versus ratio of center-to-center spacing to
bar diameter s/dp for widely- and closely-spaced headed bars with parallel ties with 7} based on
Eq. (5.6)

As shown in Figure 5.7, and similar to specimens without parallel ties, the 7/7} ratio

decreases as the spacing between bars decreases. Eq. (5.7) is multiplied by the equation given by

the trendline to give

n b

T = [1296 L2000, 0% d, 0 149, 402[ﬁj db‘)-“j(o.ossl%u 0.5692j (5.7)

where (0.05810ﬂ+ 0.5692j <1.0and 4, <0.44, .Table 5.9 shows the statistical parameters of

b

T/Ty ratio for 41 specimens with closely-spaced bars with parallel ties.
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Table 5.9 Statistical parameters of 7/7}, ratio for headed bar specimens with closely-spaced bars
with parallel ties with 7}, based on Eq. (5.7)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 41 3 24 4 6 4
Max 1.25 | 1.11 | 1.25 | 1.11 1.16 1.21
Min 0.84 | 1.05 | 0.84 | 0.95 0.87 0.88
Mean 1.00 | 1.09 | 098 | 1.03 1.02 1.00
STDEV 0.104 | 0.037 | 0.104 | 0.068 | 0.114 | 0.155
CoV 0.104 | 0.034 | 0.106 | 0.066 | 0.112 | 0.155

As shown in Table 5.9, the headed bar specimens with closely-spaced bars and parallel ties
the 7/T, ratios ranges from 0.84 to 1.25, with an average of 1.00 and coefficient of variation of
0.104. Using Eq. (5.7), the ratio of 7/T}, for specimens with widely- and closely-spaced bars with

parallel ties are plotted versus concrete compressive strength in Figure 5.8.
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Figure 5.8 Ratio of test-to-calculated bar force at failure 7/7}, versus concrete compressive
strength for headed bar specimens with widely- and closely-spaced bars with parallel ties with 7},
based on Eq. (5.7)
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As shown in Figure 5.8, no trend is apparent with respect to concrete compressive strength.
The statistical parameters of 7/7} are shown for all specimens with parallel ties in Table 5.10. As
shown in table, 7/7} for specimens with parallel ties in the joint region range from 0.76 to 1.25
with an average of 1.00 and a coefficient of variation of 0.108.

Table 5.10 Statistical parameters of 7/7 ratio for headed bar specimens with widely- and
closely-spaced bars with parallel ties with 7 based on Eq. (5.7)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 96 9 54 12 13 8
Max 1.25 | 1.17 | 1.25 | 1.21 1.17 1.21
Min 0.76 | 0.76 | 0.84 | 0.84 0.84 0.81
Mean 1.00 | 1.04 | 0.99 | 1.05 0.99 0.98
STDEV 0.108 | 0.128 | 0.097 | 0.114 | 0.117 | 0.123
CoV 0.108 | 0.124 | 0.098 | 0.109 | 0.119 | 0.126

5.3.5 Summary

Table 5.11 presents the statistical parameters of 7/7} for all headed bar specimens used to
develop Eq. (5.5) and (5.7). As shown in the table, 7/7) averages of 1.00, with a coefficient of
variation of 0.112. 7/T} values based on Eq. (5.5) and (5.7) for the No. 14 and No. 18 bar specimens
tested in this study are summarized in Table 5.12 and further evaluated in the Section 5.4. The
measured bar force at failure 7"is compared with the calculated failure load 7 based on Eq. (5.5)
and (5.7) for the No. 14 and No. 18 bar specimens tested in this study in Figure 5.9. The best-fit
line closely matches the 7= T) dashed line. These comparisons indicate that Eq. (5.5) and (5.7),
along with the new upper limit on A, of 0.44, provide very good estimates of the anchorage
strength of headed bars.

Table 5.11 Statistical parameters of 7/7} ratio for all headed bar specimens with 7} based
on Eq. (5.5) or (5.7)

Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 164 15 102 23 16 8
Max 1.39 | 1.17 | 1.25 | 1.21 1.39 1.21
Min 0.64 | 0.76 | 0.64 | 0.81 0.84 0.81
Mean 1.00 | 1.05 | 098 | 1.03 1.02 0.98
STDEV 0.112{0.103 | 0.103 | 0.117 | 0.145 | 0.123
CoV 0.112 { 0.098 | 0.104 | 0.113 | 0.142 | 0.126
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Table 5.12 Summary of 7/T} values for No. 14 and No. 18 headed bars specimens tested in this
study based on the developed descriptive equations, Eq. (5.5) and (5.7)

18-1
18-2
18-3
18-4
18-5
18-6
18-7
18-8

8.0 Wide 5,750 | 32.6 | 0.543
8.0 Wide 11,770 | 28.4 | 0.543
8.0 Wide 6,540 | 30.9 | 0.233
8.0 Wide 7,200 | 30.9 | 0.465
53 Close 5,310 | 32.5 | 0.543
53 Close 10,230 | 28.6 | 0.543
2.7 Close 5,890 | 32.1 | 0.543
2.7 Close 6,380 | 32.3 | 0.543

pecimens failed in shear (not anchorage)

322.0 | 396.3 | 0.81
406.6 | 402.9 | 1.01
366.5 | 353.7 | 1.04
380.0 | 395.3 | 0.96
300.8 | 343.1 | 0.88
419.8 | 347.5 | 1.21
252.1 | 284.8 | 0.89
295.31290.2 1 1.02

D | n|sidy | Barspacing | 7 | fros | qualnc | L1 Ty,
psi n. kips | kips
14-2" [2]10.6 Wide 12,830 | 20.5 | 0.267 | A ]190.6 | 237.6 | 0.80
14-3 [2]10.6 Wide 8,510 | 31.8 0 B [303.0]284.8|1.06
144 [2]10.6 Wide 7,700 | 32.0 | 0.267 | A ]333.6|312.1|1.07
14-15 | 2]10.6 Wide 6,190 | 22.8 0 B 120481949 |1.05
14-16" [2]10.6 Wide 5390 | 226 | 0.178 | A ]123.6 | 208.8 | 0.59
14-16A" | 2 | 10.6 Wide 8,350 | 224 1 0.178 | A ] 186.0 | 225.0 | 0.83
14-1A" | 2]10.6 Wide 12,030 | 22.4 0 B |[160.0 | 184.7 | 0.87
14-2A |2 ]10.6 Wide 13,750 | 23.0 | 0.267 | B ] 248.1|263.3]|0.94
14-16B |2 | 10.6 Wide 7,500 | 22.1 | 0.178 | B | 191.7 ] 218.2 | 0.88
14-16C |2 ] 10.6 Wide 6,470 | 226 | 0356 | B |208.4]236.7|0.88
14-16D | 2| 10.6 Wide 6,900 | 229 | 0.827 | A ]289.8|247.1|1.17
14-16E |2 | 10.6 Wide 6,170 | 224 | 0551 | A ]218.6|238.5]|0.92
14-16F | 2] 10.6 Wide 5,640 | 224 | 0551 | A ]197.8|235.0|0.84
14-17 12| 7.1 Close 6,540 | 224 | 0551 | A ]206.7|236.5]|0.87
14-5 [3] 35 Close 6,830 | 223 | 0.178 | B | 181.8|167.2|1.09
14-6 |3 35 Close 6,890 | 224 |1 0276 | B |179.5]177.3|1.01
14-7 3] 35 Close 7,080 | 32.1 0 B [252.1]181.6|1.39
14-8 [3] 35 Close 7,100 | 31.7 | 0276 | B ]274.6 |237.0| 1.16
149 3] 35 Close 11,480 | 22.1 | 0276 | B |173.9|192.2 | 0.90
14-10 |3 ] 3.5 Close 6,820 | 223 | 0551 | A ]206.6 |187.2|1.10
2 A
2 A
2 B
2 B
2 A
2 A
3 A
3 A
S
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Figure 5.9 Measured versus calculated bar force at failure using new descriptive
equations for all headed bar specimens, excluding those with a shear-like failure, with the

calculated bar force, 7%, based on Eq. (5.5) or (5.7)

5.4 EVALUATING NEW DESCRIPTIVE EQUATIONS FOR NO. 14 AND NO. 18 BARS

In this section, the new descriptive equations, Eq. (5.5) and (5.7), are evaluated in more

detail for the No. 14 and No. 18 bar specimens in this study. Table 5.13 summarizes the 7/7}, values

based on bar size and the presence of parallel ties for the No. 14 and No. 18 bar specimens,

regardless of loading condition and excluding the specimens that failed in shear.
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Table 5.13 Summary of test-to-calculated ratio 7/7} for No. 14 and No. 18 headed bars based on
bar size and parallel ties, with 7} based on Eq. (5.5) or (5.7), excluding specimens that failed in

shear
T/Th
All - Without All - With
All Parallel Ties Parallel Ties AllNo. 14 | All No. 18
No. of Specimens 24 3 21 16 8
Max 1.39 1.39 1.21 1.39 1.21
Min 0.81 1.05 0.81 0.84 0.81
Mean 1.01 1.17 0.98 1.02 0.98
STDEV 0.137 0.191 0.117 0.145 0.123
CoV 0.136 0.164 0.119 0.142 0.126

As shown in Table 5.13, the 7/T}, ratio, with 7} based on Eq. (5.5) or (5.7), has improved
for No. 14 and No. 18 bar specimens, compared with the values based on the equations developed
for No. 11 and smaller headed bars (given in Table 5.2). Most noticeably, the average 7/7} is now
0.98 for No. 18 bars compared with 0.92 based on Eq. (5.2) and (5.3). For all specimens with
parallel ties, the new equations result in an average 7/7) of 0.98, compared with 0.95 based on Eq.
(5.2) and (5.3). An overall improvement in the coefficient of variation is also observed. With Eq.
(5.5) or (5.7), T/Ty for No. 14 and No. 18 bar specimens ranges from 0.81 to 1.39, with an average
of 1.01 and a coefficient of variation of 0.136 (0.147 based on Eq. (5.2) and (5.3)).

Table 5.14 presents the new 7/7}, values for No. 14 and No. 18 headed bar specimens with
parallel ties and tested under loading condition A (joint shear equal to 80% of the applied load),
excluding those with a shear-like failure.

Table 5.14 Summary of test-to-calculated ratio 7/7} for No. 14 and No. 18 headed bars tested

under loading condition A (all with parallel ties) with 7, based on Eq. (5.7), excluding specimens
that failed in shear

7/T, — Loading Condition A
All No. 14 No. 18
No. of Specimens 12 6 6

Max 1.21 1.17 1.21

Min 0.81 0.84 0.81

Mean 0.98 1.00 0.97
STDEV 0.134 0.136 0.142
CoV 0.136 0.137 0.147
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As shown in Table 5.14, T/T) for the specimens with parallel ties and tested under loading
condition A ranges from 0.81 to 1.21 with an average of 0.98 and a coefficient of variation of
0.136. These numbers show improvements compared with Eq. (5.3) (Table 5.3), most noticeably
for No. 18 bars where the average 7/7) is now 0.97 compared with 0.92. The overall average is
also improved, being 0.98 compared with 0.95 based on Eq. (5.3).

A similar summary is shown in Table 5.15 for specimens with parallel ties and tested under

loading condition B.

Table 5.15 Summary of test-to-calculated ratio 7/7% for No. 14 and No. 18 headed bars with
parallel ties and tested under loading condition B with 7}, based on Eq. (5.7)

T/T, M — Loading Condition B — with Parallel Ties
All No. 14 No. 18
No. of Specimens 9 7 2
Max 1.16 1.16 1.04
Min 0.88 0.88 0.96
Mean 0.98 0.98 1.00
STDEV 0.097 0.109 0.053
CoV 0.098 0.111 0.053

As shown in Table 5.15, 7/T) for the specimens with parallel ties and tested under loading
condition B ranges from 0.88 to 1.16 with an average of 0.98 and a coefficient of variation of
0.098. A noticeable improvement in the average and coefficients of variation is, again, observed,
compared with the values based on previous equations given in Table 5.4. The overall average
increased from 0.94 to 0.98 for No. 14 bars and most noticeably from 0.93 to 1.00 for No. 18 bars.

Tables 5.14 and 5.15 show that the match of the test results provided by Eq. (5.7) is not
affected by the loading condition, with the average 7/7} value of 0.98 for both cases.

The average force per bar at failure, 7, for all No. 14 and No. 18 headed bar specimens
(excluding those that failed in shear) is compared with that calculated using Eq. (5.5) or (5.7), Tj,
in Figure 5.10. As shown in the figure, the best fit line is slightly above the dashed line representing
T = T, for lower bar forces, indicating a slight overestimation of anchorage strength by Eq. (5.5)
or (5.7), similar to what was observed based on Eq. (5.2) and (5.3) and shown in Figure 5.2. For
higher bar forces, however, the best fit is slightly below the dashed line representing 7' = 7}, but
much less so than observed in Figure 5.2 for Eq. (5.2) and (5.3). Overall, and compared with the
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plot in Figure 5.2, Eq. (5.5) and (5.7) provide a more accurate representation of anchorage strength

of the larger headed bars.
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Figure 5.10 Measured versus calculated bar force at failure using new descriptive
equations for No. 14 and No. 18 headed bar specimens, excluding those with a shear-like failure,
with the calculated bar force, 7%, based on Eq. (5.5) or (5.7)

Values of 7/T, based on Eq. (5.5) and (5.7) are compared as a function of concrete
compressive strength f., for the No. 14 and No. 18 headed bar specimens tested in this study,
excluding those that failed in shear, in Figure 5.11. As shown in the figure, no noticeable trend is
observed, indicating that the effect of concrete compressive strength on the anchorage strength of

No. 14 and No. 18 headed bars is adequately captured by Eq. (5.5) and (5.7).
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Figure 5.11 Ratio of test/calculated ratio 7/7} versus concrete compressive strength fe,,
for No. 14 and No. 18 headed bar specimens, with the calculated bar force, 7}, based on Eq. (5.5)
or (5.7)

Figure 5.12 shows 7/Tj as a function of Au/Ans for the No. 14 and No. 18 specimens,

excluding those that failed in shear.
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Figure 5.12 Ratio of test/calculated ratio 7/7} versus parallel tie reinforcement ratio
Au/Ans for No. 14 and No. 18 headed bar specimens, with the calculated bar force, 75, based on

Eq. (5.5) or (5.7)

As discussed in Section 5.3.3, the maximum effective limit for A,/4ns was previously

established as 0.3 (Shao et al. 2016, Ghimire et al. 2018, Ghimire et al. 2019a, 2019b). When

applied with Eq. (5.7), it is increased to 0.4. A 0.4 limit on A+/Ass means that values above 0.4

were not found to contribute to anchorage strength of headed bars. Figure 5.12 shows that 7/7}, is

largely independent of A./Axs with the upper limit of 0.4 in place for No. 14 and No. 18 headed

bars.

A comparison between the test-to-calculated ratio 7/7% and the center-to-center bar spacing

s normalized by bar diameter (dp) is shown in Figure 5.13 for No. 14 and No. 18 headed bars. As

shown in the figure, 7/T) for both loading conditions is largely independent of s/dp.

160



1.6

1.4

1.2

1.0

0.8

0.6

0.4

Test/Calculated Ratio, T/T,

0.2

0.0

0

o)
|
o) [ )
()
@]
© g e No
© m - 8 o No
= No
o No
Closely-spaced —+——Widely-spaced
I I I I
2 4 6 8 10 12

Center-to-center Spacing/Bar diameter, s/d,

.14, L.C.A
.14,L.C. B
.18, L.C.A
.18,L.C.B

Figure 5.13 Ratio of test/calculated ratio 7/7} versus ratio of center-to-center spacing to bar
diameter s/dp for No. 14 and No. 18 headed bar specimens, with the calculated bar force, 7},
based on Eq. (5.5) or (5.7)

5.5 EFFECT OF TEST PARAMETERS

In this section, the effects of key test parameters in this study are discussed, including:

loading condition, confining reinforcement, bar size and spacing, side cover, and strut angle.

5.5.1 Loading Condition

As described in Section 2.3.1, two loading conditions were considered:

Loading Condition A — Beam located at column midheight between inflection points: In this

loading condition, the column moment demands above and below the joint were equal, and the

shear force within the joint region equals 80% of the force applied to the test bars. This loading

condition simulates an exterior beam-column joint with the beam located at the midheight of the

column.

Loading Condition B — Anchorage only: In this loading condition, the joint shear is equal to ~69%

of applied force to the test bars.
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The 11% difference in joint shear within the joint region between loading conditions A and
B and the moment reversal present in loading condition A, appears to play a major role in the type
of failure and anchorage strength of headed bars for joints without a minimum quantity of shear
reinforcement parallel to the headed bars within the joint, as will be discussed in this section.

The first headed bar specimen tested under loading condition A was 14-2, which had two
widely-spaced No. 14 bars (18 in. on-center or 10.6d5) cast with high-strength (15 ksi) concrete.
The specimen had five No. 4 parallel ties in the joint region, three of which were within 9.5d, of
the centerline of the headed bars, resulting in an A,/As ratio (based on the descriptive equations)
0f 0.267. The specimen exhibited a shear-like failure, as described in Section 3.2.2, and had a test-
to-calculated ratio of just 0.76 based on Eq. (5.2) and (5.3), the descriptive equations developed
by Shao et al. (2016) and Ghimire et al. (2018, 2019b), and 0.80 based on Eq. (5.5) and (5.7), the
equations developed in this study. The next specimen exhibiting a shear-like failure under loading
condition A was 14-16, with the same dimensions as 14-2 but cast with normal-strength concrete
and with an A:/A4xs ratio of 0.178. Specimen 14-16 is shown in Figure 5.14a following failure.
Figure 5.14b shows the specimen after dissection, in which the diagonal shear crack can be seen
crossing the bearing face of the head towards the back of the column along the bottom face,
extending through the width of the column. Specimen 14-16 had the lowest 7/T} ratio, 0.59, based
on Eq. (5.7), among the specimens tested in this study.
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Figure 5.14 Shear-like failure observed in specimen 14-16 (A4:/Ans = 0.178) tested unde loading
condition A: (a) after failure and (b) after dissection

Because of the shear-like failures of specimens 14-2 and 14-16 under loading condition A,
specimen 14-15, which had the same dimensions, number and spacing of headed and column bars

and concrete strength as specimen 14-16, but without parallel ties, was tested under loading
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condition B to reduce the shear demand in the joint region, remove the moment reversal, and
promote an anchorage failure. Specimen 14-15 failed in anchorage with concrete breakout, as
shown in Figure 5.15, with a test-to-calculated ratio 7/7) of 1.05 based on Eq. (5.5), illustrating
the role of the loading condition on the anchorage strength of headed bars in a beam-column joint.

At the time, the exact effect was not yet clear.

"~

Figure 5.15 Anchorage failure observed in specimen 14-15 (4:/Axs = 0) tested uhdér loading
condition B

Specimen 14-16 was then duplicated by a specimen designated as 14-16A with a
modification to the longitudinal reinforcement. One additional No. 11 longitudinal bar was added
on each side of the column, 2 in. from the bearing face of the headed bars, to help distribute the
tensile force in the headed bars along the longitudinal bars, which serve as ties in the strut and tie

model used to represent the member. The additional No. 11 bars are shown in Figure 5.16.
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Figure 5.16 Additional No. 11 longitudinal bars in specimen 14-16A

Specimen 14-16A was tested under loading condition A. The specimen, however, again
failed in shear, as did specimen 14-16, although the test-to-calculated ratio 7/7} increased from

0.59 to 0.83 based on Eq. (5.7). Specimen 14-16A following failure is shown in Figure 5.17.
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Figure 5.17 Shear-like failure observed in specimen 14-16A (Au/Ans = O.l78)tested under
loading condition A

The final specimen in the study to exhibit a shear-like failure was 14-1A. It had two widely-
spaced (10.6d, center-to-center) headed bars in high-strength concrete. The specimen had no
parallel ties in the joint region and was tested under loading condition B to promote an anchorage
failure. The specimen, however, failed in shear (shown in Figure 5.18) with a test-to-calculated

ratio 7/T, of 0.87 based on Eq. (5.5).
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Figure 5.18 Shear-like failure observed in specimen 14-1A (4+/Ans = 0) tested under loading
condition B

Z - -
F el

The companion specimen to 14-1A, designated as 14-2A, had properties similar to 14- 1A,
but with parallel ties in the joint region (4+/Axs of 0.267). This specimen was also tested under
loading condition B. The specimen failed in anchorage as shown in Figure 5.19, with an average
test-to-calculated ratio 7/7 of 0.94 based on Eq. (5.7). Comparing the failure modes of specimens
14-1A and 14-2A revealed that the joint region must contain parallel ties to provide adequate shear

strength when using large-diameter headed bars to preclude a shear-like failure.

Figure 5.19 Anchorage failure obéerved in specimen 14-2A (Au/Ans = 0.267) testedrunder
loading condition B
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The behavior of these headed bar specimens can be compared with that of hooked bar
specimens. The first comparison can be made between headed bar specimen 14-2 and hooked bar
specimen H14-2, both with ties as confining reinforcement (A:/Ans = A/ Ans = 0.267, with 4, and
A defined in Sections 5.2 and 4.2, respectively) and both under loading condition A. Specimen
14-2 failed in shear while specimen H14-2 failed in anchorage. The next comparison is between
specimen 14-16 and specimen H14-16 that had similar properties (4/Ans = Am/Ans = 0.178). Under
loading condition A, Specimen 14-16 failed in shear, and specimen H14-16 failed in anchorage
with a breakout failure. Finally, headed bar specimen 14-1A and hooked bar specimen H14-1 were
similar but without parallel ties under loading condition A. Again, the headed bar specimen, 14-
1A, failed in shear, while the hooked bar specimen, H14-1, failed in anchorage. These observations
demonstrate the role played by the tail of hooks in carrying the joint shear by preventing the
inclined crack from propagating towards the back of the column.

Two more duplicates of specimen 14-16 (designated as 14-16B and 14-16C) were tested
under loading condition B (reduced joint shear demand). Specimen 14-16B had the same
reinforcement as 14-16 (A4#/Ans = 0.178), while specimen 14-16C two times the quantity of
confining reinforcement in the joint region (4«/Ans = 0.356). Both specimens failed in anchorage
with 7/T) value of 0.88, based on Eq. (5.7). The failure modes of the two specimens are shown in

Figures 5.20 and 5.21.

P

=0.178) tested under

Figure 5.20 Anchorage failuren observed in specimen 14-16B (4/Ans
loading condition B
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Figure 5.21 Anchorage failure observed in specimen 14-16C (A4:/Axs = 0.356) tested under
loading condition B

To gain an improved understanding of the role of shear reinforcement within a beam-
column joint on the anchorage strength of headed bars, another specimen with the same dimensions
as 14-16 (designated as 14-16D) was tested under loading condition A. Using five double
overlapping No. 5 ties, the number and spacing of ties were designed to carry the full shear within
the joint (that is, treating the concrete contribution V. as 0). The first tie was placed 2.5 in. from
the center of the headed bar, with the balance placed 5 in. on center. Three of the five overlapping
ties were located within 10d, from the center of the bar, resulting in 4A,/Axs of 0.827, the highest
value used in this study. The double overlapping ties are shown in Figure 5.22. Specimen 14-16D
failed in anchorage, as shown in Figure 5.23, with a 7/T), of 1.17 based on Eq. (5.7) with the 0.4A4

limit on Ay.
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Figure 5.23 Anchorage failure observed in spec1men 14 16D (Au/Ans = 0.827) tested under
loading condition A (after removal of loose concrete)

Because specimen 14-16D was designed so that the entire joint shear would be carried by
the ties within the joint, one question to be answered was whether less shear reinforcement proved
to be adequate. To address this question, specimen 14-16E with two double overlapping No. 5 ties
within 10d, (8 legs total, A«/Ans = 0.551) was tested under loading condition A. The specimen
failed in anchorage, as shown in Figure 5.24, similar to 14-16D (Figure 5.23). 7/T, was 0.92 based

on Eq. (5.7) applying the maximum effective value for 4,/A;s of 0.4. For comparison, using the
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actual values of A:/Axs of 0.827 for specimen 14-16D and 0.551 in specimen 14-16E result in
respective values of 7/T;, of 0.97 and 0.85.

gt M o N

Figure 5.24 Anchorage fai‘lﬁrelc;l;sérve; Sp;imen 14- (Aths - 0?551)

Based on the performance of specimens 14-16D and 14-16E, it is clear that, at least for
larger headed bars, transverse reinforcement is needed within the joint to prevent a shear-like
failure within an exterior beam-column joint with the beam located at the midheight of the column
— loading simulated by loading condition A. In this study, the majority of No. 14 and No. 18 bar
specimens with parallel ties that were tested under loading condition A and failed in anchorage
(14-16E, 14-16F, 14-17, 14-10, 18-1, 18-2, 18-5, 18-6, 18-7, and 18-8) had A«#/Ass of 0.54 or 0.55
(14-16D had Au/Ans = 0.827). These specimens included both widely- and closely-spaced bars and
cast in both normal- and high-strength concrete. Since the ties in these specimens, with a wide
range of properties, were effective in preventing a shear-like failure, it can be concluded that the
minimum area of parallel ties (4+) needed for larger bars to address the joint shear demand is
0.5A45s. The single exception is specimen 14-4 with A,/Ass = 0.267, the only specimen to fail in
anchorage under loading condition A with A+/Axs < 0.5. The only tests of beam-column joints
containing No. 11 and smaller headed bars that failed in anchorage when loaded in a manner
similar to condition A are those by Bashandy (1996) who tested 15 specimens, as discussed in
more detail later in Section 5.6. All but one of the specimens had A:,/4xs values > 0.7, with the
majority having values as high as 1.0 or 2.0. Therefore, more study is warranted to investigate if

parallel ties < 0.54,; would be adequate to prevent a shear-like failure under loading condition A.
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The 0.4 limit on the effective value of A+/Axs, however, indicates that providing ties (4«)
above 0.44;s does not add to the anchorage strength of headed bars. Thus, the addition of parallel
ties to limit shear-like failures appears to be separate from their contribution to the anchorage

strength of headed bars.
5.5.2 Parallel tie Reinforcement

Here, pairs of specimens with and without parallel ties are compared to investigate the
effectiveness of ties when Ay, ac1 < 0.344s, a case where the current Code gives no credit to parallel
ties while the descriptive equations does. The contribution of middle legs (in specimens with
double overlapping ties, as shown in Figure 5. 22) is also investigated.

First, pairs of specimens are investigated in which one had parallel ties and the other did
not. Figure 5.25 compares the anchorage strength of four pairs of specimens, 11-1 and 11-2, 14-3
and 14-4, 14-1A and 14-2A, and 14-7 and 14-8, where the first specimen in each pair did not

contain parallel ties, while the second one did. All specimens with parallel ties had A ac1 < 0.3A44s.

O Without Confinement B With Confinement
400
L.C. A

350 0.178

L.C.B L.C. B
L.C.B 0.184
L.C.B 0178 LC.B

0.212
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LC.B L.C.A
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100

Anchorage Strength, T (kips)

50

0

11-1 11-2 14-3 14-4 14-1A 14-2A 14-7 14-8

Figure 5.25 Comparing anchorage strength of headed bars with and without parallel ties (Note:
L.C. = Loading Condition, and the number below L.C. denotes A aci/Ans )
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As shown in Figure 5.25, providing ties in the joint region, even as low as Axac/Ans =
0.178, increased the anchorage strength in each case. These observations show that, as observed
in earlier tests (Shao et al. 2016, Ghimire et al. 2018, 2019a, 2019b), and as would be predicted
based on Eq. (5.7), providing ties within the joint region improves the anchorage strength of headed
bars even when A aci < 0.34,5, whereas the current Code does not allow taking advantage of such
cases.

The contribution of middle legs to anchorage strength has also been investigated. To this
end, two pairs of specimens are compared, namely 14-16E and 14-16F, and 18-7 and 18-8. Both
specimens in each pair had the same size and spacing of ties and, therefore, the same A;/A4, ratio.
The only difference was that double overlapping ties were used (two external legs and two middle
legs) in specimen 14-16E (similar to 14-16D, as shown in Figure 5.22) and specimen 18-8, while
double ties (all four legs near the exterior) were used in specimen 14-16F (as shown in Figure
5.26) and specimen 18-7.

Specimens 14-16E and 14-16F had 4.+/4s = 0.56, were tested under loading condition A,
and failed in anchorage as shown in Figure 5.27. The 7/T) ratios were 0.92 and 0.84 based on Eq.
(5.7) for specimens 14-16E and 14-16F, respectively, meaning the specimen with middle legs had
a 9.5% higher value of 7/7}.

L
]

Figure 5.26 Double No. 5 ties used in specimen 14-16F
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Figure 5.27 Comparing side splitting failure modes of specimens 14-16E with parallel ties with
middle legs (top) and 14-16F with only external legs (bottom), both with 4/Axs = 0.551

The contribution of middle legs to anchorage strength in the pair of No. 18 bar specimens
(18-7 and 18-8) was more noticeable than the No. 14 bar specimens (14-16E and 14-16F). Both
specimens had three closely-spaced No. 18 bars, with 4;/4xs of 0.54. Specimen 18-7 had double
No. 5 ties, like specimen 16-16F, while specimen 18-8 had double overlapping ties, like specimen

14-16E. The T/T) ratio based on Eq. (5.7) for specimen 18-8 (with middle legs) was 1.02, 14.6%
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higher than that of specimen 18-7 (with external ties only), 0.89. The concrete compressive
strength of specimen 18-8 was 490 psi higher than that of specimen 18-7, but based on descriptive
equations, this difference should be responsible for only about 2% of the increase in anchorage
strength. Therefore, the improvement in anchorage strength can be mainly attributed to the middle
legs in specimen 18-8. These observations suggest that interior legs of parallel ties in the joint
region contribute to anchorage strength of headed bars at least as well as exterior legs and that

middle legs might be more effective in some cases.

5.5.3 Bar Spacing

Figure 5.28 presents comparisons between the anchorage strength of specimens based on
bar spacing. The concrete compressive strength and A4:/A4xs ratio were similar for each pair of
specimens shown in the figure. Overall, anchorage strength for No. 14 and No. 18 headed bars
correlates with bar spacing as observed for No. 11 and smaller bars, that is, individually, closely-
spaced bars are weaker (lower anchorage strength) than widely-spaced bars. In general, the
reduced area of the breakout surface in specimens with more closely-spaced bars can explain the

differences in anchorage strength.

350 O Closely-spaced (s < 8d,) W Widely-spaced (s = 8d, )
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Figure 5.28 Comparing the anchorage strength (average force per bar at failure) of No. 14 and
No. 18 headed bars based on bar spacing
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5.5.4 Placement of Bars Within the Cross-section

The effect of placement of bars within the cross-section on the anchorage strength of
headed bars is discussed in this section. The majority of specimens had a side cover to the bar of
3.5 in., similar to those tested by Shao et al. (2016). The low values of 7/T} for specimens 14-16E
and 14-16F, 0.92 and 0.84, respectively, based on Eq. (5.5) and (5.7), combined with the side-
splitting failure mode observed for both specimens, raised a question about the role of side cover
in the anchorage strength. Both specimens had two widely-spaced headed bars, 4./4xs of 0.551
and were tested under loading condition A. A third specimen, 14-17, was designed with the same
properties and cross-sectional dimensions as specimen 14-16F, but with the two headed bars
spaced at 12 in., which increased the side cover to the bar from 3.5 in. to 6.5 in and the side cover
to the head from 2.4 in. to 5.4 in. while reducing the center-to center spacing from 10.6d) to 7.1dp.

The combination of increased side cover and closer bar spacing seemed to have only a
minimal effect on the anchorage strength, as the average test-to-calculated ratio 7/7, was 0.87,
close to the value of 0.84 for 14-16F. Specimen 14-17, however, failed by concrete breakout, as
shown in Figure 5.29, rather than the side splitting observed in specimens 14-16E and 14-16F
(Figure 5.27).

T s T et

Figure 5.29 Concrete Breakout observed in specimen 14-17 (A#/Ans = 0.551) with iﬁcreased side
cover to the bar and decreased bar spacing

The next comparison can be made between No. 18 bar specimens 18-1 and 18-5. The
specimens had similar concrete strength, embedment length, and A:/A4xs (0.543) but different side

cover to the bar and bar spacing. Specimen 18-1 had two bars spaced at 18 in. on-center (8.0dp)
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with a side cover to the bar of 3.5 in., while specimen 18-5 had two bars spaced at 12 in. on-center
(5.3dp), increasing the side cover to 6.5 in. The cover to the head was increased from 2.1 in. in
specimen 18-1 to 5.1 in. in specimen 18-5. Both specimens were tested under loading condition
A. The anchorage strength of specimen 18-1 (7= 322.0 kips) was 7% higher than that of specimen
18-5 (T'=300.8 kips), of which about 2% can be attributed to higher concrete compressive strength
in 18-1 (5,750 versus 5,310 psi). 7/T» equals 0.81 and 0.88 for specimens 18-1 and 18-5,
respectively. Similar to the previous comparison, however, increasing the side cover altered the
failure mode from primarily side splitting (18-1) to primarily concrete breakout (18-5), as shown

in Figure 5.30.

Figure 5.30 Comparing failure modes of specimen 18-1 with 3.5 in. side cover to the bar (top,
side splitting) with specimen 18-5 with 6.5 in. side cover to the bar (bottom, concrete breakout),
both with A4/Ans = 0.543
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The last pair of specimens to compare are 18-2 and 18-6. Both specimens contained high-
strength concrete. The specimens had the same A:/4xs (0.543) and were tested under loading
condition A. The side cover to the bar and head in specimens 18-2 (3.5 and 2.1 in.) and 18-6 (6.5
and 5.1 in.) were the same as those in specimens 18-1 and 18-5, respectively. The anchorage
strength of the specimen with increased side cover, 18-6 (7 = 419.8 kips), was slightly higher
(3.2%) than that of specimen 18-2 (7'= 406.6 kips), despite having a lower concrete compressive
strength (10,230 versus 11,770 psi). 7/7T, was 1.01 and 1.21 for 18-2 and 18-6, respectively. The
higher value of 7/7 for specimen 18-6 is due to the lower value of s/d, compared with that of
specimen 18-2, leading to a lower value of 7}. Figure 5.31 shows that the failure mode in specimen
18-2 was a combination of concrete breakout and side splitting, while that of specimen 18-6
appears to be side splitting (unlike previous specimens with increased side cover, 14-17 and 18-5)

combined with an inclined crack through the column thickness.

Figure 5.31 Comparing failure modes of specimen 18-2 with 3.5 in. side cover to the bar (top)
with specimen 18-6 with 6.5 in. side cover to the bar (bottom), both with 4/Axs = 0.543
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Overall, these observations indicate that the combined effects of increasing side cover to
the bar (and thus, concrete cover to head) and decreasing bar spacing for joint with the same width
did not have a major effect on the anchorage strength of No. 14 and No. 18 headed bars, but can

change the failure type from side splitting to concrete breakout.
5.5.5 Compression Strut Angle

The compression strut angle is defined as the angle from the centerline of the headed bar
to a line drawn between the centroid of the bearing face of the head and the center of the bearing
plate simulating the compression zone of the imaginary beam, as shown in Figure 5.32. Based on
the figure, the compression strut angle € can be calculated as the inverse tangent (arctan) of xmia//eh.
The effect of compression strut angle on the anchorage strength of hooked bars was discussed in

Section 4.7, and its effect on the anchorage strength of headed bars is evaluated in this section.

hfehﬁ/
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Bar \ X mid
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Figure 5.32 Compression strut angle (6) for headed bars (x4 1s 28.56 and 38.15 in. for No. 14
and No. 18 bars, respectively, and /. is the embedment length)

The values of 7/T, , with T based on Eq. (5.5) and (5.7), are plotted as a function of the
strut angle @ for the No. 11 headed bar specimens tested by Shao et al. (2016) and Ghimire et al.
(2018) and those tested in this study in Figure 5.33. Specimens with dej/ler > 1.5 are excluded

from the figure, where def is described in Section 2.3.3 and below.

178



As shown in Figure 5.33, no noticeable trend can be observed between 7/7) and 6 with the
exception of one of the specimens with the lowest (flattest) compression strut angles (< 45°) that
had a 7/T) ratio of 1.39. The rest of the specimens had values of 7/7) between 0.81 and 1.21. The
insensitivity of the descriptive equations to strut angle for specimens with dey/len < 1.5 matches

the observation for hooked bars presented previously in Section 4.7 and Figure 4.15.
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Figure 5.33 Comparison of strut angle  versus test-to-calculated ratio 7/7 based on Eq. (5.5)
and (5.7) for large (No. 11, No. 14, and No. 18) headed bars for specimens with dej/ler < 1.5

5.5.6 Effective Beam Depth

Another parameter closely related to the strut angle is ratio of the effective depth of the
simulated beam to embedment length, des//er. The approached used by Shao et al. (2016) to
calculate d.is adopted here. The neutral axis of the beam is assumed to be represented by the top
edge of the bearing plate, and the extreme compression fiber is assumed to be some distance ¢
below that point. ¢ is calculated as a/f1, where a is the depth of equivalent rectangular compressive

stress block and calculated as nA4,£;/0.85f.mb per flexural design procedure for reinforced concrete
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beams, ;= 0.85-0.05((f-»-4000)/1000) < 0.65 per Section 22.2.2.4.3 of ACI 318-19, and b is the
width of the specimen. The effective depth of the beam, dey;, is then calculated as the sum of 4
and c as shown in Figure 5.34, where /. is the distance from the center of headed bars to the top
edge of the bearing plate. Bearing plates with three different widths, 6, 9, and 12 in., were used.
As described in Section 2.3.3, if the calculated value of ¢ was < 6 in., the 6 in. plate was used. If 6
in. < ¢ <9 in., the 9 in. plate was used, and, for calculated value of ¢ > 9 in., the 12 in. plate was

used.

‘/\

h cl

Ta ¢

\ .
A ~ Bearing plate
Figure 5.34 Effective beam depth d.; for headed bars (Shao et al. 2016)

As established by Shao et al. (2016), specimens with dej/ler > 1.5 (that is, a deeper beam)
generally have lower test-to-calculated 7/7} ratios and anchorage strengths than those with deg/en
< 1.5, which were used to develop descriptive equations. This point was considered in this study,
with the specimens designed so that dej/len was below 1.5 to prevent possible lower anchorage
strengths. As suggested in the commentary section of ACI 318-19, beam-column joints for which
dellen > 1.5 should be provided with transverse reinforcement in the form of hoops or ties to
“establish a load path in accordance with strut-and-tie modeling principles” (enable a strut-and-tie

mechanism).
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For the specimens shown in the previous plot (Figure 5.33), 7/T}, is plotted as a function
of the ratio of dej/len in Figure 5.35 below. As shown in the figure, no noticeable trend can be seen
for 7/Ty, as function of deg/len for values of dej/len between 0.92 and 1.42 for No. 11 and larger

bars. This observation is similar to that for hooked bars in Section 4.8.
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Figure 5.35 Comparison of dej//er versus test-to-calculated ratio 7/7; based on Eq. (5.5) and
(5.7) for large (No. 11, No. 14, and No. 18) headed bars

5.5.7 Embedment Length

Figure 5.36 compares the values of 7/7} as a function of the ratio of embedment length to
bar diameter /.i/dp for the No. 11, No. 14, and No. 18 headed bar specimens used to develop Eq.
(5.5) and (5.7). The majority of the specimens had /.;/d), values ranging from 9.4 to 14.4. Four No.
14 bar specimens had the highest /.;/d, values of 18.7-18.9, all of which had 7/7, > 1.0. As shown

in the figure, no significant trend in 7/7, can be observed as (.i/dp increases, indicating that the
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accuracy of the descriptive equations developed in this study, Eq. (5.5) and (5.7), is generally not

sensitive to the value of Z.n/dbp.
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Figure 5.36 Comparison of /.,/d), versus test-to-calculated ratio 7/7} for based on Eq. (5.5) and

(5.7) for large (No. 11, No. 14, and No. 18) headed bars

5.5.8 Bar Location

The headed bar specimens tested at the University of Kansas, including this study,

contained headed bars placed inside the column core (the area confined by the column longitudinal

reinforcement, as shown in Figure 1.26). Sperry et al. (2015b) tested a limited number of hooked

bar specimens with the hooked bars placed outside the column core and observed, generally, lower

anchorage strengths (taken conservatively as 80%) compared with specimens with hooked bars

placed inside the column core. For design purposes, Sperry et al. (2015b) suggested a bar location

factor of 1.25 (1/0.8) to be applied to bars placed outside the column core, which was also adopted

by Shao et al. (2016) for headed bars and eventually by the current ACI 318-19 provisions for both
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hooked and headed bars. However, as the re-analysis of the hooked bar specimens in Section 4.4
showed, the bar location factor can be reasonably reduced to 1.17 (1.15 for design purposes).

To investigate the influence of bar location for headed bars and to verify the applicability
of'areduced bar location factor of 1.17, specimens tested by Chun et al. (2017a) and Sim and Chun
(2022a, 2022b) are used. As discussed in Section 1.2.2, these specimens were designed to force a
side-blowout failure. The headed bars were placed outside the column core in all specimens. Each
specimen had two headed bars in a single layer, except for those tested by Sim and Chun (2022a)
where each specimen had four headed bars in two layers. The center-to-center spacing between
the layers were used as s to calculate 7 for those specimens. The specimens were heavily
reinforced in the joint region using double overlapping No. 5 ties providing A:/Axs values between
1.01 and 1.37. The 0.4 cap on A./Axs, therefore, is applied to all specimens. The tests involve No.
14 and No. 18 (Chun et al. 2017a), No. 14 (Sim and Chun 2022a), and No. 7 and No. 10 (Sim and
Chun 2022b) headed bars. The specimens were tested in a manner similar to loading condition B
in this study, but with different specimen proportions, as discussed below.

In the majority of these specimens, the headed bars were placed outside the ties in addition
to being placed outside the column core, as shown in Figure 5.37a, and were considered by the
authors as “unconfined.” This configuration is similar to that used by Chun et al. (2017b) for No.
14 and No. 18 hooked bars, as shown in Figure 4.9a. As established in Section 4.4 for hooked bars,
when bars are placed outside the column core and the confining reinforcement, ties should not be
considered contributing to anchorage strength. Similarly, for the headed bar specimens in which
the bars are outside the column core and parallel ties as in Figure 5.37a, Ax/Axs is taken as zero. In
the rest of the specimens, the headed bars were wrapped by ties or hairpin transverse
reinforcement, as shown in Figure 5.37b and 5.37c, respectively. For those specimens, the parallel
ties were counted towards the anchorage strength. For eight specimens, the test was stopped after

the headed bars yielded; those results are not considered in this analysis.
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Figure 5.37 Parallel tie layouts in specimens with headed bars placed outside the column core
tested by Chun et al. (2017) and Sim and Chun (2022a, 2022b): (a) heads outside parallel ties
(“unconfined”), (b) heads inside parallel ties (“‘confined”), and (c¢) heads outside parallel ties but
“confined” by hairpin transverse reinforcement

Table 5.15 summarizes the specimen details, including values of 7/7) based on two
approaches. In approach one, parallel ties are counted for all specimens and no bar location factor
is applied. In the second approach, parallel ties are not counted for specimens with bars outside

the ties and a bar location factor of 1.17 is applied to all specimens.

Table 5.16 Details and test-to-calculated 7/7}, ratios of the specimens tested by Chun et al.
(2017) and Sim and Chun (2022a, 2022b) with headed bars outside column core

bonavg | Son | de g g g | T
in. psi in. kips
11.9 6950 | 1.693 | 9.6 0.4 102.0 | 0.66 1.11
11.9 6950 | 1.693 | 9.6 0.4 136.0 | 0.88 1.03
11.9 9890 | 1.693 | 9.6 0.4 163.6 1.00 1.65
16.9 7570 | 1.693 | 9.6 0.4 1427 | 0.71 1.09
16.9 7570 | 1.693 | 9.6 0.4 161.0 | 0.80 0.94
169 | 11,770 | 1.693 0.4 193.4 | 0.90 1.34
22.0 6640 | 1.693 0.4 155.0 | 0.76 1.23
22.0 6420 | 1.693 0.4 176.2 | 0.86 1.41
22.0 5870 | 1.693 0.4 1528 | 0.76 0.89
22.0 6060 | 1.693 0.4 210.2 1.04 1.22
27.1 6640 | 1.693 0.4 186.8 | 0.78 1.22
27.1 6640 | 1.693 0.4 198.0 | 0.82 1.29
27.1 6060 | 1.693 0.4 138.4 | 0.58 0.68
27.1 6420 | 1.693 0.4 205.0 | 0.86 1.00
15.8 7450 | 2.257 0.4 193.8 | 0.78 1.45
15.8 7450 | 2.257 0.4 246.0 | 0.99 1.16
15.8 | 11,150 | 2.257 0.4 230.0 | 0.87 1.58
22.6 7450 | 2.257 0.4 212.8 | 0.68 1.14

DM /TR | T/T™

S

D43-L7-C1-542
D43-L7-C1-S42-HPO0.5
D43-L7-C1-S70
D43-L10-C1-542
D43-L10-C1-S42- HPO.5
D43-L10-C1-S70
D43-L13-C1-542
D43-L13-C2-542
D43-L13-C1-S42-T1.5
D43-L13-C2-S42-T1.5"
D43-L16-C1-S42
D43-L16-C2-S42"
D43-L16-C1-S42-T1.5
D43-L16-C2-S42-T1.5°
D57-L7-C1-542
D57-L7-C1-S42-HPO0.5
D57-L7-C1-S70
D57-L10-C1-S42

NN (N[N (N[NNI (N[N [N D[N

U R Ne)
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D57-L10-C1-S42-HPO0.5 22.6 7450 | 2.257 | 7.2 0.4 2742 | 0.87 1.02

D57-L10-C1-S70 22.6 | 11,150 | 2.257 | 7.2 0.4 258.0 | 0.77 1.27

D57-L13-C1-542 293 5870 | 2257 ] 7.2 0.4 254.8 | 0.70 1.12

D57-L13-C1-S42-HP0.5" 293 5870 | 2257 | 7.2 0.4 340.0 | 0.93 1.09

D57-L13-C1-S42-HP1.0a’ 293 5870 2257 7.2 0.4 340.0 | 0.93 1.09

D57-L13-C1-S42-HP1.0b" 293 5870 | 2257 ] 7.2 0.4 3412 | 0.94 1.10

D57-L13-C2-542 293 5870 | 2257 7.2 0.4 3192 | 0.88 1.40

D57-L16-C1-5S42 36.1 6060 |2.257 ] 7.2 0.4 296.0 | 0.69 1.06

D57-L16-C2-S42" 36.1 6060 |2.257 | 7.2 0.4 3412 | 0.80 1.22

D43-L13-C1-42 22.0 | 6260 |1.693 | 1™ 0.4 88.9 0.60 1.21

D43-L13-C2-42 22.0 | 6260 | 1.693 ” 0.4 103.4 | 0.64 1.20

D43-L13-C2-70 22.0 | 12590 | 1.693 - 0.4 1432 | 0.79 1.44

D43-L13-C2-42-C 22.0 6260 | 1.693 - 0.4 145.6 | 0.90 1.05

D43-L16-C1-42

D43-L16-C2-42 27.1 6850 | 1.693 B 0.4 134.1 | 0.70 1.26

*
*

D43-L16-C2-70 27.1 | 11450 | 1.693 0.4 156.2 | 0.74 1.31

*
*

D43-L16-C2-42-C" 27.1 6850 | 1.693 0.4 1643 | 0.85 1.00

*
*

2
2
2
27.1 6850 | 1.693 | 1™ 0.4 114.6 | 0.65 1.26
2
2
2
1

D43-L20-C1-42 33.9 | 6260 | 1.693 0.4 123.1 | 0.59 1.12

*
*

NN NN (AR R R RR|R|R(R (RN

D43-L20-C2-42 339 6260 1.693 | 2 0.4 135.6 0.60 1.05
D22-L6-Cl1 53 12020 | 0.875 | 13.5 0.4 41.4 0.79 1.20
D22-L6-C1.5 53 12020 | 0.875 | 13.5 0.4 33.7 0.65 0.98
D22-L6-C1-TR 53 12020 | 0.875 | 13.5 0.4 47.9 0.92 1.07
D22-19-Cl1 7.9 12020 | 0.875 | 13.5 0.4 44.0 0.62 0.87
D32-L6-Cl1 7.6 12020 1.27 | 9.3 0.4 104.7 1.10 1.77
D32-L6-C1.5 7.6 12020 1.27 | 9.3 0.4 102.9 1.08 1.74
D32-L6-C1-TR 7.6 12020 1.27 | 9.3 0.4 91.3 0.96 1.13
D32-1.9-Cl1 11.4 12020 1.27 | 9.3 0.4 92.6 0.73 1.07
D22-L6-Cl1 53 16680 | 0.875 | 13.5 0.4 38.7 0.70 1.05
D22-L6-C1.5 53 16680 | 0.875 | 13.5 0.4 31.5 0.57 0.85
D22-L6-C1-TR 53 16680 | 0.875 | 13.5 0.4 39.0 0.71 0.83
D22-19-Cl1 7.9 16680 | 0.875 | 13.5 0.4 359 0.48 0.66
D32-L6-Cl 7.6 16680 1.27 | 9.3 0.4 108.1 1.08 1.71
D32-L6-C1.5 7.6 16680 1.27 | 9.3 0.4 108.5 1.09 1.72
D32-L6-C1-TR 7.6 16680 1.27 | 9.3 0.4 101.5 1.02 1.19
D32-L9-Cl1 11.4 16680 1.27 | 9.3 0.4 103.2 0.77 1.12
Mean: | 0.79 1.19
CoV: | 0.199 | 0.223
n Number of headed bars
lenave  Measured embedment length
fem Measured concrete compressive strength
dp Nominal diameter of the headed bar
s Center-to-center spacing of the bars
A Total area of parallel ties within 8 or 10d, from the top of the headed bar
Aps Total area of headed bars
T Measured failure load
T Calculated failure load based on descriptive equations, Eq. (5.5) or (5.7)
( HP, C, and TR at the end of the designations denote a “confined” specimen per Figure 5.37b and 5.37¢
2l Cap of 0.4 applied to all specimens
B3] Parallel ties counted for all specimens and no bar location factor applied
“ Parallel ties not counted for specimens with bars outside the ties, and bar location factor of 1.17 applied

Headed bars yielded; specimens not included in calculation of Mean and CoV of 7/7},
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sk

Center-to-center spacing between the two layers of headed bars was taken as s

As shown in Table 5.15, for the 45 specimens tested by Chun et al. (2017) and Sim and
Chun (2022a, 2022b) in which headed bars did not yield, if the parallel ties are counted as
contributing and no bar location being applied, 7/7) ranges from 0.48 to 1.10, with an average of
0.79 and coefficient of variation of 0.199. If the parallel ties are not counted towards anchorage
strength for specimens with headed bars outside of the ties (“unconfined” per Figure 5.37a) and a
bar location of 1.17 applied to all specimens, 7/7; ranges from 0.66 to 1.77, with an average of
1.19 and a coefficient of variation of 0.223. The average 7/7, of 1.19 is beyond the range of the
coefficient of variation of descriptive equations (11.2%), indicating a generally conservative
estimation of anchorage strength for these specimens for reasons discussed next.

This overall conservatism can be attributed to the specimen proportions used by Chun et
al. (2017a) and Sim and Chun (2022a), shown in Figure 1.14. As shown in the figure, in specimens
tested by Chun et al. (2017a), the distance from the center of the headed bar to the center of the
bearing plate in the joint representing the compression region of the beam, xmiz, was 2/3 of la,
while the compressive reaction force above the joint was placed 1.004 (= 1.5xi4) from the center
of the headed bars. For the specimens tested by Sim and Chun (2022a), xmis equaled /4 and the
compressive reaction force above the joint was placed 2/304 (= 0.67xmia) from the center of the
headed bars. These specimen proportions resulted in forces within the joint of 0.67 and 0.47,
respectively, in the specimens tested by Chun et al. (2017) and Sim and Chun (2022a). The
geometry of their test specimens was clearly dissimilar to what would be expected in reinforced
concrete frame structures. By way of comparison, the forces within the joints for the specimens
tested in this study were ~0.69T under loading condition B and 0.807 under loading condition A,
both of which had realistic specimen geometries. The values of 0.67 and 0.47 indicate that lower
forces were carried in the joint for these specimens compared with the specimens used to develop
the descriptive equations in this study and by Shao et al. (2016) and Ghimire et al. (2018, 2019a,
2019b). It also means that a higher portion of the total applied force 7 was shared with the upper
compression reaction. This is similar to the hooked bar specimens tested by Marques and Jirsa
(1975) and Pinc et al. (1977) where in the force in the joint was just 0.547 (Figure 4.21b) and the
resulting strength of the specimens was high compared to that calculated using the descriptive
equations, as discussed in Section 4.9. Relatively high average 7/T} ratios are, thus, expected for

headed bar specimens tested by Chun et al. (2017a) and Sim and Chun (2022a, 2022b).
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Overall, the analysis presented in this Section indicates that applying a bar location factor
of 1.17 (1.15 for design purposes) for headed bars placed outside the column core provides

adequately safe results.

5.6 BEAM-COLUMN JOINT SPECIMENS NOT USED TO DEVELOP DESCRIPTIVE
EQUATIONS

The descriptive equations in this study, Eq. (5.5) and (5.7), were developed based on No.
11 bar and smaller specimens tested by Shao et al. (2016) and No. 11 and larger bar specimens
tested in this study, all at the University of Kansas. This section evaluates application of Eq. (5.5)
and (5.7) to test results for beam-column joint specimens in other studies. The specimens include
those by Bashandy (1996), Chun et al. (2009), Chun et al. (2017a), and Sim and Chun (2022a,
2022b). These four studies were described in Section 1.2.2. The study by Chun et al. (2009) is
excluded because the specimens had a single headed bar, and, as discussed by Shao et al. (2016),
the descriptive equations were developed based on the results from specimens with at least two
headed bars and may not apply to single-bar specimens. As shown by Shao et al. (2016), most
single-bar specimens tested by Chun et al. (2009) exhibited very low 7/7, values based on
descriptive equations Eq. (5.2) and (5.3). The specimens tested by Chun et al. (2017a) and Sim
and Chun (2022a, 2022b) were covered in the previous section. The specimens tested by Bashandy
(1996) are therefore investigated here in more detail.

Bashandy (1996) tested 32 specimens, each containing two No. 8 or No. 11 headed bars,
with and without parallel tie reinforcement. Specimens with parallel ties had A./Axs ratios ranging
from 0.212 up to 2.025, with the majority having very high A«#/Axs (> 0.75). Also, all but two
specimens had closely-spaced bars, with values of s/dp of 4.6 or 5.0. The specimens were narrow,
with a column width of 12 in., and depths of 12 or 15 in. Similar to the current study, two loading
conditions were considered, comparable to loading conditions A and B (as defined in Section
2.3.1). In the first loading condition (comparable to loading condition A and is identified here as
A'), the joint shear was almost the same as loading condition A (79.5% versus 80% of the total
force applied to the headed bars for loading condition A). In the second loading condition
(comparable to loading condition B and identified here as B’), the joint shear was ~66% of the
force applied to the headed bars (comparable to ~69% in loading condition B in this study).
Although the loading conditions used by Bashandy (1996) were similar to those in this study, the

specimen proportions were different. As shown in Figure 5.38, the distance from the center of the
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headed bars to the compression reaction above the joint, x.,p, was almost the same in both studies
— 2Xmia and 1.96x,,;4 for this study and Bashandy (1996), respectively. However, the compressive
forces acting at the bottom of the specimen (equivalent to the force Cs by the lower tension member
in Figure 2.15) were placed closer to the joint region in Bashandy’s specimens than in this study.
For Bashandy (1996), the distance from the center of the compression zone of the simulated beam
to the compressive force at the bottom of the specimen, xpor, was 1.18xmiz, compared with 2x,i4 in
this study. As shown in Figure 5.38, despite the difference in x»0;, the shear force in the joint was
still 0.8T in loading condition A’ (similar to loading condition A) since the force applied at the
bottom of the specimen was chosen by Bashandy (1996) to equal 0.337.

Of the 32 specimens tested by Bashandy (1996), 19 were tested using loading condition A’
and 13 were tested using loading condition B'. Eleven of the specimens tested by Bashandy failed
in shear, rather than anchorage and, hence, were not used by Bashandy in his analyses. Those
specimens are also excluded from the comparisons provided here, as are three specimens in which
the headed bars were anchored behind the column longitudinal bars leaving 18 specimens.

Bashandy (1996) used three different reinforcement configurations, shown schematically
in Figure 5.39. In the first layout (specimens T10, T12, and T13), the headed bars were located
outside the column core and the parallel ties (Figure 5.39a), similar to the layout used by Chun et
al. (2017a) and shown in Figure 5.37a. The one distinction between the two is that, in Bashandy’s
tests, the headed bars were in contact with column longitudinal bars and the parallel ties overlap
with the headed bars, whereas in Chun et al.’s layout, the external legs of the ties were placed
between the headed bars and column longitudinal bars. The headed bars had a side cover of 1.5 in.
(equal to 1.1dp for T10 and 1.5d, for T12 and T13). For these three specimens, a bar location factor
y, of 1.17 is applied when calculating 7/7} using Eq. (5.5) and (5.7). In addition, as discussed in
Sections 4.4 and 5.5.8, the ties are not taken as contributing to anchorage strength (that is, 4«/Ans
should be taken as 0) when bars are placed outside the column core and confining ties. In the
second layout, (specimens T14 and T25), the headed bars were placed inside the column core and
parallel ties were wrapped around the column longitudinal bars (Figure 5.39b). For the rest of the
specimens, both the headed bars and the parallel ties were placed inside the column longitudinal
bars (Figure 5.39c). A side cover to the headed bars of 3 in. (2.13d, or 3dp) was used for the
specimens shown in Figures 5.39b and c. The reinforcement layouts shown in Figure 5.39a and ¢

are not common in practice, and along with the narrow column width, are not indicative of
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reinforced concrete frames. For these reasons, the specimens tested by Bashandy (1996) were not
used in developing the descriptive equations.

Table 5.17 presents the key specimen parameters along with the 7/7) ratios based on Eq.
(5.5) and (5.7) for the 18 specimens considered for analysis.

Table 5.17 Test-to-calculated ratio 7/7) based on Eq. (5.5) and (5.7) for beam-column joint
specimens tested by Bashandy (1996) (values converted from SI units)

Specimen | | for | Jon | db |yl ggt | Lo DL gy,
ID in. psi in. kips kips
T9 2| 11.0 | 5000 | 1.41 33 0.641 B’ 76.4 89.6 0.85
T10™ 21 12.5 5000 | 1.41 54 0.596 B’ 60.9 77.8 0.92
T12™ 21 9.8 | 5110 1 8.0 0.557 B’ 40.0 65.1 0.72
T13™ 2 | 12.8 | 5560 1 8.0 0.785 A’ 61.4 85.1 0.84
T14 2 | 11.0 | 5400 | 1.41 3.3 0.212 A’ 93.5 79.1 1.18
T16 2| 14.0 | 5740 | 1.41 33 1.026 A’ 95.8 | 108.5 | 0.88
T20 2] 82 | 5110 | 141 33 1.026 A’ 78.5 74.1 1.06
T21 2| 83 | 5110 1 5.0 2.025 A’ 49.0 61.4 0.80
T22 2| 83 | 5110 1 5.0 2.025 A’ 41.1 61.4 0.67
T23 2| 11.2 | 4820 | 1.41 33 1.026 A’ 68.8 90.1 0.76
T24 21 11.2 ] 4690 | 1.41 33 1.026 A’ 80.3 89.8 0.89
T25 21 11.0 | 4690 | 1.41 33 1.962 A’ 95.8 88.7 1.08
T26 2 17.0 | 4550 | 1.41 33 1.026 A" [ 111.3] 1206 | 0.92
T27 2| 8.0 | 4550 | 1.41 3.3 1.026 A’ 44.5 71.8 0.62
T28 2| 11.2 | 4830 | 1.41 33 1.026 A’ 97.1 90.2 1.08
T29 2| 11.0 | 4830 | 1.41 33 1.026 A’ 86.6 89.1 0.97
T30 2| 11.3 ] 3210 1 5.0 2.025 A’ 62.7 71.6 0.88
T32 2| 8.0 | 4830 1 5.0 2.025 A’ 48.6 59.4 0.82
Mean: | 0.89
CoV: | 0.168

Cap of 0.4 applied to all specimens, except T10, T12, T13 (refer to next footnote)
Headed bars were outside column core and side cover was 1.5 in. (half of other
specimens), so bar location factor of 1.17 applied. Also, headed bars were outside
parallel ties, therefore ties were not counted towards anchorage strength (4./A4xs = 0)

*k

As shown in Table 5.17, T/T) for the 18 specimens ranges from 0.62 to 1.18, with a mean
0f 0.89 and a coefficient of variation of 0.168. For the 15 specimens tested under loading condition
A, T/Ty ranges from 0.62 to 1.18 with a mean of 0.90 and a coefficient of variation of 0.175. The
mean values are within the range of the coefficients of variation of Eq. (5.5) and (5.7), 11.8%. The
mean values of 0.89 or 0.90, however, indicate these specimens are relatively weak with respect
to values calculated using the descriptive equations and thus, the majority of other specimens

subjected to similar loading.
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The low mean values of 7/7) also would seem to support the use of a limit on Ax/Ans, in
this case 0.4, since 17 out of the 18 specimens had A4:/A4,s values > 0.55 and 13 had values of 1.0
or 2.0. Clearly, all of parallel ties provided did not contribute to anchorage strength. Without
applying the 0.4 limit on A4./Axs (that is, assuming all ties contributed to anchorage strength), the
mean 7/T, would drop to 0.65.

The last observation is that specimens T14 and T25, the only two specimens that,
realistically, contained parallel ties wrapped around both the headed bars and column longitudinal
reinforcement (Figure 5.39b), had the highest 7/7 values (1.18 and 1.08, respectively), suggesting

that Eq. (5.5) and (5.7) are applicable to beam-column joints, as used in conventional practice.
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Figure 5.38 Specimen proportions and applied forces: (a) current study; (b) Bashandy 1996
(Note: the bottom drawing is not to scale, L.C. = Loading condition, V; = Joint Shear)
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Figure 5.39 Schematic of the reinforcement layouts used by Bashandy (1996): (a) Headed bars
outside the column core and parallel ties (specimens T10, T12, and T13); (b) Headed bars inside
the column core and parallel ties (specimens T14 and T25); and (c) Headed bars inside column
core but ties were not wrapped around column longitudinal bars (rest of the specimens)
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CHAPTER 6: DESIGN APPROACH

In the previous chapters, the test results for hooked and headed bar beam-column joints
containing No. 11, No. 14, and No. 18 bars were presented and discussed. Previous descriptive
equations to characterize anchorage strength developed for No. 11 and smaller bars were evaluated
for No. 14 and No. 18 bars. New descriptive equations were then developed to represent the
anchorage strength of bars as large as No. 18. In this chapter, new design provisions are proposed
for hooked and headed bars, including new equations to calculate development length. The
proposed design equations are based on simplified versions of the new descriptive equations, Eq.
(4.5) and (4.7) for hooked and Eq. (5.5) and Eq. (5.7) for headed bars to include the effects of bar
spacing and confining/parallel tie reinforcement. The procedure is discussed in the next sections,
and the proposed design equations are evaluated for the hooked and headed bar beam-column joint

database.
6.1 HOOKED BARS
6.1.1 Simplified Descriptive Equations

Simplifying the descriptive equations is accomplished by rounding the powers of different
variables (such as fo» and dp) to numbers suitable for a design equation and finding new constants
so that the mean test-to-calculated ratio 7/7} is 1.0. The procedure used by Ajaam et al. (2017) is
followed to simplify the descriptive equations, which starts with the base equation for widely-
spaced (center-to-center spacing > 6dp) hooked bars without confining reinforcement, as shown in

Eq. (4.4) and repeated here.
]‘; — 3 19f;?’;281£1€.,:06d£430 (6. 1)

where T.is the anchorage strength of hooked bars without confining reinforcement (Ib), fon is
concrete compressive strength (psi), fer 1s embedment length (in.), and dj is bar diameter (in.).
Rounding the powers of fem, Len, and dp to 0.25, 1.0, and 0.5, respectively, a new constant is then

found using the same iterative analysis used to derive Eq. (6.1).

T =551£2%1,.d)" (6.2)

A new expression for the effect of close bar spacing is found by plotting center-to-center

spacing/dp versus 7/T¢ using Eq. (6.2), as shown in Figure 6.1.
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Figure 6.1 Test-to-calculated bar force at failure 7/7. based on simplified Eq. (6.2) versus ratio
of center-to-center spacing to bar diameter s/d, for widely- and closely-spaced hooked bars
without confining reinforcement used to develop descriptive equations, Eq. (4.5) and (4.7)

Using the trendline equation given in Figure 6.1, the simplified descriptive equation for
widely- and closely-spaced hooked bars without confining reinforcement becomes:

N
T, =(5511,°%0 ,d,"’ )(0.0648d—+ 0.5292} (6.3)

b

where [0.0648di+ 0.5292} <1.0.

b
The plot of 7/T. based on Eq. (6.3) versus concrete compressive strength is shown in Figure 6.2,
where no noticeable trend can be seen in 7/7. as a function of f.,,. The statistical parameters of 7/7.

for specimens without confining reinforcement are given in Table 6.1.
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Figure 6.2 Ratio of test-to-calculated bar force at failure 7/7. based on simplified descriptive
equation Eq. (6.3) versus concrete compressive strength f.,, for hooked bar specimens with
widely- and closely-spaced bars without confining reinforcement used to develop descriptive
equations, Eq. (4.5) and (4.7)

Table 6.1 Statistical parameters of 7/7. ratio using Eq. (6.3) for hooked bar specimens with
widely- and closely-spaced bars without confining reinforcement

Bar size All No.5 [ No.7 | No.8 | No. 11 | No. 14
No. of specimens 102 25 4 43 26 4
Max 1.45 1.18 | 0.90 | 1.45 | 1.24 1.42
Min 0.72 0.84 | 0.75 | 0.72 | 0.84 1.12
Mean 1.00 098 | 0.83 | 0.99 | 1.04 1.21
STDEV 0.135 | 0.099 | 0.106 | 0.137 | 0.125 | 0.141
CoV 0.135 | 0.102 | 0.129 | 0.139 | 0.120 | 0.117

As shown in Table 6.1, 7/7¢ ranges from 0.72 to 1.45, with a mean of 1.00 and a coefficient
of variation of 0.135. The lowest mean is for No. 7 bars (0.83) and the highest is for No. 14 bars
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(1.21). The next step involves developing a simplified the equation for specimens with confining

reinforcement. The original equation (4.6) is

]—;l — ]-; + 7; — 3 19f;1m0428166h1.106db0.430 + 54,568(ﬁj db0.693 (6.4)
n
where Ay is the total cross-sectional area (in.?) of tie legs within 8d, from the top of the hooked
bar for No. 8 bars and smaller or within 10d}, for No. 9 bars or larger, and # is the number of hooked
bars. The power of dj in the steel contribution term, Ty, is rounded to 0.75 and the simplified
equation becomes

T, =551f, %0, d," +54,067 (ﬂj " (6.5)
n

Figure 6.3 shows the plot of 7/7} using Eq. (6.5) versus ratio of bar spacing to bar diameter

s/dp .
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Figure 6.3 Test-to-calculated bar force at failure 7/7 based on simplified Eq. (6.5) versus ratio
of center-to-center spacing to bar diameter s/d) for widely- and closely-spaced hooked bars with
confining reinforcement used to develop descriptive equations, Eq. (4.5) and (4.7)

The trendline equation given in Figure 6.3 is used as the expression to account for close

bar spacing, giving a simplified descriptive equation for bars with confining reinforcement.
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A
T, = (551 £.0%0.d," +54,067 (—f”j db°-75J[0.0317di+0.7431j (6.6)

n b

b

where (0.0317di+ o.7431j <10.

Figure 6.4 shows the variation of 7/7} using Eq. (6.6) with concrete compressive strength.
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Figure 6.4 Ratio of test-to-calculated bar force at failure 7/7. based on simplified Eq. (6.6)
versus concrete compressive strength for hooked bars with widely- and closely-spaced bars with
confining reinforcement used to develop descriptive equations, Eq. (4.5) and (4.6)

As shown in Figure 6.4, Eq. (6.6) captures the effect of concrete compressive strength, as
no trend is visible on the data points as a function of concrete compressive strength. Table 6.2
presents the statistical parameters for specimens with confining reinforcement. As shown in the
table, the specimens with confining reinforcement had a mean 7/7} of 1.00 and a coefficient of
variation of 0.110. The statistical parameters of 7/7} are given in Table 6.3 for the hooked bar

specimens used to develop the simplified descriptive equations.
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Table 6.2 Statistical parameters of 7/7} using Eq. (6.6) for hooked bar specimens with widely-
and closely-spaced bars with confining reinforcement used to develop descriptive equations Eq.

(4.5) and (4.7)
Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 77 16 32 21 4 4
Max 1.23 | 1.23 | 1.23 | 1.16 1.23 1.02
Min 0.76 | 0.86 | 0.76 | 0.77 0.95 0.92
Mean 1.00 | 1.00 | 0.98 | 1.02 1.14 0.99
STDEV 0.110 | 0.107 | 0.106 | 0.108 | 0.130 | 0.047
CoV 0.110 | 0.107 | 0.108 | 0.107 | 0.113 | 0.047

Table 6.3 Statistical parameters of 7/7} ratio using Eq. (6.3) and (6.6) for hooked bar specimens

used to develop descriptive equations Eq. (4.5) and (4.7)

Bar size All No.5 | No.7 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens 179 41 4 75 47 8 4
Max 1.45 1.23 | 090 | 145 | 1.24 1.42 1.02
Min 0.72 0.84 | 0.75 | 0.72 | 0.77 0.95 0.92
Mean 1.00 099 | 0.83 | 098 | 1.03 1.18 0.99
STDEV 0.125 |0.102 | 0.087 | 0.124 | 0.117 | 0.130 | 0.047
CoV 0.124 | 0.103 | 0.105 | 0.126 | 0.114 | 0.110 | 0.047

As shown in Table 6.3, the simplified equations for hooked bars result in values of 7/7
that range from 0.72 to 1.45, with a mean of 1.00 and a coefficient of variation of 0.124. The next

step, converting the simplified descriptive equations to a design equation for the development

length of hooked bars, is described in the next section.

6.1.2 Design Equation for Development Length

To derive a design equation for development length, the simplified descriptive equation for
widely-spaced hooked bars without confining reinforcement, Eq. (6.2), is considered. In Eq. (6.2),

Tc is replaced by Ayf;, with 4, = nd’/4. The equation is then solved for /e; to become:

£, =0.0014LYer g 15

0.25

cm

(6.9)
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34,067 4, d,"” and is the modification factor for the contribution of confining

JFX Ahs

reinforcement on the anchorage strength, f; is the bar stress at failure (psi), A« is the total area of

where vy =1

tie legs within 8d, from the top of the hooked bars for No. 3 through No. 8 bars and 10d, for No.
11 and larger bars (in.%), A is the total area of hooked bars (in.?), d5 is the bar diameter (in.), and
fem 1s the measured concrete compressive strength (psi). For design, embedment length /. is
replaced by development length /4, bar stress at failure f; by yield strength f,, and measured

concrete strength fc,, by target compressive strength £, resulting in

SV
0.25
cm

¢, =0.0014 d," (6.10)

34,067 4, d,"”, as defined earlier. Since .- decreases with increasing Au/Ans,

f;; Ahs

an upper limit should be selected for 4,/4ns. As discussed in Section 4.4 following Figure 4.9, the

where y_ =1

Aml/Ans ratio ranges from 0.14 to 1.06 in specimens with confining reinforcement, with a mean of
0.40 among all specimens. All specimens had Ax/Axs < 0.40, except for No. 5 bar specimens and
two No. 18 bar specimens. Therefore, an upper limit of 0.4 on Au/Axs is selected. To evaluate this
upper limit, the statistical parameters for 7/7, based on Eq. (6.8) with applying the 0.4 limit of
Aml/Ans 1s presented in Table 6.4.

Table 6.4 Statistical parameters of 7/7}, ratio using Eq. (6.8) with applying Am/Ans < 0.4 for

hooked bar specimens with widely- and closely-spaced bars with confining reinforcement used
to develop descriptive equations Eq. (4.5) and (4.7)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 77 16 32 21 4 4
Max 1.39 | 1.39 | 1.25 | 1.16 1.23 1.09
Min 0.76 | 0.97 | 0.76 | 0.77 0.95 0.97
Mean 1.04 | 1.17 | 099 | 1.02 1.14 1.02
STDEV 0.133 | 0.134 | 0.108 | 0.108 | 0.130 | 0.050
CoV 0.127 |1 0.115 | 0.109 | 0.107 | 0.113 | 0.049

Comparing the results shown in Table 6.4 with those in Table 6.3 shows that applying the

0.4 upper limit on 4#/Axs had the greatest effect on the No. 5 bar specimens, as expected, increasing
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the mean 7/7) for those specimens from 1.00 to 1.17. For No. 18 bar specimens, the mean 7/7%
increased slightly from 0.99 to 1.02.

As described in Section 4.1, A is defined differently in the ACI 318 Code than in the
descriptive equations. In the Code, 44 is the total area of confining reinforcement within 154 from
the centerline of hooked bars. The notation designated in Section 4.1, Table 4.1 for A, within 15d},

Am,act, 18 used in the following sections. The 0.4 limit on 4 aci 1s retained from ACI 318-19.

6.1.2.1 Modification Factor for Confining Reinforcement and Bar Spacing

As described in Section 1.3.1 and as shown in Table 1.3, the current provisions in ACI 318-
19 for hooked bars do not provide flexibility for designers because the factor y,, which is based
on confining reinforcement and bar spacing, is limited to a binary choice between 1.0 (if specific
requirements for confining reinforcement or bars spacing are met) and 1.6 (all other cases).
Moditying the provisions for y, to allow the use of a function or functions of A aci/4Axs and s/dp
to account for confining reinforcement and spacing of the hooked bars in cases other than those
that meet the specific conditions included in ACI 318-19 would provide designers with more
avenues for calculating y, and ultimately allow the use of shorter development lengths.

As a first step, a single expression can be developed for y, based on the combined effects
of bar spacing and confining reinforcement. The linear trendline equations for 7/7) versus s/dp in
Figures 6.1 and 6.3 based on the simplified descriptive equations for hooked bar specimens without
and with confining reinforcement, respectively are used to start. For s/dy =2, T/T is 0.66 and 0.81
for hooked bars without and with confining reinforcement, respectively, which can be
conservatively taken as 0.60 and 0.75, and for simplicity, 7/T} is taken as 1 for s/d, = 6. Using the
value of 0.60, a linear equation for hooked bars without confining reinforcement becomes

1 s
W, = 2—gd— (6.11)
b

For bars with confining reinforcement, the resulting linear equation is multiplied by the

expression for the effect of confining reinforcement, .., given following Eq. (6.10), to give

A
\Vrz _ E_Li 1_ 547067 th,ACI db0.75 (612)
2 12d, I Ay

which is a best-fit for all values of A 4ci/Ans for specimens with confining reinforcement. To find

a single expression for y,, the expressions developed above, . and y,2, need to be combined. To
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do so, a bilinear interpolation analysis can be performed to find the constants A, B, C, and D in an
expression of the general form

" :A+BAth,ACI +CL+DAth,ACIi 6.13)
' hs b Ahs db .

which would be form obtained if the two terms in Eq. (6.12) are multiplied. To perform the bilinear
interpolation analysis, values for y, need to be generated. Each value of y, is called an observation.
For the case of Amaci/4Ans = 0, Eq. (6.11) is used, producing five observations for integer values of
s/dp from 2 to 6 in Eq. (6.11).

For Amac/Ans # 0, Eq. (6.12) is used. Using five values for s/dp (2, 3, 4, 5, 6), four values
for Amac/Ans (0.1, 0.2, 0.3, and 0.4), three values for f, (60,000, 80,000, 100,000 psi), and five
values for dp (0.625, 1, 1.41, 1.693, 2.257 corresponding respectively to No. 5, No. 8, No. 11, No.
14, No. 18), generates 300 observations (values of y,) using Eq. (6.12).

Since five values for s/dp and four values for 4 aci/Ans are used, there are 20 combinations

A A
of (%, i, %i). For each combination of s/dp and Am aci/Ans, there are 15 different

hs db hs b

values of y,-based on the integer values of f, and dp. These 15 different y, values are averaged for

. . Ath,ACl N Azh,ACl
each combination of (——, —, ——

S
—) to give a single value of y,.
4 d Jtog g 4

Ahs db

The four constants in Eq. (6.13) can be found by performing an Ordinary Least Squares
(OLS) regression analysis (in this case, using the “Data Analysis” tool in Excel) on the final 25
observations (5 generated using Eq. (6.11) for specimens without confining reinforcement and 20
using Eq. (6.13) for specimens with confining reinforcement). The OLS method minimizes the
sum of the squares of the residuals. A residual is the difference between the values of the dependent
variable, in this case the y, values obtained using Eq. (6.11) and (6.12), and corresponding values
based on Eq. (6.13). Since 25 observations were used, there are 25 residual values used to establish
the four constants. The values obtained for A, B, C, and D from this analysis are 1.8, -2.34, -0.13,
and 0.24, respectively. The constants A and C are changed to 2 and -0.167 (-1/6), respectively, to
match Eq. (6.1). The constants B and D were rounded to -2.5 and 0.25, respectively. The final

expression for y, then is:
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:2_2_5M_li+lﬂi
' 4, 6d, 4 4.  d,
> (0.9 for No. 11 and smaller bars and (6.14)
> (.7 for No. 14 and No. 18 bars

1}

th,ACI

S A
where 2 Sd—S 6 and Y <0.4. The cap of 0.4 on Amaci/Ans is retained from ACI 318-19

b hs
since values higher than 0.4 do not result in increased anchorage strength and would, thus, result
in an unconservative designs, as explained below.

Although y, varies from 0.86 to 1.67 for s/d = 2 and from 0.6 to 1.0 for s/d, = 6, depending
on the amount of confining reinforcement, Eq. (6.14) contains limits on the minimum values of y,
0f 0.9 for No. 11 and smaller hooked bars and 0.7 for No. 14 and No. 18 hooked bars to avoid very
high calculated anchorage strengths with respect to the test results and to ensure that no more than
5% of all specimens have a test-to-calculated ratio less than 1.0 when used in a design expression
for development length (discussed in Section 6.1.2.4). vy, is permitted to be as low as 0.7 for No.
14 and No. 18 bars since, as shown in Eq. (4.7), the effect of confining reinforcement increases as
the hooked bar size increases. The effect is less significant for smaller bars, but is high enough that
it is worth taking advantage of for the larger bars.

The approach used to find v, is similar to that used by Ajaam et al. (2017) to develop a
modification factor for confining reinforcement and bar spacing. Instead of using bilinear
interpolation to find a single expression for y,, Ajaam et al. (2017) provided six values for y, for
two confinement levels, none and 4x#/A4xs > 0.2; two bar spacings, s = 2d, and s > 6d»; and two
values of f,, 60,000 and 120,000 psi, as shown in Table 1.2; allowing linear interpolation to obtain
intermediate values.

Because ACI Committee 318 has chosen not to adopt an expression similar to Eq. (6.14)
in the past, a conservative simplification of the y, expression is worthy of consideration that
consists of two terms each for No. 11 and smaller bars and for No. 14 and No. 18 bars: one
expressed as a function of s/dp for A aci/Ars = 0 and one expressed as a function of A aci/Ass for
s/dy = 2. Using s/dp = 2 in Eq. (6.14) gives y, = /3 - 2Am aci/Ans. For simplicity, /3 is rounded to
1.6. To take advantage of the increasing effect of confining reinforcement on anchorage strength

with increasing hooked bar size the expression is changed to y, = °/3 - 34 ac1/Ans for No. 14 and
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No. 18 bars. Also, the minimum value for y, for No. 14 and No. 18 bars is increased from 0.7 to

0.8 to avoid high calculated anchorage strengths. The final form of simplified expressions is

b hs

A
v, = min{2—%di, 1.6—2ﬂ}2 0.9 for No. 11 and smaller

| ) (6.15)
v, = min{z—gdi, 1.6—3M} > (.8 for No. 14 and No. 18

b hs
As shown in Section 4.4.1, if the hooked bars are placed outside the column core and
confining ties, the confining reinforcement should not be counted towards contributing to

anchorage strength, meaning A aci/Axs should equal 0 when calculating ;.

6.1.2.2 Modification Factor for Bar Coating and Concrete Density

The values currently provided for the modification factors for coated bars and lightweight
concrete, Y. and A, are retained. Per Table 25.4.3.2 of ACI 318-19, for epoxy-coated or zinc and
epoxy dual-coated bars, y. = 1.2, and for uncoated or zinc-coated bars, y.=1.0. AL =0.75 is applied

when using lightweight concrete and A = 0.1.0 when using normalweight concrete.

6.1.2.3 Modification Factor for Bar Location

The provisions in ACI 318-19 include a bar location factor y, = 1.0 for hooked bars
terminating inside the column core with a side cover to the bar of at least 2.5 in., or terminating in
supporting members with a side cover of at least 6d5, and y, = 1.25 for other cases. The value 1.25
is based on the observations by Sperry et al. (2015a) and Ajaam et al. (2017) that, in general,
specimens with hooked bars placed outside the column core had a lower anchorage strength than
those with bars inside column core. Therefore, conservatively, a strength modification factor of
0.8 was suggested, and later retained by Shao et al. (2016) for headed bars (1/0.8 = 1.25).

The re-analysis of the specimens with hooked bars placed outside column core in Section
4.4.1 has shown, however, that a bar location factor of 1.17 would be more appropriate based on
the mean test-to-calculated 7/7 ratio of 0.85 for those specimens based on descriptive equations.

For design purposes, a bar location factor of 1.15 is suggested.
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6.1.2.4 Strength-Reduction Factor and Final Design Equation

Now that all the modification factors are in hand, a strength-reduction factor, ¢, needs to

be incorporated into Eq. (6.10) to limit the probability of failure, as shown in Eq. (6.16).

_0.0014 £y.v,v, g1
- ¢ f'o‘zs b

The criterion for selecting the value for ¢ is that 5% or less of beam-column test specimens

l, (6.16)

have a test-to-calculated ratio of below 1.0. Using ¢ = 0.79 results in 4.0% of the specimens used
to develop the descriptive equations having a test-to-calculated ratio of below 1.0. Imbedding
¢ = 0.79 within the design equation (as is traditionally applied in ACI 318) and using 0.0014/0.79
=1/570, the design equation for development of hooked bars is

_ f;;\lje\VrWD 1.5

= , 6.17
dh 570%}20_25 b ( )

Eq. (6.17) is similar in format to that proposed by Ajaam et al. (2018). Equation (6.17) has
advantages compared with the equation in Section 25.4.3.1 of ACI 318-19. First, the expressions

developed for confining reinforcement and bar spacing factor, y,, provides design flexibility
compared to the limited choice between 1.0 and 1.6 in ACI 318-19. Second, using fc'O'25 provides

a better representation of the contribution of concrete compressive strength and eliminates the need
for a concrete strength modification factor (y. in Table 25.4.3.2 of ACI 318-19), and, thus,
simplifies the design process. Third, the bar location factor y, is reduced from 1.25 to 1.15. These
advantages can result in shorter development lengths. In addition, given the range of concrete
compressive strength (up to 16,200 psi) and bar stress at failure (up to 144,000 psi) available in
the database used to develop Eq. (6.17), the proposed design equation is applicable to bars for
specified yield strengths up to 120,000 psi and concrete strengths up to 16,000 psi.

A summary of the modification factors incorporated into Eq. (6.17) is given in Table 6.5.
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Table 6.5 Modification factors for the proposed design equation for development of hooked bars

Modification Factor Condition Value [H2I314]
. Lightweight concrete 0.75
Concrete Density, A -
Normalweight concrete 1.0
Epoxy- or zinc and epoxy 12
. . dual-coated bars '
ting, e .
POXy COTHnE, ¥ Uncoated or zinc-coated 10
(galvanized) bars '
1_95 Ath,ACl _li_l_l Ath,ACl s >0.9
Ahs 6 db 4 Ahs db
For No. 11 and smaller bars or, smaller of
, 2oL and16-2maalsgg
Confining 6d, s

reinforcement and
bar spacing, y, PI®]

For No. 14 and No. 18 bars

2_2.5@_li+l@i>0.7

A, 6d 4 A d,

or, smaller of

A
218 nd16-3maalsgg
6d

b hs

Bar location, y,

(1) Bars terminating inside
column core with a
minimum side cover to bar
of 2.5 in.,
or
(2) Bars terminating in
supporting members with a
side cover of at least 6d},

1.0

Other

1.15

1 4, act: Total cross-sectional area of tie legs within 15d,, from the centerline of the hooked bars, in.?

(21 4,,5: Total cross-sectional area of the hooked bars being developed, in.?

B1s: Minimum center-to-center spacing of hooked bars, in.
! dy: Nominal diameter of hooked bar, in.

(51 When calculating ,, A aci/Ass shall not exceed 0.4 and s/d, shall not exceed 6

[6] When bars are placed outside both the column core and the confining ties, 4 aci/Axs = 0 when calculating v,
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6.1.3 Evaluating Proposed Design Equation

In this section, the proposed design equation for development length of hooked bars, Eq.
(6.17), is compared with the results in the beam-column joint database. The database includes the
beam-column joint tests at the University of Kansas by Searle et al. (2014), Sperry et al. (2015a,
2015b, 2017a, 2017b, 2018), Yasso et al. (2017), Ajaam et al. (2017, 2018), plus tests available in
the literature including those by Marques and Jirsa (1975), Pinc et al (1977), Hamad et al. (193),
Ramirez and Russell (2008), Lee and Park (2010), and Chun et al. (2017b). Details of the
University of Kansas specimens are provided in Tables B2 through BS5 in Section B3 of Appendix
B, and the other specimens are presented in Table B8 in Section B4.

For the comparison, the bar stress at failure measured in the test, f., is compared with the

bar stress calculated based on Eq. (6.17), f; caic. To find fs caic, Eq. (6.17) is solved for yield strength,

fy, which is replaced by f; cac, specified concrete compressive strength fc' is replaced by the

measured concrete strength f.,, and development length /4, is replaced by measured embedment
length /4. The resulting equation is

_ 570hL,, 107

f;' cale — (6.18)
scal \Ile\ll,,\llodbl‘s

6.1.3.1 University of Kansas Database

The design equation is first compared with the tests results in the database available in
Ajaam et al. (2017, 2018), presented in detail in Tables B2 to B5 in Section B3 of Appendix B.
The database, with a total of 251 specimens, is an extended version of the one with 185 specimens
used to develop the descriptive equations, Eq. (4.5) and (4.7). The database includes No. 5, No. 8§,
and No. 11 hooked bar specimens tested at the University of Kansas by Searle et al. (2014), Sperry
et al. (2015a, 2015b, 2017a, 2017b, 2018), Yasso et al. (2017), Ajaam et al. (2017, 2018), No. 14
and No. 18 bars tested in this study, plus three No. 6 and three No. 11 bar specimens by Ramirez
and Russell (2008), two No. 7 bar specimens by Lee and Park (2010), six No. 7 bar specimens by
Marques and Jirsa (1975), and two No. 7 bar specimens by Hamad et al. (1993).

The statistical parameters of f;cai/fsu using the full expression for y,, Eq. (6.14), are

presented for specimens without confining reinforcement in Table 6.6.
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Table 6.6 Statistical parameters of test-to-calculated bar stress at failure fs./fs caic for hooked bar
specimens without confining reinforcement, based on the proposed design equation, Eq. (6.17),
and the full expression for y,, Eq. (6.14)

All s> 6dp 2d, < s < 6d)
No.5| No.7| No.8 | No.11 | No.14 | No.5 | No.7 | No.8 | No.11 | No. 14
E}Eﬁgg 108 | 18 2 33 20 3 7 8 10 6 1
Max 187 | 144 | 112 | 177 | 150 | 143 | 129 | 132 | 139 | 150 | 1.87
Min 087 | 1.02 | 094 | 088 | 1.04 | 138 | 1.01 | 091 | 087 | 129 | 1.87
Mean 123 | 119 | 103 | 123 | 124 | 140 | 117 | 116 | 114 | 139 | 1.87
STDEV | 0.167 [ 0.121 | 0.132 | 0.168 | 0.149 | 0.022 | 0.097 | 0.138 | 0.172 | 0.068 | 0.0
CoV 0.136 | 0.102 [ 0.129 | 0.136 | 0.120 | 0.016 | 0.082 | 0.120 | 0.151 | 0.049 | 0.0
f?"lwf}} ol 7 0 I 3 0 0 0 1 2 0 0

As shown in Table 6.6, f; cuc/fsu using the full expression for - for hooked bar specimens

without confining reinforcement ranges from 0.87 to 1.87 with a mean of 1.23 and a coefficient of

variation of 0.136. The design equation is least conservative for the two No. 7 bar specimens with

widely-spaced bars (Lee and Park 2010), and most conservative for the single No. 14 bar test

specimen with closely-spaced bars, which appears to be an outlier, with a f./fscac = 1.87. This

specimen was tested only to be compared to its companion specimen with confining reinforcement.

Otherwise, using multiple closely-spaced No. 14 hooked bars without confining reinforcement in

practice is highly unlikely.

The statistical parameters of f; cuie/fsu Using the simplified expressions for y,, Eq. (6.15), are

presented for specimens without confining reinforcement in Table 6.7.
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Table 6.7 Statistical parameters of test-to-calculated bar stress at failure fs./fs caic for hooked bar
specimens without confining reinforcement, based on the proposed design equation, Eq. (6.17)
and the simplified expressions for y,,, Eq. (6.15)

All s > 6d) 2dy <5 < 6dp
No.5| No.7| No.8 | No.11 | No.14 | No.5 | No.7 | No.8 | No.11 | No. 14
E;Tﬁiﬁsf 108 | 18 2 33 20 8 10 6 1
Max 187 | 144 | 112 | 177 | 150 | 143 | 129 | 132 ] 139 | 150 | 1.87
Min 087 | 1.02 | 094 | 088 | 1.04 | 138 | 1.01 | 091 | 087 | 129 | 1.87
Mean 123 | 119 | 103 | 123 | 124 | 140 | 117 | 116 | 114 | 139 | 1.87
STDEV | 0.167 [ 0.121 | 0.132 | 0.168 | 0.149 | 0.022 | 0.097 | 0.138 | 0.172 | 0.068 0
CoV 0.136 | 0.102 [ 0.129 | 0.136 | 0.120 | 0.016 | 0.082 | 0.120 | 0.151 | 0.049 0
f?"lwf}} . 0 I 3 0 1 2 0 0

As shown in Table 6.7, the results obtained using the simplified expressions for y, are

identical to those obtained using the full expression for y, (Table 6.6).

The statistical parameters of fcuc/fsu using the full expression for ., Eq. (6.14), are

presented for specimens with confining reinforcement in Table 6.8. As shown in the table, the

hooked bar specimens with confining reinforcement had values of f; cai/fsu ranging from 0.89 to

1.85, with a mean of 1.29 and a coefficient of variation of 0.147. The specimens with widely-

spaced bars have higher mean values.

Table 6.8 Statistical parameters of test-to-calculated bar stress at failure fs./f; caic for hooked bar
specimens with confining reinforcement, based on the proposed design equation, Eq. (6.17) and
the full expression for y,, Eq. (6.14)

s> 6d) 2dy < s < 6dy
Al No.5 | No.8 | No.11 | No.14 | No. 18 | No.5 | No.8 | No. 11 | No. 14
?};ﬁﬁgﬁ: 143 | 24 26 3 4 11| 20 5 1
Max 185 | 176 | 1.85 | 155 | 133 | 152 | 1.69 | 1.48 | 1.33 1.27
Min 0.89 | 1.03 | 1.08 | 1.05 | 099 | 1.13 | 091 | 0.89 | 1.04 | 127
Mean 129 | 137 | 134 | 132 | 120 | 128 | 126 | 1.14 | 116 | 127
STDEV | 0.190 | 0.227 | 0.157 | 0.146 | 0.180 | 0.177 | 0.242 [ 0.179 | 0.145 0
Ccov 0.147 [ 0.166 | 0.117 | 0.110 | 0.151 | 0.138 | 0.192 | 0.156 | 0.125 0
f?"lwf} ol 6 0 0 1 0 2 3 0 0
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The statistical parameters of f; caic/fsu Using the simplified expressions for y,, Eq. (6.15), are
presented for specimens with confining reinforcement in Table 6.9. Using the simplified
expressions for , results in values of f; cuc/fsu ranging from 0.91 to 1.85, matching the range for
the full expression for y,, a higher overall mean value of f; caic/fsu, 1.35 versus 1.29, and a lower

coefficient of variation, 0.134. As a result of using simplified expressions, No. 8 through No. 18

bar specimens with s > 64, have noticeably higher mean values of f caic/fsu.

Table 6.9 Statistical parameters of test-to-calculated bar stress at failure fs./f; caic for hooked bar
specimens with confining reinforcement, based on the proposed design equation, Eq. (6.17) and
the simplified expressions for y,, Eq. (6.15)

s> 6d) 2d, < s < 6d)
Al No.5 | No.8 | No.11 | No.14 | No. 18 | No.5 | No.8 | No. 11 | No. 14
?}E}l’ﬁz&f 143 | 24 | 49 26 3 4 11 | 20 5 1
Max 185 | 1.76 | 1.85 | 155 152 | 174 | 1.69 | 1.56 | 1.48 1.24
Min 091 | 1.03 | 1.09 | 1.05 113 | 129 | 091 | 092 | 1.8 1.24
Mean 135 | 137 | 141 | 136 | 134 | 147 | 126 | 123 | 130 | 124

STDEV 0.181 [ 0.227 |1 0.144 | 0.126 0.198 | 0.203 ] 0.242 | 0.178 | 0.158 0.0

Cov 0.134  0.166 | 0.102 [ 0.093 0.147 | 0.138 ] 0.192 | 0.144 | 0.121 0.0

No. with
ﬁu/fv,calc <1.0 3 0 0 0 0 0 2 1 0 0

The statistical parameters of f./fs caic using the full expression for y, are presented in Table

6.10 for the hooked bar specimens, without and with confining reinforcement, used to develop

descriptive equations Eq. (4.5) and (4.7).
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Table 6.10 Statistical parameters of test-to-calculated bar stress at failure f./fs caic for hooked bar
specimens, without and with confining reinforcement, used to develop descriptive equations Eq.
(4.5) and (4.7), based on the proposed design equation Eq. (6.17) and using the full expression
for v, Eq. (6.14)

Bar size All | No.5 | No.7 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens 251 60 10 112 57 8 4
Max 1.87 | 1.76 | 1.32 | 1.85 1.55 1.87 1.52
Min 0.87 | 091 | 091 | 0.87 1.04 0.99 1.13
Mean 1.26 | 1.27 | 1.13 | 1.25 1.29 1.36 1.28
STDEV 0.184 | 0.205 | 0.140 | 0.183 | 0.151 | 0.244 | 0.177
cov 0.145| 0.161 | 0.124 | 0.146 | 0.118 | 0.179 | 0.138
No. with fo/fs cate < 1.0 13 2 2 8 0 1 0

As shown in Table 6.10, for the 251 hooked bar specimens for comparison, fs./fs caic based
on the proposed design equation and using the full expression for y, ranges from 0.87 to 1.87 with
amean of 1.26 and a coefficient of variation of 0.145. The mean f.../f; caic 1s the highest for No. 14
bars, in part due to the two specimens with closely-spaced bars as mentioned previously. A total
of 13 specimens (5.2% of all specimens) had f../f; cac < 1.0.

A similar table can be presented for the case of using the simplified expressions for ., as
shown below. As shown in Table 6.11, the simplified expressions for y, result in a higher overall
mean (1.30 versus 1.27), the same coefficient of variation, and a higher overall mean for No. 14

and No. 18 bars (1.42 and 1.47 versus 1.36 and 1.28, respectively). Ten specimens (4.0 % of all

specimens) have f./f; caic < 1.0.
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Table 6.11 Statistical parameters of test-to-calculated bar stress at failure f./fs caic for hooked bar
specimens, without and with confining reinforcement, used to develop descriptive equations Eq.
(4.5) and (4.7), based on the proposed design equation Eq. (6.17) and using the simplified
expressions for y,, Eq. (6.15)

Bar size All | No.5 | No.7 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens 251 60 10 112 57 8 4
Max 1.76 | 1.32 | 1.85 | 1.55 1.87 1.74 1.76
Min 091 | 091 | 0.87 | 1.04 1.13 1.29 0.91
Mean 1.27 | 1.13 | 1.30 | 1.32 1.42 1.47 1.27
STDEV 0.205 | 0.140 | 0.186 | 0.143 | 0.217 | 0.203 | 0.205
Cov 0.161 | 0.124 | 0.143 | 0.108 | 0.153 | 0.138 | 0.161
No. with fau/fs.caic < 1.0 10 2 2 6 0 0 0

6.1.3.2 Marques and Jirsa (1975)

Table 6.12 presents the comparisons of the No. 7 and No. 11 specimens tested by Marques
and Jirsa (1975) with the proposed design equation.

As shown in Table 6.12, fu./fscac for the specimens tested by Marques and Jirsa (1975)
using the full expression for y, ranges from 1.09 to 2.12, with a mean of 1.54 and a coefficient of
variation of 0.227. Using the simplified expressions for y, results in comparable values for f./fs caic,
with a slightly higher mean of 1.56. The relatively higher overall mean obtained here is mainly
due to the No. 11 bar specimens, which also had high 7/T} ratios based on descriptive equation.
As discussed in Section 4.5, the specimens carried a much lower portion of the total applied force
within the joint due to the close spacing between the upper compression member and the hooked
bars, resulting in higher anchorage strength than if the geometry of the test specimens had been
more realistic, such as the specimens tested at the University of Kanas. If only the No. 7 bars are
considered, the mean is 1.27 using both full and simplified expressions for y,, which is consistent
with the values reported for the University of Kansas database. Although the specimen geometry
was the same as that of the No. 11 bar specimens, the No. 7 bar specimens did not have high
anchorage strengths or 7/7), ratios, likely due to bars yielding and high bar slip prior to failure, as

explained in Section 4.5.
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Table 6.12 Comparison of hooked bar specimens tested by Marques and Jirsa (1975) versus the

proposed design equation, Eq. (6.17) using full and simplified expressions for vy,

Ee cm d Su

Specimen ID | n in}.l Jpjsi inb. s/dp AZ;—,:CI (VAR NIRVAL f:si Sadfs cat™ | foul s catc™®
J7-180-12-1-H | 2 | 10.0 | 4350 0.88 6.1 0 1.00 | 1.00 | 61.0 1.09 1.09
J7-180-15-1-H | 2 | 13.0 | 4000 0.88 6.1 0 1.00 | 1.00 | 87.0 1.22 1.22
J7-90-12-1-H 2| 10.0 | 4150 0.88 6.1 0 1.00 | 1.00 | 62.0 1.12 1.12
J7-90-15-1-H 2 | 13.0 | 4600 0.88 6.1 0 1.00 | 1.00 | 91.0 1.23 1.23
J7-90-15-1-L 2| 13.0 | 4800 0.88 6.1 0 1.00 | 1.00 | 97.0 1.30 1.30
J7-90-15-1-M | 2 | 13.0 | 5050 0.88 6.1 0 1.00 | 1.00 | 100.0 1.32 1.32
J11-180-15-1-H | 2 | 13.1 | 4400 1.41 34 0 143 | 1.43 | 45.0 1.77 1.77
J11-90-12-1-H | 2 | 10.1 | 4600 1.41 34 0 143 | 1.43 | 42.0 2.12 2.12
J11-90-15-1-H | 2 | 13.1 | 4900 1.41 34 0 143 | 1.43 | 48.0 1.84 1.84
J11-90-15-1-L | 2 | 13.1 | 4750 1.41 34 0 143 | 1.43 | 52.0 2.01 2.01
J7-90-15-3a-H | 2 | 13.0 | 3750 | 0.875 6.1 0917 | 090 | 090 | 98.0 1.43 1.43
J7-90-1-3-H 2| 13.0 | 4650 | 0.875 6.1 0.367 | 0.90 | 090 | 104.0 1.44 1.44
J11-90-15-3a-L | 2 | 13.1 | 5000 1.41 34 0.564 | 090 | 090 | 69.0 1.90 1.90
J11-90-15-3-L | 2 | 13.1 | 4850 1.41 34 0282 [ 090 | 1.04 | 62.0 1.72 1.98
Mean 1.54 1.56
CoV 0.227 0.235

(11 Using the full expression for y,, Eq. (6.14)

(21 Using the simplified expressions for y,, Eq. (6.15)

6.1.3.3 Pincetal. (1977)

Table 6.13 presents the comparisons of the three No. 9 and No. 11 specimens tested by

Pinc et al. (1977) with the proposed design equation.

As shown for the tests by Marques and Jirsa (1975) in Table 6.12, the proposed design

equation provides very conservative results for the specimens tested by Pinc et al. (1977), with a

mean fs/fs caic ratio of 1.73 using both full and simplified expressions for .. These specimens also

had high 77T ratios based on descriptive equations, similar to and for the same reason as No. 11

bar specimens by Marques and Jirsa (1975), as discussed in the previous section and Section 4.5.
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Table 6.13 Comparison of hooked bar specimens tested by Pinc et al. (1977) versus the proposed
design equation, Eq. (6.17)

Specimen ID | n f;h gCSW; ldl’f S/db %}ZC[ \Ifr[l] \Ilr[z] fsul ﬁu/ﬁ,calc[l] ﬁu/ﬁ,calc[z]
9-12 2 110.0 | 4700 | 1.130 | 4.5 0 1.24 | 1.24 | 47.0 1.49 1.49
11-15 2| 13.1|5400 | 1.41 | 3.4 0 143 | 1.43 | 50.0 1.87 1.87
11-18 21 16.1 4700 | 1.41 | 3.4 0 143 | 1.43 | 58.0 1.83 1.83

Mean 1.73 1.73
CoV 0.122 0.122

[11 Using the full expression for y,, Eq. (6.14)
[21 Using the simplified expressions for v, Eq. (6.15)

6.1.3.4 Hamad et al. (1993)

Hamad et al. (1993) tested both coated and uncoated hooked bars specimens. Table 6.14

presents the comparisons with the proposed design equation for four No. 7 and four No. 11

specimens with uncoated bars tested by Hamad et al. (1993).

Table 6.14 Comparison of hooked bar specimens tested by Hamad et al. (1993) versus the

proposed design equation, Eq. (6.17)

(11 Using the full expression for y,, Eq. (6.14)
(21 Using the simplified expressions for y,, Eq. (6.15)

B Hooked bars outside column core, bar location v, of 1.15 applied

Specimen ID | n f;h J;:; 1drf s/dp AZ—ZCI w2 f:l Sadfscat™ | falfs caict?
7-90-U 21 10.0| 2570 | 0.88 | 6.1 0 1.00 | 1.00 | 43.3 0.88 0.88
7-90-U* 21 10.0 | 5400 | 0.88 | 6.1 0 1.00 | 1.00 | 61.2 1.03 1.03
11-90-U 2113.0]12570 141 | 3.4 0 143 | 1.30 | 30.8 1.40 1.27

11-90-U* 2113.0]|5400 | 141 | 3.4 0 1.43 | 1.30 | 48.1 1.81 1.65
11-180-U-HS |2 | 13.0 | 7200 | 1.41 | 3.4 0 143 | 1.30 | 37.7 1.32 1.20
11-90-U-HS | 2| 13.0]| 7200|141 | 3.4 0 1.43 | 1.30 | 47.3 1.66 1.51
11-90-U-T6 |2 |13.0|3700| 141 | 3.4 | 0212 | 1.00 | 1.09 | 46.0 1.34 1.45
7-180-U-T4 | 2| 10.0 | 3900 | 0.88 | 6.1 0.550 | 090 | 0.90 | 57.7 0.95 0.95
11-90-U-T4 | 2| 13.0|4230| 141 | 3.4 | 0353 | 090 | 0.95 | 53.3 1.34 1.42
7-90-U-SCB1 | 21 10.0 | 4230 | 0.88 | 8.4 0 1.00 | 1.00 | 499 1.03 1.03

Mean 1.26 1.30
CoV 0.241 0.245

As shown in Table 6.14, f./fs cauc ratio for these specimens ranges from 0.88 to 1.81, with

a mean of 1.26 and a coefficient of variation of 0.241 using the full expression for y,, and higher

mean (1.30) using the simplified expressions. The mean values are consistent with those reported

for the University of Kansas database.
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6.1.3.5 Ramirez and Russell (2008)

Table 6.15 presents the comparisons of the No. 6 and No. 11 specimens tested by Ramirez

and Russell (2008) with the proposed design equation.

Table 6.15 Comparison of hooked bar specimens tested by Ramirez and Russell (2008) versus
the proposed design equation, Eq. (6.17)

le cm d A, su
Specimen ID | n in}.l gsi inb. s/dp % |y, 2 ;:si Sslfscat | fulfs cait?

I-1 21 6.5 | 8910 | 0.75 | 12.3 0 1.00 | 1.00 | 68.2 1.23 1.23
I-3 21 6.5 | 12460 | 0.75 | 12.3 0 1.00 | 1.00 | 68.2 1.13 1.13
I-5 21 6.5 | 12850 | 0.75 | 12.3 0 1.00 | 1.00 | 69.3 1.14 1.14
I-2 2112.5] 8910 | 1.41 | 6.1 0 1.00 | 1.00 | 564 1.36 1.36
I-2' 2 1155|9540 | 141 | 6.1 0 1.00 | 1.00 | 67.3 1.29 1.29
I-4 2112.5]12460 | 1.41 | 6.1 0 1.00 | 1.00 | 63.5 1.41 1.41
I-6 2112512850 | 1.41 | 6.1 0 1.00 | 1.00 | 73.1 1.61 1.61
II1-13 21 6.5 | 13980 | 0.75 123 | 1.000 | 0.90 | 090 | 93.9 1.36 1.36
III-15 21 6.5 | 16350 | 0.75 | 12.3 | 1.000 | 090 | 0.90 | 87.5 1.22 1.22
I11-14 2112513980 | 1.41 | 6.1 0.282 | 090 | 1.00 | 67.3 1.31 1.45
I1I-16 21125116500 | 1.41 | 6.1 0.282 | 0.90 | 1.00 | 76.9 1.44 1.59
Mean 1.32 1.35

CoV 0.107 0.122

11 Using the full expression for y,, Eq. (6.14)
(21 Using the simplified expressions for v, Eq. (6.15)

As shown in Table 6.15, for the 11 specimens tested by Ramirez and Russell (2008), the
Jfsulfs,cale ratio ranges from 1.13 and 1.61 with a mean of 1.32 and a coefficient of variation of 0.107
using the full expression for y,, and a slightly higher mean and coefficient of variation using the
simplified expressions (1.35 and 0.122, respectively). These numbers are similar to the mean and

coefficient of variation values reported for the University of Kansas database in Section 6.1.3.1.
6.1.3.6 Lee and Park (2010)

Table 6.16 presents the comparisons of the three No. 7 specimens tested by Lee and Park
(2010) with the proposed design equation. As shown in the table, the three specimens tested by
Lee and Park (2010) had a mean f./f;, caic ratio of 1.00 using both the full and simplified expressions

for y,, the lowest among all studies reported.
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Table 6.16 Comparison of hooked bar specimens tested by Lee and Park (2010) versus the
proposed design equation, Eq. (6.17)

[11 Using the full expression for y,, Eq. (6.14)
[21 Using the simplified expressions for v, Eq. (6.15)

6.1.3.7 Chun et al. (2017b)

Specimen ID | n f;h ];’;ﬂl il’l. S/ db AZ—ZCI \l/r[l] \Ilr[z] fsul ﬁu/ﬁ,calc[l] ﬁum,calc[z]
H1 2| 18.7 14450 | 0.88 | 9.0 0 1.00 | 1.00 | 98.7 0.94 0.93
H2 211198270 | 0.88 | 9.0 0 1.00 | 1.00 | 88.0 1.12 1.12
H3 2115.0 4450 ] 0.88| 9.0 | 0.733 | 0.90 | 0.90 | 89.6 0.95 0.95
Mean 1.00 1.00
CoV 0.121 0.102

Table 6.17 presents the comparisons with the proposed design equation for the 26 No. 14

and No. 18 bar specimens tested by Chun et al. (2017). As discussed in Chapter 1, these specimens

were designed to force a side-blowout failure. The hooked bars were placed outside the column

core in all these specimens, therefore y, = 1.15 applies. Also, the majority of specimens had a

unconventional reinforcement layout with the hooked bars outside the confining ties, as described

in Section 4.4.1 and Figure 4.9a. Therefore, although all specimens had Ax/4xs > 0.6, ties are not

counted for the specimens with hooks outside the ties.

Table 6.17 Comparison of hooked bar specimens tested by Chun et al. (2017b) versus the
proposed design equation, Eq. (6.17)

. Len cm dp Ath,ACI Su
Specimen DI n . g i . s/d T Wr[z] Wr[3] ﬁ i ﬁu/ﬁ,mlc[zl ﬁu/ﬁ,calc[3]
D43-L10-C1-S42" | 2| 16.9 | 6440 | 1.693 | 9.6 0 1.00 | 1.00 | 51.3 1.50 1.50
D43-L10-C1-S42-C™ | 2 [ 16.9 | 6950 | 1.693 | 9.6 | 1.173 | 0.70 | 0.80 | 75.1 1.51 1.73
D43-L10-C1-S70° | 2 | 16.9 | 10010 | 1.693 | 9.6 0 1.00 | 1.00 | 54.8 1.44 1.44
D43-L10-C2-S42" | 2| 16.9 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 58.5 1.68 1.68
D43-L13-C1-S42° | 2| 22.0 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 64.4 1.42 1.42
D43-L13-C1-S42-C™ | 21 22.0 | 7020 | 1.693 | 9.6 | 0.978 | 0.70 | 0.80 | 75.9 1.17 1.34
D43-L13-C1-S70" | 2 | 22.0 | 10600 | 1.693 | 9.6 0 1.00 | 1.00 | 63.3 1.26 1.26
D43-L13-C2-S42° | 2| 22.0 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 68.7 1.51 1.51
D43-L16-C1-S42" | 2 | 27.1 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 72.6 1.30 1.30
D43-L16-C1-S42-C™ | 2 | 27.1 | 7020 | 1.693 | 9.6 | 0.978 | 0.70 | 0.80 | 78.9 0.99 1.13
D43-L16-C1-S70" | 2 | 27.1 | 10010 | 1.693 | 9.6 0 1.00 | 1.00 | 76.8 1.26 1.26
D43-L16-C2-S42° | 2 | 27.1 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 80.9 1.45 1.45
D43-1.20-C1-S42" | 2 [ 33.9 | 7020 | 1.693 | 9.6 0 1.00 | 1.00 | 76.5 1.10 1.10
D57-L10-C1-S42-a" | 2| 22.6 | 5450 |2.257 | 7.2 0 1.00 | 1.00 | 36.8 1.30 1.30
D57-L10-C1-S42-b™ | 2 | 22.6 | 6150 |2.257 | 7.2 0 1.00 | 1.00 | 37.6 1.29 1.29
D57-L10-C1-S42-C™ | 2 | 22.6 | 5450 | 2.257 | 7.2 | 0.660 | 0.70 | 0.80 | 55.8 1.38 1.57
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D57-L10-C2-S42* | 2 | 22.6 | 5450 | 2257 | 7.2 0 1.00 | 1.00 | 53.7 1.89 1.89
D57-L13-C1-S42-a" | 2| 29.3 | 5450 | 2.257 | 7.2 0 1.00 | 1.00 | 59.1 1.60 1.60
D57-L13-C1-S42-b* | 2 | 29.3 | 6150 | 2.257 | 7.2 0 1.00 | 1.00 | 58.2 1.53 1.53
D57-L13-C1-S42-C™ | 2 [ 29.3 | 5450 | 2257 | 7.2 | 0.660 | 0.70 | 0.80 | 63.6 1.21 1.38

D57-L13-C2-S42" | 2293 | 5450 | 2.257 | 7.2 0 1.00 | 1.00 | 68.4 1.85 1.85
D57-L16-C1-S42-a | 2 | 36.1 | 5450 | 2.257 | 7.2 0 1.00 | 1.00 | 63.5 1.40 1.40
D57-L16-C1-S42-b* | 2 | 36.1 | 6150 | 2.257 | 7.2 0 1.00 | 1.00 | 71.0 1.52 1.52
D57-L16-C1-S42-C™ | 2 | 36.1 | 5450 | 2257 | 7.2 | 0.660 | 0.70 | 0.80 | 69.9 1.08 1.23

D57-L16-C2-S42" | 2| 36.1 | 6530 | 2.257 | 7.2 0 1.00 | 1.00 | 79.7 1.68 1.68

D57-L20-C1-S42" | 2| 45.1 | 6530 | 2.257 | 7.2 0 1.00 | 1.00 | 82.1 1.38 1.38

Mean 1.41 1.45
CoV 0.158 0.141

" Specimens with hooks placed outside the confining ties (Figure 4.9.a), ties not counted towards s, (A/dss = 0)

** Specimens with hooks placed inside the confining ties (Figure 4.9.b), ties counted towards v,
(11 Bar location factor y, of 1.15 applied to all specimens
[21 Using the full expression for y,, Eq. (6.14)

131 Using the simplified expressions for v, Eq. (6.15)

As shown in Table 6.17, the f./f; caic ratio using both the full expressions for y, ranges from

0.99 to 1.89 with a mean of 1.41 and a coefficient of variation of 0.158 for the No. 14 and No. 18

bar specimens tested by Chun et al. (2017b). A higher mean of 1.45 is obtained using the simplified

expression for y,. These values are similar to the mean values obtained for No. 14 and No. 18 bar

specimens tested in this study (1.42 and 1.47, respectively, as given in Table 6.11).

A summary of the statistical parameters of fs./fs cac ratio for specimens tested outside the

University of Kansas using the full expression for v, is presented in Table 6.18.

Table 6.18 Statistical parameters of fs./fs caic for hooked bar specimens tested outside University
of Kansas, based on the proposed design equation Eq. (6.17) and using the full expression for .,

Eq. (6.14)
Bar size All | No.6 | No.7 | No.9 | No. 11 | No. 14 | No. 18
No. of specimens 71 5 17 1 22 13 13
Max 212 | 136 | 1.44 | 149 | 2.12 1.68 1.89
Min 0.88 | 1.13 | 0.88 | 1.49 | 1.20 0.99 1.08
Mean 1.39 | 1.22 | 1.16 | 1.49 | 1.59 1.35 1.47
STDEV 0.275(0.093 | 0.180 | N/A | 0.273 | 0.194 | 0.242
Cov 0.198 [ 0.076 | 0.155 | N/A | 0.172 | 0.143 | 0.164
No. with fo/fs.catc < 1.0 4 0 3 0 0 1 0
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As shown in Table 6.18, for the 70 hooked bar specimens tested outside the University of
Kansas, fu/fs caic using the full expression for y, ranges from 0.88 to 2.12 with a mean of 1.40 and
a coefficient of variation of 0.195. Using the simplified expressions for y, give similar results,
with a slightly higher overall mean and lower coefficient of variation (1.42 and 0.195,
respectively), and a higher mean No. 11 through No. 18 bar specimens (1.63, 1.39, and 1.51 for
No. 11, No. 14, and No. 18 bar specimens, respectively). The proposed design equation performs
adequately, in line with the values previously reported for comparisons with the University of
Kansas database. The exception, the mean of 1.60 for the No. 11 bar specimens, which is due to
the specimens tested by Marques and Jirsa (1975) and Pinc et al. (1977). As discussed before,
those specimens had relatively high anchorage strength because of the use of specimens with a
geometry not representing that in reinforced concrete frame structures for which a reduced load

was carried within the joint, resulting in a higher anchorage strength.
6.2 HEADED BARS
6.2.1 Simplified Descriptive Equations

To simplify the descriptive equations, the approach used by Sperry et al. (2015b) for
hooked bars and Shao et al. (2016) for headed bars is followed. The specimens used are the same
as those used to develop the descriptive equations, Eq. (5.5) and (5.7), presented in detail in Tables
C2 to C5 in Section C3 of Appendix C. The process starts with the descriptive equation for widely-
spaced headed bars (center-to-center spacing > 8d) without parallel ties, Eq. (5.4), and repeated

here.
T; — 1296f;m0.207€eh0.941db0.498 (6 1 8)

where 7. is the anchorage strength of headed bars without parallel ties (Ib), fen is concrete
compressive strength (psi), Le is embedment length (in.), and dp is bar diameter (in.). To simplify
the equation, the powers of fom, fen, and dp is increased to 0.25, 1.0, and 0.5, respectively. Then,
using the same iterative analysis described in Section 5.3, a new constant is found so that the mean

test-to-calculated ratio 7/7. equals 1.0, giving

T =764f "*0  d," (6.19)
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To account for the effect of close bar spacing (center-to-center spacing < 8dp), the
procedure used in Section 5.3.2 is followed and the values of 7/T. are plotted versus s/dp, as shown

in Figure 6.5, with 7. being calculated based on Eq. (6.19).
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Figure 6.5 Test-to-calculated bar force at failure 7/7. based on Eq. (6.19) versus ratio of center-
to-center spacing to bar diameter s/d» for widely- and closely-spaced headed bars without
parallel ties

Using the linear trendline equation shown in Figure 6.5, the simplified descriptive equation

for widely- and closely-spaced headed bars without parallel ties becomes

b

where [0'0792di+ 0,3725} <1.0, s is the center-to-center spacing of the bars (in.). The statistical
b

parameters of 7/7. for all specimens without parallel ties are given in Table 6.19.
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Table 6.19 Statistical parameters of 7/7. ratio based on simplified descriptive equation, Eq.
(6.20), for headed bar specimens with widely- and closely-spaced bars without parallel ties used

to develop descriptive equations, Eq. (5.5) and (5.7)

Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 68 6 48 11 3 0
Max 1.32 | 1.20 | 1.24 | 1.14 1.32 -
Min 0.66 | 1.05 | 0.66 | 0.81 1.00 -
Mean 1.00 | 1.13 | 098 | 1.00 1.11 -
STDEV 0.118 | 0.055 | 0.109 | 0.120 | 0.179 -
CoV 0.118 | 0.048 | 0.112 | 0.121 | 0.161 -

As shown in Table 6.19, the mean value of 7/7. for headed bar specimens without parallel

ties using simplified descriptive equations is 1.00, with a coefficient of variation of 0.118. The

T/T. ratios are compared as a function of concrete compressive strength in Figure 6.6.
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Figure 6.6 Ratio of test-to-calculated bar force at failure 7/7. based on simplified descriptive
equation, Eq. (6.20), versus concrete compressive strength f.,, for headed bar specimens with
widely- and closely-spaced bars without parallel ties used to develop descriptive equations, Eq.

(5.5) and (5.7)
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As shown in Figure 6.6, T/T. decreases slightly as the concrete compressive strength
increases, due to the small overestimation of the effect of concrete strength by the 0.25 power used
in Eq. (6.20) compared with 0.207 in the original descriptive equation, Eq. (6.18).

The original descriptive equation for specimens with parallel ties is given below:

T =T +T =1296f ¢ °*"'d,"** + 49,402 (ij d,"" (6.21)
n

where A4y is the total area of tie legs within 8d) from the top of the headed bars for No. 3 through
No. 8 bars and 10d, for No. 11 and larger bars, and # is the number of bars. The first term in Eq.
(6.21), T, 1s already simplified and given in Eq. (6.19). Using Eq. (6.19), the second term in Eq.
(6.21), T, can be simplified by changing the power of dj, to 0.1 and finding a new constant to
replace 49,402 so that the mean 7/7} in specimens with widely-spaced bars with parallel ties is

1.0. The resulting equation is given below in Eq. (6.22).

A4
20 d" 41,150(—”) d,* (6.22)

n

T, =764f.

m

Using Eq. (6.22), T/Tx versus s/dp for specimens with parallel ties with both widely- and
closely-spaced bars and parallel ties is shown in Figure 6.7.
To account for the effect of close bar spacing, the linear trendline equation shown in Figure

6.8 is multiplied by Eq. (6.22) to give Eq. (6.23):

T;l :[764f;m0.25£eh dbOS+41’150[i)dh01j[00559di+05743) (623)

n b

where [0.0559di+0.5743j31.0 .
b

The statistical parameters of 7/7; for all specimens with parallel ties are given in Table

6.20.
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Figure 6.7 Test-to-calculated bar force at failure 7/7. based on Eq. (6.22) versus ratio of center-
to-center spacing to bar diameter s/dj for widely- and closely-spaced headed bars with parallel
ties used to develop descriptive equations, Eq. (5.5) and (5.7)

Table 6.20 Statistical parameters of 7/7}, ratio based on simplified descriptive equation, Eq.
(6.23), for headed bar specimens with widely- and closely-spaced bars with parallel ties used to
develop descriptive equations, Eq. (5.5) and (5.7)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens | 96 9 54 12 13 8
Max 1.26 | 1.16 | 1.26 | 1.19 1.12 1.13
Min 0.76 | 0.78 | 0.83 | 0.86 0.80 0.76
Mean 1.00 | 1.02 | 1.01 1.04 0.95 0.92
STDEV 0.106 | 0.129 | 0.095 | 0.104 | 0.103 | 0.116
CoV 0.106 | 0.127 | 0.094 | 0.099 | 0.109 | 0.126

As shown in Table 6.20, the test-to-calculated ratio 7/7; using the simplified descriptive
equations for specimens with parallel ties ranges from 0.76 to 1.26, with a mean value of 1.00 and
a coefficient of variation of 0.106. The variation of 7/7, using Eq. (6.23) versus concrete

compressive strength can be evaluated, as plotted in Figure 6.8.
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Figure 6.8 shows a very slight positive trend of 7/7. with respect to concrete compressive
strength, but overall the 0.25 power for f.» in Eq. (6.6) adequately captures the effect of concrete
compressive strength.

In summary, the simplified descriptive equations are presented in Eq. (6.20) and (6.23) for
headed bar specimens without and with parallel ties, respectively. For all 164 headed bar

specimens, the statistical parameters of 7/7, using Eq. (6.20) and (6.23) are tabulated in Table

6.21.
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Figure 6.8 Ratio of test-to-calculated bar force at failure 7/7. based on simplified descriptive
equation, Eq. (6.23), versus concrete compressive strength f., for headed bar specimens with
widely- and closely-spaced bars with parallel ties used to develop descriptive equations, Eq. (5.5)



Table 6.21 Statistical parameters of 7/7T ratio based on simplified descriptive equation, Eq.
(6.20) and (6.23), for all headed bar specimens used to develop descriptive equations, Eq. (5.5)

and (5.7)
Bar size All | No.5 | No.8 | No. 11 | No. 14 | No. 18
No. of specimens | 164 15 102 23 16 8
Max 1.32 | 1.20 | 1.26 | 1.19 1.32 1.13
Min 0.66 | 0.78 | 0.66 | 0.81 0.80 0.76
Mean 1.00 | 1.06 | 1.00 | 1.02 0.98 0.92
STDEV 0.111]0.117 | 0.103 | 0.112 | 0.131 | 0.116
CoV 0.111]0.110 | 0.103 | 0.110 | 0.133 | 0.126

As presented in Table 6.21, the simplified descriptive equations result in a mean value of
T/Ty of 1.00 for all headed bar specimens, with a coefficient of variation of 0.111. For the No. 18
bar specimens, the mean dropped to 0.92 in simplified equations, similar to the mean obtained
using the descriptive equations by Shao et al. (2016). The procedure for converting the simplified

equations to a design equation for development length is discussed next.
6.2.2 Design Equation for Development Length

The simplified descriptive equations developed in the previous section can be used to
derive a design expression for development length. To start, the equation for widely-spaced bars
without parallel ties, Eq. (6.19), is solved for embedment length, /., and T}, is replaced by Axfs =

nfvdp?/4. The resulting expression is

VA

¢, =0.001220 g, 13 (6.24)

cm

415150 Att 0.1 . . . . . .
—————"d,"" is the modification factor for the contribution of parallel tie

f.\‘ Ahs

reinforcement on the anchorage strength, f; is the bar stress at failure (psi), A« is the total area of

where v, =1

tie legs within 8d, from the top of the headed bars for No. 3 through No. 8 bars and 10d}, for No.
11 and larger bars (in.?), A4y is the total area of headed bars (in.?), d5 is the bar diameter (in.), and
fem 1s the measured concrete compressive strength (psi).

To be used for design, Eq. (6.24) is modified by replacing embedment length /., by

development length /4, bar stress at failure f; by yield strength £,, and measured concrete strength

fem by the specified compressive strength fc' . The resulting equation is:

223



A
'0.25
c

¢, =0.001 d>? (6.25)

41,150 4
———"1.d " accounts for the effect of parallel ties. As discussed in Section

JFy Ahs

5.3.3, an upper limit of 0.4 on 4./Axs was chosen when developing the new descriptive equations

where v, =1

for headed bars and was shown to provide reasonable calculated failure loads. Therefore, the same

upper limit is retained and used here for the proposed design equation.

6.2.2.1 Modification Factor for Parallel Tie Reinforcement and Bar Spacing

In this section, an expression is developed to account for the contribution of parallel tie
reinforcement and the effect of bar spacing. As discussed in Chapter 1, as for hooked bars, the
design provisions for headed bars in ACI 318-19 limit the flexibility in design by providing a
binary choice between 1.0 and 1.6 for the parallel tie reinforcement factor, y,. If 4#/Ans > 0.3 or s
> 6dp per ACI 318-19 Table 25.4.4.3 are met, y,1s 1.0, otherwise, it jumps to 1.6. This means that
designers cannot take advantage of the intermediate values of A./Ass and s/dy. Developing an
alternative expression for ), that varies as a function of 4./4xs and s/dp will result in shorter
development lengths in cases where one of the two requirements on parallel ties or headed bar are
not satisfied.

The effect of bar spacing can be accounted for using descriptive equations for headed bars
without and with parallel ties. For headed bars without parallel ties, the linear trendline equation
in Figure 6.5 reveals that for s/dy, = 2, the T/T} is 0.53 which, conservatively, can be taken as 0.5.
Similarly, for specimens with parallel ties and as shown in Figure 6.7, 7/T}, is 0.69 for s/dy = 2,
where T is the strength for widely-space bars, which is taken conservatively as 0.6. Taking 7/7}
as 1.0 when s/d, = 8 for both cases and using linear interpolation, the effects of bar spacing and
parallel ties for headed bars without and with parallel tie reinforcement can be expressed,

respectively as

(7 1s
Vo 3 6db (6.26)
17 1 s 41,150 4
= L e g 0l
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For headed bars with parallel ties, the bar spacing expression is multiplied by the parallel
tie expression, Y, given in Eq. (6.10). To simplify design, and as used for hooked bars, a single
expression for y, as a function of 4+/Axs and s/dp 1s needed. The general form of the expression is

v, _A+B A0Sy %di (6.28)
hs b ns b

To find the constants A, B, C, and D, a bilinear interpolation needs to be conducted. The
procedure is the same as what used to develop an expression for confining reinforcement and bar
spacing factor for hooked bars, y,, as described in detail in Section 6.2.1. The only difference is
the range of values used for s/d5, which is 3 to 8 here for headed bars, rather than 2 to 6. The lower
bound for s/d, was chosen to be 3, the minimum value currently permitted in ACI 318-19. The
coefficients A, B, and C and the intercept D are found through performing regression analysis

using the “Data Analysis” tool in Excel. The resulting expression for ,, is

|\ =2—2.5i—li+li s
’ Ahs 8 db 6 Ahs db
> (.85 for No. 11 and smaller bars and (6.29)

> (0.95 for No. 14 and No. 18 bars

s A, . . .
where 3 < 7 <8and —~<0.4. The values of y, obtained using Eq. (6.29) are limited to 0.85 for
b hs

No. 11 and smaller and 0.95 for No. 14 and No. 18 bars to avoid overprediction of anchorage
strength and to ensure that no more than 5% of specimens have a test-to-calculated ratio < 1.0. The
expression for y, has the same form as the expression for y, for hooked bars, but with a difference
in constants and the limit for No. 14 and No. 18 bars. For hooked bars, the limit was chosen as 0.7,
whereas here the limit is 0.95. For s/d, = 3, y,, varies from 0.85 or 0.95 to 1.625 depending on the
ratio of the area of the parallel ties to the area of the headed bars A:;/A4xs. Similarly, when bars are
widely-spaced (s/dp > 8.0), vy, ranges from 0.85 or 0.95 to 1.0.

Alternatively, and since an expression in a form similar to Eq. (6.29) has not been
considered simple enough by ACI Committee 318, a conservative simplification of the v,
expression is worthy of consideration that consists of two terms based Eq. (6.15) for the cases of

AumlAns = 0 and s/dp = 3, respectively.
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b Ahs
> (.85 for No. 11 and smaller bars and (6.30)
> (.95 for No. 14 and No. 18 bars

: ls A
=min{2-——, 1.6-2—%

Although 4, cannot exceed 0.44,; when calculating v, using either the full or simplified
expression, as demonstrated in Section 5.5.1, No. 14 and No. 18 headed bars need at least 0.54
to address the joint shear demand and prevent a shear failure in cases in beam-column joints. Also,
as established in Section 5.5.8, when headed bars are placed outside the column core and the
parallel ties, ties should not be counted as contributing to anchorage strength. In such cases, Au/Ans

= 0 when calculating .

6.2.2.2 Modification Factor for Bar Coating

For the modification factor for coated bars, ., given in Table 25.4.4.3 of ACI 318-19 are
retained. For epoxy-coated or zinc and epoxy dual-coated bars, y. = 1.2. For uncoated or zinc-

coated bars, y. = 1.0.

6.2.2.3 Modification Factor for Bar Location

In Table 25.4.4.3 of ACI 318-19, for headed bars terminating inside the column core with
a side cover to the bar of at least 2.5 in., or terminating in supporting members with a side cover
of at least 6dp, Y, = 1.0. In all other cases, y, = 1.25. The value of 1.25 is based on the observations
by Sperry et al. (2015a) that, in general, specimens with hooked bars placed outside the column
core had a lower anchorage strength than those with bars inside column core. Therefore,
conservatively, a strength modification factor of 0.8 was suggested, and later retained by Shao et
al. (2016) for headed bars (1/0.8 = 1.25).

However, as the re-analysis of the hooked bar specimens in Section 4.4.1 and later analysis
of the headed bar specimens tested by Chun et al. (2017a) and Sim and Chun (2022a, 2022b) in
Section 5.5.8 reveal, the bar location factor can safely be reduced to 1.15 for headed as well as

bars. Therefore, the value of 1.15 is used here as well.
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6.2.2.4 Strength-Reduction Factor

Incorporating the three modification factors, we, yp, and ., to represent the effects of bar
coating, parallel tie reinforcement and bar spacing, and bar location into Eq. (6.10), along with

strength-reduction factor ¢ gives

_ 0001 f‘ywewpwo 1.5
dr (I) fc'o.zs b

In this study, the value of ¢ is selected so that 5% or less of all beam-column test specimens

(6.30)

used to develop the descriptive equations, Eq. (5.5) and (5.7), have a test-to-calculated ratio of
below 1.0. An analysis of the data using Eq. (6.30) shows that a value of ¢ = 0.78 results in 3.05%
of the specimens having a test-to-calculated ratio < 1.0. For developing reinforcement, the
strength-reduction factor has, by tradition, been incorporated in the expression for /4. Doing so

for Eq. (6.30) and recognizing that 0.001/0.78 = 1/780 gives

AN
“ = gopiE b (631)

The format of Eq. (6.31) is similar to those previously proposed at the University of Kansas
(Shao et al. 2016, Ghimire et al. 2018, Ghimire et al. 2019b). Compared with the design equation
in Section 25.4.4.2 of ACI 318-19, Eq. (6.31) provides more flexibility for designers as the binary
choice of 1.0 and 1.6 for the parallel tie and bar spacing factor, y,, is replaced by an expression

that varies as a function of 4.+/Ass and s/dp. Also, with the proposed equation, the modification
factor for concrete strength (y. in ACI 318-19) is no longer needed, as fc'0~25 provides a good

representation of the contribution of concrete compressive strength to anchorage of headed bars
and is applicable up to 16,000 psi, as later discussed further in Section 6.3.1. Finally, given the
range of bar stresses at failure (up to 150,000 psi) available in the database used to develop Eq.
(6.31), the proposed design equation can be applied to high-strength headed bars with specified
yield strengths up to 120,000 psi. Table 6.22 summarizes the modification factors and their values

incorporated in the proposed design equation.
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Table 6.22 Modification factors for the proposed design equation for development of headed
bars, Eq. (6.31)

Modification

Factor Condition Value [HE2IB14]
Epoxy- or zinc and epoxy dual-
1.2
coated bars
Epoxy coating, .
poxy &V Uncoated or zinc-coated 10
(galvanized) bars '
1 1
2opsh 1 LA s 5 ogs
4, 8d, 64,4,
For No. 11 and smaller bars or, smaller of
. 2ols 62 ilsoss
Parallel tie 8d, s
reinforcement and
bar spacing, y, 1] 2 —2.5ﬁ—li+lii >0.95
4, 8d, 64,4,
For No. 14 and No. 18 bars "] or, smaller of
21 62ty go0s
8 db hs

(1) Bars terminating inside
column core with a minimum side
cover to bar of 2.5 in.,

or 1.0
Bar location, o (2) Bars terminating in supporting
members with a side cover of at
least 6dp

Other 1.15

11 4,: Total cross-sectional area of tie legs within 8d}, from the top of the headed bars for No. 3 through No. 8
bars and 10d,, for No. 11 and larger bars, in.2

(21 4,: Total cross-sectional area of the headed bars being developed, in.?

Bl 5: Minimum center-to-center spacing of headed bars, in.

4] g,: Nominal diameter of headed bar, in.

51 When calculating v, A, /As shall not exceed 0.4 and s/dp shall not exceed 8

(61 When bars are placed outside both the column core and the parallel ties, 4, /45 = 0 when calculating v,

U1 Larger bars need at least A, =0.54,, to address the joint shear demand and prevent a shear failure

6.2.3 Evaluating Proposed Design Equation

In this section, the proposed design equation for the development length of headed bars,

Eq. (6.31), is compared with the results in the beam-column joint database. The database includes
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the beam-column joint tests at the University of Kansas by Shao et al. (2016), plus tests available
in literature including Bashandy (1996) at the University of Texas at Austin and Chun et al. (2017),
Chun and Lee (2019), and Sim and Chun (2022a, 2022b) at South Korea. For the comparison, the
bar stress at failure measured in the test, fs,, is compared with the bar stress calculated based on

Eq. (6.16), fs caice- To find f; caic, Eq. (6.16) is solved for yield strength, £,, which is replaced by f; caic,
specified concrete compressive strength fc, is replaced by the measured concrete strength .., and

development length /4 is replaced by measured embedment length /.;. The resulting equation is

— 780[ ehfcmo.25

f;cac - (632)
o “l”e‘l’p\uadbl's

6.2.3.1 University of Kansas Database

In this section, the stresses calculated based on the proposed design equation, Eq. (6.32),
are compared with the results for specimens tested at the University of Kansas, including No. 5,
No. 8, and No. 11 headed bars tested by Shao et al. (2016) and the specimens with No. 11, No. 14,
and No. 18 bars from the current study. The specimen details are presented in Tables C2 to C5 in
Section C3 of Appendix C.

Table 6.23 presents the statistical parameters of fu./f caic Tatio based on the proposed design
provisions for specimens without parallel ties, using the full expression for y,. The same results
are obtained if the simplified expressions for y, is used since for 4,/4xs = 0, both the full and
simplified expressions are governed solely by s/dp. As shown in the table, for specimens without
parallel tie reinforcement, the test-to-calculated fs./fs,caic ranges from 0.81 to 1.67, with a mean of
1.26 and a coefficient of variation of 0.121. For No. 5 bars, the proposed equation is more
conservative than for No. 8 and larger bars. The single specimen with three closely-spaced No. 14
bars has a noticeably higher f./f; caic ratio of 1.67 than the other specimens, and is likely an outlier,

similar to its companion specimen with hooked bars.
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Table 6.23 Statistical parameters of test-to-calculated bar stress at failure f./fs caic based on the
proposed design equation Eq. (6.32) and using the full expression for y,, Eq. (6.29) for headed
bar specimens without parallel tie used to develop descriptive equations, Eq. (5.5) and (5.7)

All s > 8dp 3dy <5 <8dp

No.5 | No.8 | No.11 | No. 14 | No. 18 | No.5 | No.8 | No. 11 | No. 14 | No. 18
I;L“en;ﬁi;‘l’sf 68 4 20 7 2 0 2 28 4 1 0
Max 167 | 148 | 144 | 142 | 127 - 150 | 1.53 | 147 | 1.67 ;
Min 081 | 135 | 100 | 1.02 | 125 ; 138 | 081 | 1.14 | 1.67 ;
Mean 126 | 140 | 120 | 125 | 126 ; 144 | 126 | 130 | 1.67 ;
STDEV | 0.153 [ 0.057 [ 0.106 | 0.159 | 0.013 - | 0086|0164 | 0.163 0 ]
CoV 0.121 | 0.041 | 0.088 | 0.127 | 0.010 - | 0060|0131 0.126 0 -
f?"lwf} ol 2| o | 0 0 0 0 I 0 0 0

Table 6.24 presents the statistical parameters of fu/fs caic for specimens with parallel tie
reinforcement using the full expression for .
Table 6.24 Statistical parameters of test-to-calculated bar stress at failure f./fs caic based on the

proposed design equation Eq. (6.32) and using the full expression for y,, Eq. (6.29) for headed
bar specimens with parallel tie used to develop descriptive equations, Eq. (5.5) and (5.7)

s> 8dp 3dy <5< 8dp

Al o5 [ No.8 | No. 11 | No. 14 | No. 18 | No.5 | No.8 | No. 11 | No. 14 | No. I8

?};ﬁﬁgﬁ: 96 6 30 8 7 4 3 24 4 6 4
Max 166 | 156 | 1.65 | 137 | 166 | 142 | 144 | 152 | 140 | 137 | 151
Min 093 | 108 | 1.02 | 102 | 111 | 117 | 121 099 | 1.19 | 098 | 093
Mean 126 | 136 | 128 | 123 | 129 | 133 [ 132 ] 122 | 131 .19 | 115
STDEV [ 0.162 | 0.170 | 0.174 | 0.129 | 0.164 | 0.094 | 0.116 [ 0.157 | 0.090 | 0.128 | 0.249
cov 0.128 | 0.125 | 0.136 | 0.105 | 0.127 | 0.071 | 0.088 [ 0.1290 | 0.069 | 0.107 | 0216
ﬁ;jzi;zviﬂi.o 3 0 0 0 0 0 0 1 0 1 1

As shown in Table 6.24, for specimens with parallel ties, f./fs caic ranges from 0.93 to 1.66,
with a mean of 1.26 and a coefficient of variation of 0.128. The mean obtained here is the same as
that for specimens without parallel ties, indicating a consistent margin of safety provided by the

proposed design equation. The design equation is the most conservative for widely spaced No. 5
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bars and the least conservative for closely spaced (3dy < s < 8dp) No. 18 bars. A similar table is

presented for the case of using the simplified expressions for y,, as shown below.

Table 6.25 Statistical parameters of test-to-calculated bar stress at failure f./fs caic based on the
proposed design equation Eq. (6.32) and using the simplified expressions for y,, Eq. (6.30) for
headed bar specimens with parallel tie used to develop descriptive equations, Eq. (5.5) and (5.7)

s> 8dp 3dy <5< 8dp

Al 0.5 [ No.8 | No. 11 | No. 14 | No. 18 | No.5 | No. 8 | No. 11 | No. 14 | No. 18

?};ﬁﬁ;‘l’: 96 6 30 8 7 4 3 24 4 6 4
Max 167 | 156 | 165 | 162 | 166 | 144 | 153 | 1.67 | 166 | 140 | 1.51
Min 093 | 113 | 116 | 1.17 | 117 | 117 | 130 | 097 | 142 | 1.00 | 0.93
Mean 133 | 139 | 133 | 143 132 | 135 | 145 | 130 | 156 | 121 1.15
STDEV | 0.170 | 0.152 | 0.133 | 0.170 | 0.154 | 0.105 | 0.130 | 0.181 | 0.105 | 0.131 | 0.249
COV 0.127 | 0.109 | 0.101 | 0.119 | 0.117 | 0.078 | 0.089 | 0.139 | 0.067 | 0.108 | 0.216

Jg;jgi;zviﬂi.o 3 0 0 0 0 0 0 1 0 | 1

As shown in Table 6.25 and as expected, using the simplified expressions for y,, results in

a higher mean for f./fs caic (1.33 compared to 1.26 using the full expression for ), more noticeable
for No. 11 and smaller bars.

The statistical parameters of fq./fs,caic using the full expression for v, are presented in Table

6.26 for all headed bar specimens tested at the University of Kansas.

Table 6.26 Statistical parameters of test-to-calculated bar stress at failure f./fs caic based on the

proposed design equation Eq. (6.32) and using the full expression for y,, Eq. (6.29) for all

Bar size All | No.5 | No.8 [ No. 11 | No. 14 | No. 18
No. of specimens 164 15 102 23 16 8

Max 1.67 | 1.56 | 1.65 | 147 1.67 1.51
Min 0.81 | 1.08 | 0.81 1.02 0.98 0.93
Mean 1.26 | 1.37 | 1.24 | 1.26 1.27 1.24

STDEV 0.158 | 0.122 | 0.156 | 0.134 | 0.178 | 0.203
Ccov 0.125 | 0.089 | 0.126 | 0.106 | 0.139 | 0.163

No. with fu/fscae <1.0 | 5 0 3 0 1 1
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For all 164 headed bar specimens in the University of Kansas database (Section C3 in
Appendix C), the test-to-calculated ratio fs./fs caic based on the proposed design equation using the
full expression for y, ranges from 0.81 to 1.67, with a mean of 1.26 and a coefficient of variation
0f 0.125. Only five specimens (3.05% of all specimens) had fs./fs,caic < 1.0. A similar table is shown
below for the case of using the simplified expressions for .

Table 6.27 Statistical parameters of test-to-calculated bar stress at failure f./fs caic based on the

proposed design equation Eq. (6.32) and using the full expression for y,, Eq. (6.30) for all
headed bar specimens used to develop descriptive equations, Eq. (5.5) and (5.7)

Bar size All | No.5 | No. 8 | No. 11 | No. 14 | No. 18
No. of specimens 164 15 102 23 16 8
Max 1.67 | 1.56 | 1.67 | 1.66 1.67 1.51
Min 0.81 | 1.13 | 0.81 1.02 1.00 0.93
Mean 1.30 | 1.41 | 1.28 | 1.38 1.29 1.25
STDEV 0.166 | 0.112 | 0.155 | 0.186 | 0.173 | 0.211
Cov 0.127 1 0.080 | 0.121 | 0.135 | 0.134 | 0.168
No. with fu/fs,caic <1.0 | 5 0 3 0 1 1

As shown in Table 6.27, using the simplified expressions for y, results in a higher mean

Jsulfs,calc Tatio than when the full expression for y, is used (1.31 versus 1.26), more noticeably for

No. 5 and No. 11 bars than for the other bar sizes.

6.2.3.2 Bashandy (1996)

To further evaluate the proposed design provisions, results from the beam-column joint
specimens tested in other studies available in literature can be compared against Eq. (6.32). In
Section 1.2.2, beam-column specimens tested by Bashandy (1996), Chun et al. (2009), and Chun
et al. (2017a), Chun and Lee (2019), Sim and Chun (2022a, 2022b) were presented. The study by
Chun et al. (2009) is excluded because the specimens had a single headed bar, as previously
described in Section 5.6. The specimens tested by Sim and Chun (2022a) are also excluded because
the specimens had two layers of headed bars with s/dj of either 1 or 2, which is less than 3 and
therefore the proposed design equation is not applicable.

The specimens tested by Bashandy (1996) are described in Section 5.6. Table 6.28 presents
the key specimen parameters along with the bar stresses at failure f;, and the bar stresses based on

Eq. (6.32), fscaic. As shown in the table, the values of fs./fs caic for the 18 specimens shown ranges

232



from 0.79 to 1.64, with a mean of 1.05 and a coefficient of variation of 0.199 using the full
expression for y,. The results are almost the same using the simplified expressions for y,. As
discussed in Section 5.6, the majority of these specimens used unconventional reinforcement
layouts in which parallel ties did not enclose the headed bars (Figure 5.39a and c¢) and were
relatively weak with respect to values calculated using the descriptive equations, as reflected also

here in the relatively low mean values of f./fs caic 0f 1.05 shown in Table 6.28.

Table 6.28 Comparison of beam-column joint test results by Bashandy (1996) versus the
proposed design equation Eq. (6.32) (values converted from SI units)

SpeIclljmen n frelh J; sml idnb_ sldy | AdAns™ | w0 |y, | L. C. fsui FulFocatc | foulfcard®

T9 2 [11.0 5000 | 1.41 ]33] 0641 |085|0.85| B’ 49.0 0.96 0.96
TI0™ |2]12.5]5000 | 141|541 059 |133]|133| B’ 39.1 1.21 1.21
T12™ 2|98 |5110| 1 |80 | 0.557 |1.00]1.00| B’ 50.7 0.90 0.90
TI13™ |2]12.8|5560| 1 |80 | 0.785 |1.00|1.00| A’ 77.7 1.03 1.03
T14 2111.0]5400 | 1.41 | 33 | 0.212 | 1.18 | 1.20 | A’ 59.9 1.60 1.64
T16 2140|5740 | 1.41 ] 33 | 1.026 | 0.85]0.85| A’ 61.4 0.92 0.92
T20 2| 82 | 5110 1.41]33] 1.026 |0.85/0.85| A’ 50.3 1.32 1.32
T21 2183|5110 1 |50 2025 085]085] A’ 62.0 0.96 0.96
T22 2| 83 |5110] 1 |50 2.025 [0.85]0.85| A’ 52.1 0.81 0.81
T23 2111214820141 ]33] 1.026 | 0.85]0.85| A’ 44.1 0.86 0.86
T24 2 (11214690 | 1.41 ]33] 1.026 | 0.85]0.85| A’ 514 1.01 1.01
T25 2 [ 11.0 14690 | 1.41 ]33] 1962 [ 0.85]0.85| A’ 614 1.23 1.23
T26 2117.0]14550 | 1.41 ]33] 1.026 | 0.85]0.85| A’ 71.3 0.93 0.93
T27 2| 80 | 4550 | 1.41 ]33] 1.026 | 0.85]0.85| A’ 28.5 0.79 0.79
T28 2111214830141 ]33] 1.026 | 0.85]0.85| A’ 62.3 1.21 1.21
T29 2 [ 11.0 4830 | 1.41]33 ] 1.026 |0.85]0.85| A’ 55.5 1.10 1.10
T30 211313210 1 |50 2025 0.85]0.85| A’ 79.4 1.02 1.02
T32 280 |4830| 1 |50 2025 |0.85]0.85| A’ 61.5 1.00 1.00
Mean 1.05 1.05

CoV 0.194 0.199

(11 Using the full expression for y,, Eq. (6.29)
21 Using the simplified expressions for y,, Eq. (6.30)
* Cap of 0.4 applied to all specimens, except T10, T12, T13 (refer to next footnote)

** Headed bars were outside column core and side cover was 1.5 in. (half of other specimens), so bar location
factor of 1.15 applied. Also, headed bars were outside parallel ties (Figure 5.39.a), therefore ties were not counted
towards , (Aw/Ans = 0)

6.2.3.3 Chun et al. (2017a) and Chun and Lee (2019)

Table 6.29 presents the comparisons with the proposed design equation for the 27 No. 14
and No. 18 bar specimens tested by Chun et al. (2017a) and Chun and Lee (2019). As described in

Section 5.5.8, these specimens were designed to force a side-blowout failure. The headed bars
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were placed outside the column core; therefore, y, = 1.15 applies. All specimens had As/Ans > 0.4,
but the majority had headed bars were placed outside the parallel ties, as described in Section 5.5.8
and shown in Figure 5.37a. For those specimens, the ties are not used when calculating v,. In
seven specimens, headed bars yielded. Those specimens are reported in Table 6.29 but excluded
from the analysis. For this and the following study in Section 6.2.3.4, the same results are obtained
using full or simplified expressions for y, since all specimens have 4,/A;s values of either 0 or

0.4, therefore the expressions are either only a function of s/dp, or a cap of 0.85 or 0.95 applies.

Table 6.29 Comparison of headed bar specimens tested by Chun et al. (2017a) and Chun and
Lee (2019) versus the proposed design equation, Eq. (6.32)

Keh ﬁm db 3] 4] ﬁu ]
in. pSI in. S/db Ath/AhS Vp ksi f:vu/fs,calc

11.9 ] 6950 | 1.693 | 9.6 0.4 1.00 45.4 1.36
11.9 | 6950 | 1.693 | 9.6 0.4 0.95 60.5 1.72
11.9 | 9890 | 1.693 | 9.6 0.4 1.00 72.7 2.00
169 | 7570 | 1.693 | 9.6 0.4 1.00 63.4 1.30
169 | 7570 | 1.693 | 9.6 0.4 0.95 71.6 1.40
169 | 11770 | 1.693 | 9.6 0.4 1.00 86.0 1.58
22.0 ] 6640 | 1.693 | 5.0 0.4 1.38 68.9 1.55
22.0 ] 6420 | 1.693 | 5.0 0.4 1.38 78.3 1.77
22.0 ] 5870 | 1.693 | 5.0 0.4 0.95 67.9 1.09
22.0 ] 6060 | 1.693 | 5.0 0.4 0.95 93.4 1.48
27.1 ] 6640 | 1.693 | 5.0 0.4 1.38 83.0 1.52
27.1] 6640 | 1.693 | 5.0 0.4 1.38 88.0 1.61
27.1 ] 6060 | 1.693 | 5.0 0.4 0.95 61.5 0.79
27.1] 6420 | 1.693 | 5.0 0.4 0.95 91.1 1.16
15.8 | 7450 | 2.257 | 7.2 0.4 1.10 48.5 1.82
15.8 | 7450 | 2.257 | 7.2 0.4 0.95 61.5 1.99
15.8 | 11150 | 2.257 | 7.2 0.4 1.10 57.5 1.95
22.6 | 7,450 | 2.257 | 7.2 0.4 1.10 53.2 1.40
22.6 | 7450 | 2.257 | 7.2 0.4 0.95 68.6 1.55
22,6 | 11150 | 2.257 | 7.2 0.4 1.10 64.5 1.53
29.3 ] 5,870 | 2.257 | 7.2 0.4 1.10 63.7 1.36
29.3 | 5870 | 2.257 | 7.2 0.4 0.95 85.0 1.57
29.3 | 5870 | 2.257 | 7.2 0.4 0.95 85.0 1.57
29.3 | 5870 | 2.257 | 7.2 0.4 0.95 85.3 1.58
29.3 | 5870 | 2.257 | 7.2 0.4 1.10 79.8 1.71
36.1 | 6060 | 2.257 | 7.2 0.4 1.10 74.0 1.28
36.1 | 6060 | 2.257 | 7.2 0.4 1.10 85.3 1.47
Mean 1.53
CoV 0.199
1 HP and C at the end of the designations denote a “confined” specimen per Figure 5.37b and 5.37c, thus
parallel ties counted towards y,. For all other specimens (Figure 5.37a), A+/Axs = 0 when calculating ,,.

Specimen ID (2]

D43-L7-C1-S42
D43-L7-C1-S42-HPO0.5
D43-L7-C1-S70
D43-L10-C1-542
D43-L10-C1-S42- HPO.5
gD43-L10-C1-S70
D43-L13-C1-542
D43-L13-C2-542
D43-L13-C1-S42-T1.5
D43-L13-C2-S42-T1.5°
D43-L16-C1-542
D43-L16-C2-S42"
D43-L16-C1-S42-T1.5
D43-L16-C2-S42-T1.5°
D57-L7-C1-542
D57-L7-C1-S42-HPO0.5
D57-L7-C1-S70
D57-L10-C1-S42
D57-L10-C1-S42-HPO0.5
D57-L10-C1-S70
D57-L13-C1-542
D57-L13-C1-S42-HP0.5"
D57-L13-C1-S42-HP1.0a’
D57-L13-C1-S42-HP1.0b"
D57-L13-C2-542
D57-L16-C1-542
D57-L16-C2-S42"

DN [N N[NNI NN N[NNI (N[NNI I

21 Bar location factor y, = 1.15 applied to all specimens
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31 Cap of 0.4 applied to all specimens
[ Using both the full and simplified expressions for y,, Eq. (6.29) and (6.30)
* Headed bars yielded, specimens excluded from the analysis

As shown in Table 6.29, for the 20 specimens tested by Chun et al. (2017) and Chun and
Lee (2019) for which the headed bars did not yield, fs./fs caic ranges from 0.79 to 2.00, with a mean
of 1.53 and a coefficient of variation of 0.199 using both full and simplified expressions for y,.
As discussed in Section 5.5.8, these specimens also had a relatively high mean value of 7/7) based
on descriptive equations, Eq. (5.5) and (5.7). The high values of 7/T, were primarily due to the
specimen proportions, which results in relatively low force within the joint, similar to the No. 11
hooked bars tested by Marques and Jirsa (1975) and Pinc et al. (1977), as described in Section 4.5.
The geometry of these specimens is dissimilar to what would be expected in reinforced concrete

frame structures.

6.2.3.4 Sim and Chun (2022b)

Table 6.30 presents the comparisons of the 16 No. 7 and No. 10 specimens tested by Sim
and Chun (2022b) with the proposed design equation. These specimens were also designed to force
a side-blowout failure. The headed bars were placed outside the column core in all these
specimens; therefore y, = 1.15. Also, all specimens had Ax/Axs > 0.4. The parallel ties are counted
towards , only for specimens where ties were wrapped around the headed bars (Figure 5.37b), as
discussed in Section 5.5.8.

As shown in Table 6.30 for the specimens tested by Sim and Chun (2022b), fsu/f;,caic ranges
from 0.81 to 2.18, with a mean of 1.50 and a coefficient of variation of 0.287. The relatively high
mean is similar to the one obtained for Chun et al. (2017a), mainly due to using unconventional

specimen proportions and geometry that results in a relatively low force carried by the joint.
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Table 6.30 Comparison of headed bar specimens tested by Sim and Chun (2022b) versus the
proposed design equation, Eq. (6.32)

Specimen ID 12 | » f:lh J;‘ ; fflb sidy | Aa/ AP |yt fS”l sl fs,caictV
D22-L6-C1 2| 53 | 12020 | 0.875| 13.5 0.4 1.00 | 69.0 1.51
D22-L6-C1.5 2| 53 | 12020 | 0.875 | 13.5 0.4 1.00 | 56.2 1.23
D22-L6-C1-TR | 2 | 5.3 | 12020 | 0.875 | 13.5 0.4 0.85| 79.8 1.49
D22-1.9-C1 21 7.9 | 12020 | 0.875 | 13.5 0.4 1.00 | 73.4 1.07
D32-L6-C1 21 7.6 | 12020 | 1.27 | 9.3 0.4 1.00 | 82.5 2.18
D32-L6-C1.5 21 76 | 12020 | 1.27 | 9.3 0.4 1.00 | 81.0 2.14
D32-L6-C1-TR |2 | 7.6 | 12020 | 1.27 | 9.3 0.4 0.85| 71.9 1.62
D32-1.9-Cl1 21114 ] 12020 | 1.27 | 9.3 0.4 1.00 | 73.0 1.29
D22-1L6-C1 21 53 | 16680 | 0.875 | 13.5 0.4 1.00 | 64.5 1.31
D22-L6-C1.5 2| 53 | 16680 | 0.875 | 13.5 0.4 1.00 | 524 1.06
D22-L6-C1-TR | 2 | 53 | 16680 | 0.875 | 13.5 0.4 0.85 | 65.0 1.12
D22-1.9-C1 21 7.9 | 16680 | 0.875 | 13.5 0.4 1.00 | 59.8 0.81
D32-L6-Cl1 21 7.6 | 16680 | 1.27 | 9.3 0.4 1.00 | 85.1 2.07
D32-L6-C1.5 21 7.6 | 16680 | 1.27 | 9.3 0.4 1.00 | 85.4 2.08
D32-L6-C1-TR |2 | 7.6 | 16680 | 1.27 | 9.3 0.4 0.85 | 79.9 1.66
D32-L9-C1 2114 ] 16680 | 1.27 | 9.3 0.4 1.00 | 81.3 1.32
Mean 1.50
CoV 0.287

I1TR at the end of the designations denote a “confined” specimen per Figure 5.37b and 5.37c,
therefore parallel ties counted towards y,. For all other specimens (Figure 5.37a), A./An, = 0 when
calculating v,.

(21 Bar location factor y, = 1.15 applied to all specimens

31 Cap of 0.4 applied to all specimens

[ Using both the full and simplified expressions for y,, Eq. (6.29) and (6.30)

* Headed bars yielded, specimens excluded from the analysis

A summary of the statistical parameters of f./fs caic for the specimens described in this
chapter that were tested outside the University of Kansas is presented in Table 6.32. As shown in
the table, for the 54 specimens tested outside the University of Kansas, fs./fs caic ranges from 0.79
to 2.18 with a mean of 1.36 and a coefficient of variation of 0.283. Almost the same results are
obtained using the simplified expressions for y, (very slightly higher overall coefficient of
variation of 0.284, and slightly higher coefficient of variation of 0.216 for No. 11 bar specimens).
The relatively high mean values obtained for No. 10, No. 14, and No. 18 bars are due mainly to
the specimen proportions and geometry used by Chun et al. (2017a) and Sim and Chun (2022b)
that results in lower forces in the joint and do not represent usual reinforced concrete structures.
The relatively low mean values seen for No. 8 and No. 11 bars (responsible for 8 out of 10
specimens with fo./fs caic < 1.0) are primarily due to the unconventional reinforcement layouts used

by Bashandy (1996) that results in low anchorage strengths.
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Table 6.31 Statistical parameters of f../f; caic for all headed bar specimens tested outside
University of Kansas (Bashandy 1996, Chun et al 2017a, Chun and Lee 2019, Sim and Chun
2022b) based on the proposed design equation Eq. (6.32), excluding specimens with shear failure
and those with headed bars that yielded

Bar size Al | No. 7 | No. 8 | No. 10 | No. 11 | No. 14 | No. 18
No. of specimens 54 8 6 8 12 11 9
Max 2.18 1.51 1.03 2.18 1.60 2.00 1.99
Min 0.79 | 0.81 0.81 1.29 0.79 0.79 1.28
Mean 1.36 1.20 0.95 1.79 1.10 1.46 1.62
STDEV 0.386 | 0.237 | 0.086 | 0.371 0.231 0.332 0.259
Cov 0.283 | 0.197 | 0.090 | 0.207 0.211 0.227 0.160
No. with fou/fycae < 1.0 10 | 1 3 0 5 I 0

(11 Using the full expression for v, Eq. (6.29)

6.3 COMPARISONS WITH ACI 318-19

In this section, the proposed design provisions for hooked and headed bars are compared

with the provisions in ACI 318-19.
6.3.1 Concrete Compressive Strength

As discussed in Section 1.3.1, ACI Committee 318 chose to stay with the square root of

compressive strength \/76' for both hooked and headed bar design equations when finalizing the

2019 edition of the Code, rather than incorporating the more accurate fc'o’zs as originally proposed
(Sperry et al. 2015b, Ajaam 2017, Shao et al. 2016, and Ghimire et al. 2018). To account for the
difference between the square root and the quarter power, a concrete strength factor (y. =
fc,/ 15,000+0.6) was included in the development length expressions for values of fc' <6,000

psi, with the principle goal of preventing excessively long development lengths for lower
compressive strength concretes, while limiting the potential for low anchorage strengths at higher
compressive strengths. The original proposal included an upper compressive strength of 16,000

psi for application of the design equations. As adopted, the equations in ACI 318-19 have an upper
limit of fc’ = 10,000 psi, corresponding to the maximum permitted value on \/Z' of 100 psi.

As a result of the original proposal modifications, the development length provisions for

hooked and headed bars provide a decreased margin of safety for concretes with compressive
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strengths near 10,000 psi; they are, also, slightly more complex than necessary due to the addition
of the concrete strength factor y.. This decreased margin of safety can be illustrated by comparing
the ACI 318-19 provisions with the best-fit expression upon which the provisions are based. The

expression for development length in ACI 318-19 is:

gdt — (f;’\veWpWo\uc Jdbl,S (633)

75/
where \/Z' may not exceed 100 psi.
For uncoated, headed bars in a beam-column joint with side cover to bar > 2.5 in., and
center-to-center bar spacing s > 6dp or Au/Ans > 0.3, We = yp = o = 1.0. Now, replacing f, with

Ss,cale ﬂ with fen, and /4 with /., and solving for the bar stress gives:

_ TSNS

= 6.34
f;‘,calc \Vcdb]j ( )

where Y, = fc'/ 15,000+0.6. Under the same conditions for bar spacing and parallel ties, the

proposed design equation gives y, = 1.25 for No. 11 and smaller bars.
The experimentally-based descriptive expression for the headed bar stress at failure

fs.Descriptive for these conditions with s = 6d), and A4/Axs = 0 based on Eq. (5.5) is
1650€ 0.941](‘0,207
_ eh cm

f; ,Descriptive — d 1.502
b

(6.35)

where /., is the embedded length of the headed bar and f. is the actual concrete compressive
strength. The mean and coefficient of variation for the descriptive equation are, respectively, 1.00,
and 0.112. Equation (6.35) is valid up to 16,000 psi. Figure 6.9 shows the ratio f; pescriprive/fs.caic for
No. 8 bars for a given /., of 15 in. as a function of concrete compressive strength for both the
proposed and ACI 318-19 design equations, Eq. (6.32) and (6.34), respectively.

As shown in Figure 6.9, the ratio fs pescriprive/fs,calc based on the ACI 318-19 equation, Eq.
(6.34), reaches a peak of approximately 1.25 for concrete with a compressive strength of 6,000 psi

and then drops to a low point of approximately 1.07 at a compressive strength of 10,000 psi,
corresponding to the upper limit for \/76' of 100 psi. Because \/7! for use in design is limited to a
maximum of 100, the ratio f; pescriprive/fs,calc Increases as the compressive strength increases above

10,000 psi to 1.18 at 16,000 psi. Similar variations in safety margin occur for hooked bars. Figure
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6.9 also Shows f; pescripiive/fo.calc as a function of f, for the proposed expression, Eq. (6.32) with s =

6dp and A./Ans = 0, indicating that the proposed equation provides a more uniform margin of safety.

14
V. =f./15000+0.6 | y, =1.0 —Proposed
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Figure 6.9 Ratio f; pescriprive/fs,calc VErsus concrete compressive strength fe, for No. 8 bars headed
bars with s = 6d and A«+/Ans = 0 for ACI 318-19 and proposed design provisions

6.3.2 Required Development Length

The effects of the provisions for v, and vy, in ACI 318-19 are illustrated in Figures 6.10
and 6.11 for hooked bars, and 6.12, and 6.13 for headed bars, which show the required
development lengths for No. 8 bars in beam-column joints with at least 2.5 in. of side cover on the
exterior bars in normalweight concrete. The figures also show the required development lengths
based on the proposed provisions, using the full (Figures 6.10 and 6.12) and simplified (Figures
6.11 and 6.13) expressions for y, and y,.

As discussed before, ACI 318-19 adopted a binary choice, 1.0 or 1.6, on the confining
reinforcement and parallel-tie reinforcement factors, v, and y,, in place of factors that vary as a
function of bar spacing and the level of confinement. The factor 1.0 is applied only if the confining
reinforcement equals or exceeds a specific value (Am act > 0.44x and A, > 0.3 45 for hooked and

headed bars, respectively) or the center-to-center spacing between the bars, s, exceeds 6dp.
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Intermediate values of y, or y, in cases where the spacing and confining reinforcement do not
meet one of the requirements are not permitted by ACI 318-19, resulting in higher values of /4
and /4 than needed to develop f,. Intermediate values of y, and v, are permitted by the proposed
expressions, as given respectively in Egs. (6.14) or (6.15) for hooked and (6.29) or (6.30) for
headed bars.

26
— 24
é 22 = =Ath/Ahs=0, 0.2, ACI 318-19
3
< 20
f ——Ath/Ahs = 0, Proposed
oo 18
S
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. 24
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Figure 6.10 Required development lengths of No. 8 hooked bars for fC' = (a) 4000 psi, (b)

10,000 psi, and (c) 16,000 psi as a function of s/dp and A/Axs based on based on ACI 318-19 and
the proposed provisions using the full expression for y,, Eq. (6.14)

Development length, 74, (in.)

26
24
22
20
18
16
14
12
10

s/d,

(a)

241

= =Ath/Ahs =0, 0.2, ACI 318-19

——Ath/Ahs = 0, Proposed

——Ath/Ahs = 0.2, Proposed

— —Ath/Ahs = 0.4, ACI 318-19

—— Ath/Ahs = 0.4, Proposed



26
24
22
20
18
16
14
12
10

Development length, ¢, (in.)

26
24
22
20
18
16
14
12
10

Development length, £, (in.)

(b)

s/d,
(c)

= =Ath/Ahs =0, 0.2, ACI 318-19

——Ath/Ahs = 0, Proposed

——Ath/Ahs = 0.2, Proposed

— = Ath/Ahs = 0.4, ACI 318-19

——Ath/Ahs = 0.4, Proposed

— =Ath/Ahs =0, 0.2, ACI 318-19

——Ath/Ahs = 0, Proposed

—— Ath/Ahs = 0.2, Proposed

= = Ath/Ahs = 0.4, ACl 318-19

——Ath/Ahs = 0.4, Proposed

Figure 6.11 Required development lengths of No. 8 hooked bars for fc' = (a) 4000 psi, (b)

10,000 psi, and (c) 16,000 psi as a function of s/dy and Au/Ans based on ACI 318-19 and the
proposed provisions using the simplified expressions for y,, Eq. (6.15)
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Figure 6.12 Required development lengths of No. 8 headed bars for fc’ = (a) 4000 psi, (b) 10,000
psi, and (¢) 16,000 psi as a function of s/dp and A./Ass based on ACI 318-19 and the proposed
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Figure 6.13 Required development lengths of No. 8 headed bars for fc, = (a) 4000 psi, (b) 10,000

psi, and (c¢) 16,000 psi as a function of s/d, and A«/Ans based on ACI 318-19 and the proposed
provisions using the simplified expressions for y,, Eq. (6.30)
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As shown in Figures 6.10 to 6.13, for both hooked and headed bars, the proposed provisions
result in shorter development lengths than those required by ACI 318-19 for most values of 4u/Ans
or Au/Ans and s/dp, for both the full and simplified expressions for y, and y,. The differences
between the development lengths based on the proposed provisions and those based on ACI 318-
19 are greatest for lower concrete compressive strengths and in cases where ACI 318-19 gives no
credit for intermediate values of Am/Ans or Au/Ans and s/dp, a prime example being the case where

Am/Ans = 0.2 and s/dp < 6 for hooked bars, as shown Figures 6.10a and 6.11a.
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CHAPTER 7: SUMMARY, CONCLUSIONS, AND FUTURE WORK
71 SUMMARY

This research continues a series of studies of the anchorage and development of high-
strength reinforcing bars with standard hooks and heads (Searle et al. 2014, Sperry et al. 2015a,
2015b, 2017a,2017b, 2018, Yasso et al. 2017, Ajaam et al. 2017, 2018, Shao et. Al 2016, Ghimire
et al. 2018, 2019a, 2019b) to expand the available data to include bars larger than No. 11 (No. 14
and No. 18). Forty-two large-scale simulated beam-column joint specimens containing No. 11,
No. 14 and No. 18 hooked and headed bars were tested. Of the 42 specimens, 12 contained hooked
bars and 30 contained headed bars. The effects of bar size, bar spacing, bar location, embedment
length, confining transverse reinforcement in the joint region, placement of bars within the cross-
section, concrete compressive strength, compression strut angle, and effective beam depth on
anchorage strength were investigated.

Two loading conditions were used. In loading condition A, the joint shear was 80% of the
total applied force to the bars, simulating the forces in an exterior beam-column joint with the
beam located at the midheight of the column. The joint shear was reduced to ~69% of the total
applied force in loading condition B. Loading condition A also had a moment reversal within the
joint (with equal and opposite column moments acting on opposing joint faces), whereas loading
condition B did not. All hooked bar specimens and 15 headed bar specimens were tested under
loading condition A, while the other 15 headed bar specimens tested using loading condition B.

Of the 12 specimens containing hooked bars, eight contained No. 14 and four contained
No. 18 bars. The No. 14 bar specimens included six with two widely-spaced bars (center-to-center
spacing s > 6d») and two with three closely-spaced bars (s < 6d»), where d» = hooked or headed
bar diameter. All four No. 18 bar specimens had two widely-spaced bars. Bar spacing ranged from
3.5dp to 10.6ds. The hooked bar specimens had concrete compressive strengths ranging from 6,390
to 15,770 psi and bar stresses at failure ranging from 87,300 to 130,600 psi. Four No. 14 bar
specimens had no confining reinforcement in the joint region. The remaining hooked bar
specimens had ties in the joint region A ranging from 0.178Axs to 0.465A4xs, where Au 1s the total
cross-sectional area of tie legs within 8 from the top of the hooked bar for No. 8 bars and smaller
or within 10d» for No. 9 bars or larger, and A4xs is the total area of the hooked bars being developed.

All specimens had a side cover to the bar of 3.5 in.
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The 30 specimens containing headed bars included two with No. 11, 20 with No. 14, and
eight with No. 18 bars. Of the 20 specimens with No. 14 bars, 13 had two widely-spaced (center-
to-center spacing > 8dp) bars, one had two closely-spaced bars (center-to-center spacing < 8d»),
and six had three closely-spaced bars. Of the eight specimens with No. 18 headed bars, four had
two widely-spaced bars, two had two closely-spaced bars, and two had three closely-spaced bars.
Concrete compressive strength ranged from 5,310 to 16,210 psi, and bar stresses at failure ranged
from 54,900 to 148,300 psi. The center-to-center bar spacing ranged from 2.7d» to 10.6d». Headed
bars from different manufacturers were used with net bearing areas between 4.2 and 4.4 times the
bars area. The majority of the specimens contained parallel ties within the joint, with the total area
of tie legs within 10d» from the top of headed bars ranging from 0.178A4xs to 0.827Axs, where A« is
the total cross-sectional area of tie legs within 8d» from the top of the headed bar for No. 8 bars
and smaller or within 10d» for No. 9 bars or larger, and Axs is the total area of the headed bars being
developed. Most specimens had a side cover to the bar of 3.5 in. One No. 14 specimen and four
No. 18 specimens had a side cover of 6.5 in.

Test results are compared with the current provisions for the development length of hooked
and headed bars in Chapter 25 of ACI 318-19 Building Code. Descriptive equations to characterize
anchorage strength of hooked and headed bars developed previously for No. 11 and smaller bars
are evaluated. New descriptive equations are developed to more accurately represent the anchorage
strength for bars as large as No. 18. The equations are compared with the test results available in
the literature. New design provisions for development length are developed for hooked and headed

bars and evaluated with respect to test results and the provisions of ACI 318-19.
7.2  CONCLUSIONS

The following conclusions are based on the observations and analyses described in this
report:

1. ACI 318-19 is unnecessarily conservative for No. 14 and No. 18 hooked and headed
bars, independent of concrete compressive strength.

2. The bar location factor y, of 1.25 in ACI 318-19, applied to hooked and headed bars
terminating inside column longitudinal reinforcement (column core) with side cover <

2.5 in. or bars with side cover < 6d», can be safely reduced to 1.15 for design.
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3. For both hooked and headed bars, confining reinforcement does not contribute to
anchorage strength when bars are placed outside both the column core and the
confining reinforcement.

4. The descriptive equations for hooked and headed bars developed in this study
accurately account for concrete compressive strength, confining reinforcement, and
bar spacing. The ability of the equations to accurately represent anchorage strength is
insensitive to variations in compression strut angle and effective beam depth in cases
where the ratio of effective beam depth to embedment length < 1.5.

5. Specimens with widely-spaced No. 14 and 18 bars had higher anchorage strengths than
those with closely-spaced bars in most but not all cases similar to the observations for
No. 11 and smaller bars.

6. Although not reflected in the current Code provisions, providing confining
reinforcement in the joint region, even when Asm,act* < 0.445s, contributes to anchorage
strength of No. 14 and No. 18 hooked bars.

7. Under loading condition A, all hooked bar specimens, even the four specimens without
confining reinforcement, carried the joint shear and exhibited an anchorage failure,
whereas shear-like failures were observed in some headed bar specimens under similar
conditions. These observations reveal the distinct role of the tail of the hook in resisting
the propagation of joint shear cracks to the back of the joint, thereby allowing the joints
with hooked bars to carry more shear.

8. The contribution of confining reinforcement to anchorage strength increases with
hooked bar size. The contribution is high enough for No. 14 and No. 18 hooked bars
as to warrant special treatment in design.

9. Compared with the descriptive equations developed for No. 11 headed bars and
smaller, the power of headed bar diameter, dp, in the expression for contribution of
parallel ties (75) is reduced from 0.88 to 0.11 in the new equations, indicating a much
lower effect of bar size on the contribution of parallel ties than previously obtained.

10. Loading condition and joint shear demand play a major role for headed bars. The
difference in joint shear between 0.80 and 0.69 times the force in the headed bar under

loading conditions A and B, respectively, combined with differences in the column

4 Total area of tie legs within 15d, from the centerline of hooked bars, based on ACI 318-19.
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moment distributions, are key factors in the type of failure and anchorage strength of
headed bars for joints without a minimum quantity of shear reinforcement parallel
within the joint.

11. The minimum area of parallel ties (4«) needed for larger bars to address the joint shear
demand is 0.54xs. More study is warranted to investigate if parallel ties providing
values below 0.54xs would be adequate to prevent a shear-like failure under loading
condition A.

12. For headed bars, the upper limit on A«/Axns 1s increased to 0.4 for both the descriptive
equations and design purposes. The limit was previously 0.3 based on No. 11 and
smaller bar tests.

13. The upper limit of 0.4 on A«/Ans indicates that providing ties (4«) above 0.44xs does
not add to the anchorage strength of headed bars. Thus, the contribution of parallel ties
to joint shear strength appears to be separate from their contribution to the anchorage
strength.

14. Providing parallel ties within the joint region improves the anchorage strength of
headed bars even when Auacr® < 0.34xs (not reflected in ACI 318-19).

15. The interior legs of parallel ties within joints contribute to the anchorage strength of
headed bars at least as well as exterior legs.

16. Increasing side cover to the bar (and thus, concrete cover to head) did not have a major
effect on the anchorage strength of No. 14 and No. 18 headed bars, but changed the
failure type from side splitting to concrete breakout.

17. The proposed design equations for hooked and headed bars are applicable to concrete
with compressive strengths up to 16,000 psi, steel with yield strengths up to 120,000
psi, and bars up to No. 18.

18. Similar to earlier findings established for No. 11 and smaller hooked and headed bars,
the effect on anchorage strength of concrete compressive strength is best represented
by the 0.25 power for design purposes.

19. The proposed modification factors for confining reinforcement (expressed as Asm/Ans
or Au/Ans) and bar spacing (expressed as s/dp), in the form of a single expression or

simplified expressions that address the effects of confining reinforcement and bar

5 Total area of tie legs within 8}, from the centerline of headed bars, based on ACI 318-19.
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spacing independently, provide more flexibility for designers, enabling them with
more avenues to take advantage of a range of values for Am/Ans or Au/Ans and s/dp and

ultimately use a shorter development length as they would using the current provisions.
7.3 FUTURE WORK

This study included only a limited number of specimens with No. 14 and No. 18 hooked
bars under loading condition A. For example, no specimens had closely-spaced No. 18 hooked
bars or more than a single layer of No. 14 or No. 18 bars. Expanding the scope of the test
parameters would provide a better understanding of the anchorage strength of large bars. It would,
also, be worthwhile to test No. 11 and smaller hooked bar specimens under loading condition A
since, other than the tests on No. 14 and No. 18 bars in this study, no data are available on hooked
bars under monotonic loading in a configuration matching that found in most beam-column joints.

More study is needed of headed bars in beam-column joints under loading condition A
with different bar sizes and quantities of parallel ties to establish the minimum area of parallel ties
needed to address the joint shear demand and prevent a shear-like failure. In addition, the effects
of concrete side cover to the bar for larger headed bars can be further investigated by testing
specimens with the same bar spacing but different side cover. Both the current Code and the
proposed design provisions only permit anchoring headed bars in normalweight concrete because
no tests have been performed on headed bars in lightweight concrete. Therefore, tests using
different size headed bars cast in lightweight concrete are recommended.

For both hooked and headed bars, it is not clear if bar spacing is the best parameter to
address the effects on anchorage strength of groups of closely-spaced bars. A broader range of

specimen configurations would be useful to answer this question.
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APPENDIX A: NOTATION

Depth of equivalent rectangular compressive stress block, in.
Cross-sectional area of an individual hooked or headed bar, in.?

Net bearing area of the head calculated as the gross head area minus maximum area of
the obstruction adjacent to the head; net bearing area of the head calculated as gross head
area minus bar area if no obstruction is present or the obstruction, in.

Total cross-sectional area of hooked or headed bars being developed (n4p), in.
Cross-sectional area of a single leg of parallel ties within the joint region for headed bars,
in.2

Cross-sectional area of a single leg of confining reinforcement within the joint region for
hooked bars, in.?

Total cross-sectional area of effective confining reinforcement (n,4,) for hooked bars
being developed within 8d), from top of the hooked bars for No. 3 through No. 8 bars or
within 10d, for No. 9 bars and larger, in.”

Total cross-sectional area of effective confining reinforcement for hooked bars being
developed within 15d, from centerline of hooked bars, per ACI 318-19, in.?

Total cross-sectional area of effective parallel ties (n44,) for headed bars being
developed within 8d) from top of the headed bars for No. 3 through No. 8 bars or within
10d5 for No. 9 bars and larger, in.?

Total cross-sectional area of effective parallel ties for headed bars being developed within
8dp from centerline of headed bars, per ACI 318-19, in.2

Width of column, in.

Width of the bearing plate, in.

Depth of neutral axis from the extreme compression fiber, in.

Clear cover from the back of the head to the back of the column, in.

Clear cover from the back of the hook to the back of the column, in.

Clear side cover to the head, in.

Clear side cover to the hooked or headed bar, in.

Distance from the centroid of the tension bar to the extreme compression fiber of the
beam, in.

Nominal diameter of bar, in.

Effective depth of the simulated beam, in.

Nominal diameter of ties outside the joint region, in.

Nominal diameter of parallel ties within the joint region for headed bars, in.

Nominal diameter of confining reinforcement within the joint region for hooked bars, in.
Specified or target concrete compressive strength, psi

Measured concrete compressive strength, psi
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Ts
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Stress in the hooked or headed bar at failure, ksi

Calculated stress in the hooked or headed bar per ACI 318-19, ksi

Maximum stress in individual hooked or headed bar, ksi

Calculated stress in the hooked or headed bar, ksi

Measured yield strength of the hooked or headed bar, ksi

Depth of column, in.

Total height of column, in.

Distance between the center of hooked or headed bar to the top of the bearing plate or
bearing member in the joint region, in.

Confining reinforcement index per ACI 318-19

Development length in tension of deformed bar or deformed wire with a standard hook,
measured from outside end of hook, point of tangency, toward critical section, in.
Development length in tension of headed deformed bar, measured from the critical
section to the bearing face of the head, in.

Embedment length measured from the bearing face of the head to the front face of the
specimen for headed bars and embedment length of a standard hook measured from the
outside of the hook to the front face of the specimen for hooked bars, in.

Average embedment length of hooked or headed bars, in.

Number of hooked or headed bars loaded simultaneously in tension, in.

Number of tie legs within 10d, from top of hooked or headed bars

Number of parallel ties (single, double overlapping, or double) within 10d) from top of
headed bars

Number of single confining reinforcement ties within 10d, from top of hooked bars
Number of parallel ties (single, double overlapping, or double) within the joint region for
headed bars

Number of single confining reinforcement ties within the joint region for hooked bars
Center-to-center spacing of hooked or headed bars (previously cc), in.

Average load on a hooked or headed bar at failure, pounds, kips

Anchorage strength of a hooked or headed bar without confining reinforcement ties;
contribution of concrete to anchorage strength of a hooked or headed bar, pounds, kips
Anchorage strength of a hooked or headed bar using descriptive equations, pounds, kips
Peak load on individual hooked or headed bar at failure, kips

Maximum load on individual hooked or headed bar, kips

Contribution of steel confining reinforcement ties to anchorage strength of a hooked or
headed bar, pounds, kips

Sum of loads on hooked or headed bars at failure, kips

Shear force in the joint, kips

Water-to-cement ratio by weight
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Xbot
Xmid
Xtop
B
Aind
Amax
Ye
Yer
Ye
Yo
Wp
Ypl

Yp2

Wpr
Vr

Yrl

V2

Height measured from the center of the test bar to the center of the lower tension member,
in.

Height measured from the center of the test bar to the center of the bearing member in
the joint, in.

Height measured from the center of the test bar to the center of the upper bearing member,
in.

Factor relating depth of equivalent rectangular compressive stress block to neutral axis
depth

Measured displacement of individual hooked or headed bar at failure, relative to the front
face of the column, in.

Maximum displacement of individual hooked or headed bar relative to the front face of
the column, in.

Strength-reduction factor

Factor used to modify development length based on concrete compressive strength
Factor used to modify development length based on confining reinforcement for hooked
bars

Factor used to modify development length based on reinforcement coating

Factor used to modify development length based on bar location within member

Factor used to modify development length based on parallel ties and bar spacing for
headed bars

Factor used to modify development length based on bar spacing for headed bars without
parallel ties

Factor used to modify development length based on bar spacing and parallel ties for
headed bars with parallel ties

Factor used to modify development length based on parallel ties for headed bars

Factor used to modify development length based on confining reinforcement and bar
spacing for hooked bars

Factor used to modify development length based on bar spacing for hooked bars without
confining reinforcement

Factor used to modify development length based on bar spacing and confining
reinforcement for hooked bars with confining reinforcement

Compression strut angle, degrees

Modification factor to reflect the reduced mechanical properties of lightweight concrete
relative to normalweight concrete of the same compressive strength
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Acronym list

ACI American Concrete Institute

ASTM American Society of Testing and Materials - International
BSG Bulk Specific Gravity (Oven Dry)

BSG (SSD)  Bulk Specific Gravity (Saturated Surface Dry)

CCT Compression-Compression-Tension

CoV Coefficient of Variation

HA Class of head satisfying head dimension requirements detailed in ASTM A970
L. C. Loading Condition as described in Section 2.3.1

MAX Maximum

MIN Minimum

SG Specific Gravity

SN Specimen Number

SSD Saturated Surface Dry

STDEV Standard Deviation

Failure Types

CB Concrete breakout

SS Side splitting

SF Shear failure
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APPENDIX B: HOOKED BAR BEAM-COLUMN JOINT SPECIMENS

Appendix B presents the details of the hooked bar specimens. Appendix Bl presents
specimen drawings and reinforcement layouts for No. 14 and No. 18 bars tested in this study.
Appendix B2 presents detailed properties and test results for the No. 14 and No. 18 bar specimens
of this study. Appendix B3 presents specimens tested at the University of Kansas, including those
used to develop descriptive equations, Eq. (4.5) and (4.7). The specimens include No. 5, No. 8,
and No. 11 bar specimens by Searle et al. (2014), Sperry et al. (2015a,2015b,2017a,2017b, 2018),
Yasso et al. (2017), Ajaam et al. (2017, 2018), and No. 14 and No. 18 bars tested in this study.
Appendix B4 presents the specimens tested outside the University of Kansas, a few of which were
used to develop descriptive equations, including those by Marques and Jirsa (1975), Pinc et al
(1977), Hamad et al. (193), Ramirez and Russel (2008), Lee and Park (2010), and Chun et al.

(2017b). In each section, specimens not used to develop descriptive equations are identified.

261



B.1 DRAWINGS AND REINFORCEMENT LAYOUTS FOR NO. 14 AND NO. 18 BAR
SPECIMENS TESTED IN CURRENT STUDY

This section presents elevation and cross-sectional drawings of the No. 14 and No. 18 bar
specimens tested in this study, showing the details of the reinforcement layouts. In the cross-

sectional drawings, confining reinforcement is omitted for clarity.
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B.2 DETAILED PROPERTIES AND TEST RESULTS FOR NO. 14 AND NO. 18 BAR
SPECIMENS TESTED IN CURRENT STUDY

Table B.1 Detailed properties and test results for No. 14 and No. 18 bar specimens tested in
current study

»eeh ﬂeh,avg _ﬁm Age db Ab
1D Designation n | Hook

in. | in. psi | Days | in. | in.2
, A 27.3

H14-1 2@10.6)14-15-i-3.5-2-26.6 2 B 6.8 27.0 | 12,980 | 77 | 1.693 | 2.25
. A 24.5

H14-2 | 2@10.6)14-15-5#4-i-3.5-2-26.6 | 2 B 5.0 24.8 | 13,010 | 88 | 1.693 | 2.25
. A 36.8

H14-3 2@10.6)14-15-1-3.5-2-35.8 2 B 36.6 36.7 | 8,100 | 49 | 1.693 | 2.25
, A 34.9

H14-4 | 2@10.6)14-15-5#4-i-3.5-2-35.8 | 2 B 35.0 349 | 7,570 53 | 1.693 | 2.25
. A 26.5

H14-15 (2@10.6)14-7-1-3.5-2-26.6 2 B 6.3 26.5 | 6,980 38 | 1.693 | 2.25
. A 26.0

H14-16 | 2@10.6)14-7-3#4-1-3.5-2-26.6 | 2 B 758 259 | 6,810 | 44 | 1.693 | 2.25
A 36.5

H14-7 (3@3.5)14-6-1-3.5-2-35.8 3 B 36.5 | 36.4 | 6,390 27 |1.693 | 2.25
C 36.3
A 36.3

H14-8 (B3@3.5)14-6-5#4-1-3.5-2-35.8 | 3 B 37.5 | 36.6 | 6,650 33 | 1.693|2.25
C 36.0
) A 28.5

H18-1 | (2@8.0)18-16-6#5-1-3.5-2-26.6 | 2 B 28,5 28.5 | 15,310 | 41 |2.257 | 4.00
. A 28.5

H18-2 | 2@8.0)18-16-12#5-i-3.5-2-26.6 | 2 B 25 5 27.0 | 15,770 | 46 | 2.257 | 4.00
. A 36.5

H18-3 2@8.0)18-7-6#5-1-3.5-2-35.8 | 2 B 36.5 36.5 | 7,560 85 [2.257 | 4.00
. A 36.4

H18-4 | (2@8.0)18-7-12#5-1-3.5-2-35.8 | 2 B 36.4 36.4 | 7,610 | 113 | 2.257 | 4.00
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Table B.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

b h hcl bBP deff 0 Cso Cbh N

Bar
1D def/feh sldy .
. . . . . ° . . . spacing
m. m. m. m. m. m. | 1. m.

HI14-1 | 26.7 | 28.6|255| 6 |28.05| 1.04 46.6 |35]20]| 18 | 10.6 Wide

H14-2 | 26.7 | 28.6|255| 6 |28.60| 1.15 49.0 {35]20]| 18 | 10.6 Wide

H14-3 | 26.7 | 37.8|255| 6 |30.21| 0.82 379 13512.0| 18 | 10.6 Wide

H14-4 | 26.7 | 378|255 6 |30.19| 0.87 393 3520 18 | 10.6 Wide

H14-15 | 26.7 | 28.6 | 255| 6 |29.08 | 1.10 471 {3520 18 | 10.6 Wide

H14-16 | 26.7 | 28.6 | 255| 6 |29.83 | 1.15 478 |35]20]| 18 | 10.6 Wide

H14-7 | 20.7 | 378|240 9 |33.20| 091 38.1 | 35(2.0]| 6 3.5 Close

H14-8 | 20.7 [ 378240 9 |34.70| 0.95 379 135]2.0]| 6 3.5 Close

HI8-1 | 2725|286 |352| 6 |38.26| 134 532 |35]2.0] 18 8.0 Wide

HI18-2 | 2725|286 |352| 6 |3890| 1.44 547 135]2.0]| 18 8.0 Wide

HI18-3 | 2725378 |33.7| 9 |39.96| 1.09 463 |35]|2.0| 18 8.0 Wide

H18-4 | 2725378 |33.7| 9 |4090| 1.12 463 |35]2.0| 18 8.0 Wide
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Table B.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

dto dtr Atr Ath Ahs
1D Ntr Ny Ry An/Ahs L. C.
in. in. | in2 | in? | in?
H14-1 051 0 010 0.5 0.2 0 |4.50 0 A

H14-2 055 |3 16]| 05 |02]|12]450 | 0.267 A

H14-3 0510|010 0 0 0 |4.50 0 A

H14-4 05(5 |3 16]| 05 |02/ 12450 0.267 A

H14-15 |05 0 | 0 | O 0 0 0 |4.50 0 A

H14-16 |05 3 [ 2 |4 | 05 | 02| 0.8 [450]| 0.178 A

H14-7 0510|010 0 0 0 |6.75 0 A

H14-8 05 5 | 3| 6 |0625]031|186]|6.75| 0.276 A

H18-1 05 6 | 3 | 6 |0.625]|0.31|1.86|8.00| 0.233 A

H18-2 0512 | 6 |12]0.625|0.31 |3.72 | 8.00 | 0.465 A

H18-3 05 6 | 3 |6 |0625|031|1.86]|8.00| 0.233 A

H18-4 0512 ] 6 |12]0.625|0.31 |3.72 | 8.00 | 0.465 A
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Table B.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

Dmax | Ding Tmax ﬁ,max Tina Toou T _f;u Failure

ID T
in. | in. | Kips ksi | kips | kips | Kips ksi ype

0.5210.27 | 250.1 | 111.2 | 244.2
H14-1 480.0 | 240.0 | 106.7 CB
1.5310.02 | 236.3 | 105.0 | 235.8

0.41 ] 041 ] 296.4 | 131.8 | 296.1
H14-2 8(293.9 | 130.6 | CB
0.02 | 0.02| 2922 | 129.9 | 201.8 | 08| 2939 | 130:6 | CBISS

0.11 ] 0.02 | 289.1 | 128.5 | 280
H14-3 1391026 1 278.8 | 123.9 | 2783 558.2 | 279.1 | 124.0 | CB/SS

. | 0721013 ] 259.7 | 1154 | 259.3
Hi4-4 0.9510.02 | 277.7 | 123.4 | 246.2 537:011 268.5 | 119.3 58
H14.15" 0.66 | 0.08 | 206.0 | 91.6 | 181.7 3930 | 196.5 | 873 CB
0.15]0.15| 187.1 | 83.1 | 186.8
H14-16" 0.18 | 0.08 | 229.5 | 102.0 | 229.4 4706 | 2353 | 104.6 CB
1.36 | 0.07 | 241.0 | 107.1 | 203
0.97 1 0.07 | 251.7 | 111.9 | 251.7
H14-7 | 0.14 | 0.00 | 250.4 | 111.3 | 250.4 | 752.4 | 250.8 | 111.5 CB
1.17 1 0.28 | 250.3 | 111.2 | 250.3
1.72 1 0.31 | 314.6 | 139.8 | 297.1
H14-8 | 0.48 | 0.28 | 329.5 | 146.4 | 301.1 | 894.6 | 298.2 | 132.5 SS
1.60 | 0.12 | 296.7 | 131.9 | 296.4
0.32]0.11 | 357.6 | 89.4 | 356.8
H18-1 126 024 | 375.9 | 940 | 359 5 716.4 | 358.2 | 89.6 CB
H18.0 1.61 | 0.22 | 4449 | 111.2 | 444.6 2000 | 4450 | 1113 sS
0.67 | 037 | 4453 | 111.3 | 4453
H18.3 0.47 1035|3705 | 92.6 | 370.5 2428 | 3714 | 929 CB
0.80 1036|3724 | 93.1 | 3724
H184" 0.41] 037 | 437.7 | 109.4 | 417.2 8558 | 4279 | 107.0 CB
0.46 | 0.18 | 418.6 | 104.7 | 418.1

* Bars failed independently, so T is the average of the maximum force on individual bar
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B.3 SPECIMENS TESTED AT THE UNIVERSITY OF KANSAS

This section presents the specimens tested at the University of Kansas, including No. 5,
No. 8, and No. 11 bar specimens tested by Searle et al. (2014), Sperry et al. (2015a, 2015b, 2017a,
2017b,2018), Yasso et al. (2017), Ajaam et al. (2017, 2018), and No. 14 and No. 18 bar specimens
tested in this study. Specimens are tabulated in six categories: widely-spaced bars without
confining reinforcement (Table B2), closely-spaced bars without confining reinforcement (Table
B3), widely-spaced bars with confining reinforcement (Table B4), closely-spaced bars with
confining reinforcement (Table B5), specimens with bars outside column core (Table B6), and
specimens with deg/len > 1.5 (Table B7). In each category, specimens not used to develop
descriptive equations, Eq. (4.5) and (4.7), are identified, if any.

Table B.2 Detailed properties and test results for hooked bar specimens having widely-spaced
bars without confining reinforcement tested at the University of Kansas

SN D b | B | e | S | b | A LS L
in. in. in. psi in. | in2 | in.
1 5-5-90-0-1-2.5-2-8 13.0 | 10.1 8.1 4830 | 0.625 | 0.31 7.4 11.8
2 5-5-90-0-1-2.5-2-10 12.7 | 11.4 9.4 5230 | 0.625 | 0.31 7.1 11.4
3 5-5-90-0-1-2.5-2-7 13.0 8.9 6.9 5190 | 0.625 | 0.31 7.4 11.8
4 5-8-90-0-1-2.5-2-6 12.6 8.8 6.8 8450 | 0.625 | 0.31 7.0 11.2
5 5-8-90-0-1-2.5-2-6(1) 13.2 8.3 6.3 9080 | 0.625 | 0.31 7.6 12.2
6 5-8-90-0-1-2.5-2-8 129 | 9.8 7.8 8580 | 0.625 | 0.31 7.3 11.7
7 5-12-90-0-1-2.5-2-10 12.9 | 12.5 10.5 10290 | 0.625 | 0.31 7.3 11.7
8 5-12-90-0-1-2.5-2-5 12.7 6.9 4.9 11600 | 0.625 | 0.31 7.1 11.4
9 5-15-90-0-1-2.5-2-5.5 129 | 79 5.9 15800 | 0.625 | 0.31 7.3 11.7
10 5-15-90-0-1-2.5-2-7.5 129 | 9.3 7.3 15800 | 0.625 | 0.31 7.3 11.7
11 5-5-90-0-i-3.5-2-10 14.7 | 12.4 10.4 5190 | 0.625 | 0.31 7.1 11.4
12 5-5-90-0-1-3.5-2-7 15.2 9.6 7.6 5190 | 0.625 | 0.31 7.6 12.2
13 5-8-90-0-1-3.5-2-6 14.9 8.3 6.3 8580 | 0.625 | 0.31 7.3 11.7
14 5-8-90-0-1-3.5-2-6(1) 15.1 8.6 6.6 9300 | 0.625 | 0.31 7.5 12.0
15 5-8-90-0-1-3.5-2-8 154 | 10.6 8.6 8380 | 0.625 | 0.31 7.8 12.5
16 5-12-90-0-1-3.5-2-5 15.2 7.4 5.4 10410 | 0.625 | 0.31 7.6 12.2
17 5-8-180-0-1-2.5-2-7 12.5 9.3 7.3 9080 | 0.625 | 0.31 6.9 11.0
18 5-8-180-0-i-3.5-2-7 154 | 9.3 7.3 9080 | 0.625 | 0.31 7.8 12.5
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

SN | n Am Aps Ay As, ha | Xmia | dey dflen 0
in? | in.2 in. in. in. °
1 2 0 0.62 0 525 | 944 | 6.75 0.83 49 .4
2 2 0 0.62 0 525 | 944 | 6.76 0.72 45.1
3 2 0 0.62 0 525 | 9.44 | 6.41 0.93 53.8
4 2 0 0.62 0 525 | 944 | 6.25 0.92 54.2
5 2 0 0.62 0 525 | 944 | 593 0.94 56.3
6 2 0 0.62 0 525 | 944 | 6.28 0.81 50.4
7 2 0 0.62 0 525 | 9.44 | 6.38 0.61 41.9
8 2 0 0.62 0 525 | 944 | 572 1.17 62.6
9 2 0 0.62 0 525 | 944 | 5.83 0.99 58.0
10 | 2 0 0.62 0 525 | 9.44 | 6.00 0.82 52.3
11 2 0 0.62 0 525 | 944 | 6.88 0.66 42.2
12 |2 0 0.62 0 5251 944 | 6.25 0.82 51.2
13 2 0 0.62 0 525 | 944 | 597 0.95 56.3
14 |2 0 0.62 0 525 | 9.44 | 5.88 0.89 55.0
15 |2 0 0.62 0 525 | 944 | 6.17 0.72 47.7
16 |2 0 0.62 0 525 | 944 | 5.76 1.07 60.2
17 | 2 0 0.62 0 525 | 944 | 6.11 0.84 52.3
18 2 0 0.62 0 525 | 944 | 6.04 0.83 52.3

279



Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

SN d T T/T, S Soulfscac™ | faulfscatc®!
1b 1b ksi

1 32448 28627 1.13 104.7 1.34 1.34
2 33583 34515 0.97 108.3 1.17 1.17
3 26265 24463 1.07 84.7 1.25 1.25
4 29570 27604 1.07 954 1.27 1.27
5 22425 25885 0.87 72.3 1.02 1.02
6 31673 32267 0.98 102.2 1.18 1.18
7 41657 47180 0.88 134.4 1.10 1.10
8 19220 20998 0.92 62.0 1.06 1.06
9 32511 28126 1.16 104.9 1.37 1.37
10 42221 35598 1.19 136.2 1.44 1.44
11 41927 38517 1.09 135.2 1.33 1.33
12 26516 27223 0.97 85.5 1.15 1.15
13 25475 25476 1.00 82.2 1.17 1.17
14 24541 27436 0.89 79.2 1.06 1.06
15 32745 35710 0.92 105.6 1.11 1.11
16 22121 22680 0.98 71.4 1.13 1.13
17 27108 30467 0.89 87.4 1.06 1.06
18 30754 30467 1.01 99.2 1.21 1.21

(i Based on descriptive equations, Eq. (4.5) and (4.7)

2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for v, Eq. (6.15)
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-

spaced bars without confining reinforcement tested at the University of Kansas

1mn. 1. 1. psi 1. 1mn. 1mn.
19 8-5-90-0-1-2.5-2-16 16.5 | 18.4 16.4 4980 1 0.79 | 10.5 | 10.5
20 8-5-90-0-1-2.5-2-9.5 16.5 | 11.6 9.6 5140 1 0.79 | 10.5 | 10.5
21 8-5-90-0-1-2.5-2-12.5 16.8 | 15.3 13.3 5240 1 0.79 | 10.8 | 10.8
22 8-5-90-0-1-2.5-2-18 17.5 | 20.7 18.7 5380 1 0.79 | 11.5 | 11.5
23 8-5-90-0-1-2.5-2-13 16.8 | 154 13.4 5560 1 0.79 | 10.8 | 10.8
24 8-5-90-0-1-2.5-2-15(1) 16.6 | 16.9 14.9 5910 1 0.79 | 10.6 | 10.6
25 8-5-90-0-1-2.5-2-15 16.5 | 16.8 14.8 6210 1 0.79 | 10.5 | 10.5
26 8-5-90-0-1-2.5-2-10 173 | 12.0 10.0 5920 1 0.79 | 113 | 11.3
27 8-8-90-0-1-2.5-2-8 156 | 104 8.4 7910 1 0.79 | 9.6 9.6
28 8-8-90-0-1-2.5-2-10 16.0 | 11.6 9.6 7700 1 0.79 | 10.0 | 10.0
29 8-8-90-0-i-2.5-2-8(1) 16.5 | 10.0 8.0 8780 1 0.79 | 10.5 | 10.5
30 8-8-90-0-1-2.5-2-9 17.0 | 11.5 9.5 7710 1 0.79 | 11.0 | 11.0
31 8-12-90-0-i-2.5-2-9 16.6 | 11.0 9.0 11160 1 0.79 | 10.6 | 10.6
32 8-12-90-0-1-2.5-2-12.5 17.1 | 14.8 12.8 11850 1 0.79 | 11.1 | 11.1
33 8-12-90-0-1-2.5-2-12 16.8 | 14.1 12.1 11760 1 0.79 | 10.8 | 10.8
34 8-15-90-0-1-2.5-2-8.5 17.0 | 10.8 8.8 15800 1 0.79 | 11.0 | 11.0
35 8-15-90-0-1-2.5-2-13 16.9 | 14.8 12.8 15800 1 0.79 | 109 | 10.9
36 8-5-90-0-1-3.5-2-18 18.4 | 20.5 18.5 5380 1 0.79 | 104 | 104
37 8-5-90-0-1-3.5-2-13 184 | 154 13.4 5560 1 0.79 | 104 | 104
38 8-5-90-0-1-3.5-2-15(2) 18.5 | 17.3 15.3 5180 1 0.79 | 10.5 | 10.5
39 8-5-90-0-1-3.5-2-15(1) 19.1 | 17.3 15.3 6440 1 0.79 | 11.1 | 111
40 8-8-90-0-1-3.5-2-8(1) 18.0 | 9.8 7.8 7910 1 0.79 | 10.0 | 10.0
41 8-8-90-0-1-3.5-2-10 180 | 11.8 9.8 7700 1 0.79 | 10.0 | 10.0
42 8-8-90-0-1-3.5-2-8(2) 19.0 | 10.3 8.3 8780 1 0.79 | 11.0 | 11.0
43 8-12-90-0-i-3.5-2-9 18.8 | 11.0 9.0 11160 1 0.79 | 10.8 | 10.8
44 8-8-90-0-1-4-2-8 19.5 | 9.8 7.8 8740 1 0.79 | 10.5 | 10.5
45 8-5-180-0-1-2.5-2-11 16.8 | 13.0 11.0 4550 1 0.79 | 10.8 | 10.8
46 8-5-180-0-i-2.5-2-14 16.8 | 16.0 14.0 4840 1 0.79 | 10.8 | 10.8
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

SN |n _A"'z f4"; Aul Ans _hc’ i fleff deglen (j
1. 1. . . .
9 [2] 0 | 158 0 |10.00]| 1419|1298 079 | 409
20 |2] 0 | 1.8 0 |10.00| 1419|1156 120 | 559
21 |2] 0 | 1.8 0 |10.00]| 1419|1223 | 092 | 468
2 (2] 0 | 158 0 |10.00]| 1419|1259 067 |372
23 2] 0 | 1.8 0 | 1000|1419 |12.14| 091 | 466
2 |2 0 | 158 0 | 1000|1419 |12.03| 081 |436
25 |2] 0 | 1.8 0 | 1000|1419 |1234| 083 |4338
2 2] 0 | 1.58 0 | 1000|1419 1145 1.15 | 548
27 [2] 0 | 158 0  |10.00] 1419|1132 135 |59.4
28 |2] 0 | 1.8 0 |10.00| 1419|1148 120 | 559
29 [2] 0 | 1.8 0 |10.00] 14191092 137 | 606
30 2] 0 | 1.8 0 |10.00]| 1419|1095 1.15 | 562
31 |2] 0 | 158 0  |10.00]| 1419|1098 | 122 |576
32 (2] 0 | 1.8 0 |10.00]1419| 112 | 087 |47.9
33 [2] 0 | 1.58 0 | 1000|1419 | 1121 093 |495
34 2] 0 | 158 0  |10.00]| 14191059 | 120 | 582
35 |2] 0 | 1.8 0 | 1000|1419 |11.06| 086 |47.9
36 |2] 0 | 1.8 0 |10.00]1419| 129 | 070 |375
37 2] 0 | 1.8 0 | 1000|1419 |12.03| 090 | 466
38 |2] 0 | 158 0  |10.00]| 1419|1272 083 |428
39 (2] 0 | 158 0  |10.00]| 1419|1186 | 077 |428
40 |2] o | 1.58 0 | 1000|1419 |11.11| 142 |612
41 |2 0 | 158 0  |10.00] 1419|1142 117 | 554
2 2] o | 1.8 0 |10.00]| 1419|1091 | 131 |597
43 2] 0 | 158 0  |10.00]| 1419 |11.04| 123 |576
44 2] 0 | 1.8 0 |10.00]|1419| 108 | 138 |612
45 |2] 0 | 1.8 0 |10.00]| 1419 |11.73| 107 | 522
46 2] 0 | 1.58 0 | 10.00| 1419|1176 | 084 | 454
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

T T, Sou 2 3
SN b b T/Th i Seulfs,care ™! Seulfs,care ™!
19 83239 77119 1.08 105.4 1.34 1.34
20 44485 43023 1.03 56.3 1.22 1.22
21 65819 62044 1.06 83.3 1.29 1.29
22 80881 91128 0.89 102.4 1.12 1.12
23 65539 63611 1.03 83.0 1.26 1.26
24 63767 72772 0.88 80.7 1.08 1.08
25 75478 73243 1.03 95.5 1.28 1.28
26 47681 46834 1.02 60.4 1.21 1.21
27 45243 41893 1.08 57.3 1.27 1.27
28 51455 48197 1.07 65.1 1.27 1.27
29 36821 40872 0.90 46.6 1.06 1.06
30 35100 47659 0.74 44 4 0.88 0.88
31 49923 49807 1.00 63.2 1.20 1.20
32 66937 74791 0.89 84.7 1.11 1.11
33 65879 70129 0.94 83.4 1.16 1.16
34 43575 53569 0.81 55.2 0.98 0.98
35 78120 81087 0.96 98.9 1.21 1.21
36 95372 90050 1.06 120.7 1.34 1.34
37 68099 63611 1.07 86.2 1.31 1.31
38 87709 72211 1.21 111.0 1.50 1.50
39 70651 76766 0.92 89.4 1.14 1.14
40 43845 38595 1.14 55.5 1.32 1.32
41 55567 49309 1.13 70.3 1.34 1.34
42 42034 42571 0.99 53.2 1.16 1.16
43 60238 49807 1.21 76.3 1.45 1.45
44 37431 39692 0.94 47.4 1.10 1.10
45 46143 48332 0.95 58.4 1.13 1.13
46 49152 64218 0.77 62.2 0.93 0.93
( Based on descriptive equations, Eq. (4.5) and (4.7)
2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)
B3] Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

1. 1mn. 1mn. ps1 1mn. 1. 1mn.
47 8-8-180-0-i-2.5-2-11.5 16.5| 11.3 9.3 8630 1 0.79 | 10.5 | 10.5
48 8-12-180-0-1-2.5-2-12.5 16.6 | 14.6 12.6 11850 1 0.79 | 10.6 | 10.6
49 8-5-180-0-1-3.5-2-11 19.0 | 13.6 11.6 4550 1 0.79 | 11.0 | 11.0
50 8-5-180-0-i-3.5-2-14 18.8 | 16.1 14.1 4840 1 0.79 | 10.8 | 10.8
51 8-15-180-0-1-2.5-2-13.5 17.0 | 15.6 13.6 16510 1 0.79 | 11.0 | 11.0
52 11-5-90-0-i-2.5-2-14 21.1 | 164 14.4 4910 141 | 1.56 | 14.7 | 10.4
53 11-5-90-0-1-2.5-2-26 21.1| 28.0 26.0 5360 141 | 1.56 | 14.7 | 104
54 11-5-90-0-i-2.5-2-16 21.7 | 18.0 16.0 4890 141 | 1.56 | 15.3 | 10.9
55 | Q@7.5) 11-8-90-0-i-2.5-2-15 | 17.2 | 16.8 14.8 7070 141 | 1.56 | 10.8 | 7.7
56 | 2@7.5) 11-8-90-0-i-2.5-2-18 | 17.2 | 19.1 17.1 7070 141 | 1.56 | 10.8 | 7.7
57 11-8-90-0-i-2.5-2-17 2121 19.6 17.6 9460 141 | 1.56 | 14.8 | 10.5
58 11-8-90-0-1-2.5-2-21 20.8 | 22.6 20.6 7870 141 | 1.56 | 144 | 10.2
59 11-8-90-0-i-2.5-2-17 2131 19.2 17.2 8520 1.41 | 1.56 | 149 | 10.6
60 | 2@w7.5) 11-12-90-0-1-2.5-2-17 | 17.4 | 194 17.4 11476 | 1.41 | 1.56 | 11.0 | 7.8
61 11-12-90-0-1-2.5-2-17 21.1 | 18.5 16.5 11880 | 1.41 | 1.56 | 14.7 | 104
62 11-12-90-0-i-2.5-2-17.5 21.6 | 19.7 17.7 13330 | 1.41 | 1.56 | 152 | 10.8
63 11-12-90-0-1-2.5-2-25 20.9 | 26.6 24.6 13330 | 1.41 | 1.56 | 14.5 | 103
64 11-15-90-0-i-2.5-2-24 213 | 264 244 16180 | 1.41 | 1.56 | 149 | 10.6
65 11-15-90-0-1-2.5-2-15 20.8 | 16.0 14.0 14050 | 1.41 | 1.56 | 144 | 10.2
66 11-5-90-0-i-3.5-2-17 2291 199 17.9 5600 141 | 1.56 | 145 | 10.3
67 11-5-90-0-i-3.5-2-14 23.1 | 17.0 15.0 4910 141 | 1.56 | 14.7 | 10.4
68 11-5-90-0-1-3.5-2-26 23.3 | 28.0 26.0 5960 141 | 1.56 | 149 | 10.6
69 11-8-180-0-i-2.5-2-21 20.8 | 23.1 21.1 7870 141 | 1.56 | 144 | 10.2
70 11-8-180-0-1-2.5-2-17 21.6 | 19.9 17.9 8520 141 | 1.56 | 152 | 10.8
71 11-12-180-0-i-2.5-2-17 21.1 | 18.6 16.6 11880 | 1.41 | 1.56 | 147 | 104
72 H14-1 26.7 | 28.6 27.0 12980 | 1.693 | 2.25 | 18.0 | 10.6
73 H14-3 26.7 | 37.8 36.7 8100 | 1.693 | 2.25 | 18.0 | 10.6
74 H14-15 26.7 | 28.6 26.5 6980 | 1.693 | 2.25 | 18.0 | 10.6
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

SN |n _A"'z f4"; Aul Ans _hc’ i fleff deglen (j
1. 1. . . .
47 [2] 0 | 158 0  |10.00] 1419|1182 127 |568
48 2] 0 | 1.8 0 |10.00| 1419|1138 090 |48.4
49 [2] 0 | 1.8 0 |10.00]| 1419|1196 | 1.03 |50.7
50 2] 0 | 158 0 | 1000|1419 |12.03| 085 |452
51 2] 0 | 1.8 0 |10.00| 1419 |11.16| 082 | 462
52 2] 0 | 3.12 0 |1950|23.69 2138 148 |587
53 2] 0 | 3.12 0 | 1950 |23.69 | 2345 | 090 |423
54 2] 0 | 3.12 0 |1950|23.69 2196 | 137 | 560
55 2] 0 | 3.12 0 |1950]23.69|2159| 146 | 580
56 2] 0 | 3.12 0 |1950|23.69| 222 | 130 | 542
57 2] 0 | 3.12 0 | 1950|23.69 | 2188 | 124 |53.4
58 2] 0 | 3.12 0 | 1950 |23.69 | 2224 | 1.08 |49.0
59 2] 0 | 3.12 0 |1950]23.69 2159 126 | 540
60 |2] 0 | 3.12 0 |1950|23.69|2143| 123 | 537
61 |2] 0 | 3.12 0 | 1950 |23.69 | 21.44| 130 |55.1
62 |2] 0 | 3.12 0 |1950]23.69|21.07| 1.19 |532
63 |2] 0 | 3.12 0 |19.50|23.69|22.09| 090 |43.9
64 |2] 0 | 3.12 0 |1950|23.69|21.74| 089 | 442
65 |2] 0 | 3.12 0 | 1950 |23.69 | 2064 | 147 |59.4
6 |2] 0 | 3.12 0 |1950]23.69 2208 123 |529
67 |2] 0 | 3.12 0  |1950]23.69 2129 142 |577
68 |2| 0 | 3.12 0 |1950|23.69| 236 | 091 |423
69 |2] 0 | 3.12 0  |1950]23.69| 223 | 106 |483
70 |2] 0 | 3.12 0 |1950|23.69|2147| 120 |529
71 [2] 0 | 3.12 0 |1950]23.69|21.05| 127 |550
72 [2] 0 | 45 0 | 255 | 2854 | 28.05| 1.04 | 466
73 2] 0 | 45 0 | 255 | 2854|3021 | 082 |37.9
74 2] 0 | 45 0 | 255 | 2854|2908 | 1.10 |47.1
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Table B.2 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars without confining reinforcement tested at the University of Kansas

T 7,0 for 2 3
SN b b T/T, i Seulfs,care ™! Seulfs,care ™!
47 71484 48048 1.49 90.5 1.77 1.77
48 75208 73500 1.02 95.2 1.27 1.27
49 59292 51257 1.16 75.1 1.38 1.38
50 63504 64725 0.98 80.4 1.20 1.20
51 89916 87790 1.02 113.8 1.30 1.30
52 66590 77100 0.86 42.7 1.04 1.04
53 148727 151937 0.98 95.3 1.26 1.26
54 89396 86533 1.03 57.3 1.26 1.26
55 75313 88045 0.86 48.3 1.04 1.04
56 97379 103303 0.94 62.4 1.17 1.17
57 132055 115743 1.14 84.7 1.43 1.43
58 125126 130818 0.96 80.2 1.21 1.21
59 104779 109566 0.96 67.2 1.19 1.19
60 106718 120663 0.88 68.4 1.12 1.12
61 134371 114888 1.17 86.1 1.47 1.47
62 124622 128251 0.97 79.9 1.23 1.23
63 199743 184601 1.08 128.0 1.42 1.42
64 213265 193176 1.10 136.7 1.46 1.46
65 92168 100415 0.92 59.1 1.14 1.14
66 108122 101775 1.06 69.3 1.31 1.31
67 69514 80662 0.86 44.6 1.04 1.04
68 182254 156535 1.16 116.8 1.50 1.50
69 128123 134336 0.95 82.1 1.21 1.21
70 100453 114510 0.88 64.4 1.10 1.10
71 107461 115659 0.93 68.9 1.17 1.17
72 240000 219708 1.09 106.7 1.43 1.43
73 279100 270268 1.03 124.0 1.38 1.38
74 196500 180788 1.09 87.3 1.39 1.39

( Based on descriptive equations, Eq. (4.5) and (4.7)

2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.3 Detailed properties and test results for hooked bar specimens having closely-spaced
bars without confining reinforcement tested at the University of Kansas

b h ﬂe , AV cm d A N
SN D _ , g / e e e e I
n. . . ps1 n. n. n.

75 (3) 5-5-90-0-1-2.5-2-8 12.8 | 9.9 7.9 4830 | 0.625 | 031 | 3.6 | 5.8

76 (4@4) 5-5-90-0-1-2.5-2-6 134 | 7.2 5.2 6430 | 0.625 | 031 | 2.6 | 4.2

77 (4@4) 5-5-90-0-1-2.5-2-10 134 | 11.0 | 9.0 6470 | 0.625 | 031 | 2.6 | 4.2

78 (4@4) 5-8-90-0-1-2.5-2-6 125 | 79 59 6950 | 0.625| 031 | 23 | 3.7

79 (B@4) 5-8-90-0-1-2.5-2-6 10.6 | 7.9 59 6950 | 0.625 | 031 | 2.5 | 4.0

80 (4@6) 5-8-90-0-1-2.5-2-6 17.0 | 7.9 59 6693 | 0.625 | 031 | 3.8 | 6.1

81 (B@6) 5-8-90-0-1-2.5-2-6 13.2 | 8.0 6.0 6950 | 0.625| 031 | 3.8 | 6.1

82 B@5.5) 8-5-90-0-1-2.5-2-16 17.0 | 18.1 | 16.1 | 6255 079 | 55 | 55

—

&3 B@5.5) 8-5-90-0-1-2.5-2-10 168 | 114 | 94 6461 079 | 54 | 54

84 B@5.5) 8-5-90-0-1-2.5-2-8 17.0 | 9.8 7.8 5730 079 | 55| 55

&5 B@3) 8-5-90-0-1-2.5-2-10 12.6 | 12.1 | 10.1 | 4490 079 | 33 | 33

86 (B@5) 8-5-90-0-1-2.5-2-10 16.6 | 12.1 | 10.1 | 4490 079 | 53 | 53

87 (B@5.5) 8-8-90-0-1-2.5-2-8 148 | 9.9 7.9 8700 079 | 44 | 44

88 B@3) 8-12-90-0-1-2.5-2-12 12.0 | 14.1 | 12.1 | 11040 0.79 | 3.0 | 3.0

89 (B@4) 8-12-90-0-1-2.5-2-12 14.0 | 14.6 | 12.6 | 11440 0.79 | 4.0 | 4.0

[SN VNI NI [V RN U U, U

90 (B@5) 8-12-90-0-1-2.5-2-12 16.0 | 142 | 12.2 | 11460 079 | 50 | 5.0

91 B@>5) 8-5-180-0-i-2.5-2-10 16.6 | 12.0 | 10.0 | 5260 079 | 53 | 53

[a—

92 | B@3.75) 11-8-90-0-i-2.5-2-20 | 17.4 | 21.9 | 199 | 7070 | 1.41 1.56 | 55 | 3.9

93 | 3@3.75) 11-8-90-0-1-2.5-2-24 | 17.4 | 25.5 | 23.5 | 7070 | 1.41 1.56 | 55 | 3.9

94 | B@3.75) 11-12-90-0-1-2.5-2-22 | 17.4 | 23.7 | 21.7 | 11460 | 1.41 1.56 | 55 | 3.9

95 H14-7 20.7 | 37.8 | 364 | 6390 | 1.693 | 2.25 | 6.0 | 3.5
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Table B.3 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars without confining reinforcement tested at the University of Kansas

SN | n f4"’2 f4"; Aul Ans ,h”’ i fl”’f doglen (j
1. 1. 1. 1. 1.

75 3] 0 | 093 0 525 | 944 | 721 | 091 | 50.1
76 | 4| 0 | 124 0 525 | 944 | 634 | 122 | 611
77 [ 4| 0 | 124 0 525 | 944 | 737 | 082 | 464
78 | 4| 0 | 124 0 525 | 944 | 644 | 1.09 | 580
79 3] 0 | 093 0 525 | 944 | 639 | 1.08 | 580
80 | 4| 0 | 124 0 525 | 944 | 636 | 1.08 | 580
81 | 3| 0 | 093 0 525 | 944 | 661 | 1.10 | 576
8 | 3| 0 | 237 0 10.00 | 1419 | 1283 | 080 | 414
8 | 3| 0 | 237 0 10.00 | 1419 | 1161 | 124 | 565
8 | 3| 0 | 237 0 10.00 | 14.19 | 11.16 | 143 | 612
85 | 3| 0 | 237 0 10.00 | 1419 | 12.15 | 120 | 546
86 | 3 | 0 | 237 0 10.00 | 14.19 | 1185 | 1.17 | 546
87 | 3| 0 | 237 0 10.00 | 1419 | 1159 | 147 | 609
88 | 3 | 0 | 237 0 10.00 | 14.19 | 1197 | 099 | 495
89 | 3| 0 | 237 0 10.00 | 14.19 | 11.89 | 094 | 484
9 | 3| 0 | 237 0 10.00 | 1419 | 1155 | 095 | 493
oL | 3| 0 | 237 0 10.00 | 14.19 | 1236 | 124 | 548
2 3] 0 | 468 0 1950 | 23.69 | 23.55 | 1.18 | 500
B 3| 0 | 468 0 1950 | 23.69 | 2473 | 1.05 | 452
94 | 3| 0 | 468 0 1950 | 23.69 | 2285 | 1.05 | 475
95 3| 0 | 675 0 | 2400 | 2854 | 3320 | 091 | 381
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Table B.3 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars without confining reinforcement tested at the University of Kansas

T T, .ﬁu 2 3

SN b b T/Th i Seulfs,care ™! Sulfs,care ™!
75 27869 25789 1.08 89.9 1.23 1.23
76 14542 15243 0.95 46.9 1.14 1.14
77 28402 28016 1.01 91.6 1.29 1.29
78 15479 17086 0.91 49.9 1.11 1.11
79 16805 17639 0.95 54.2 1.16 1.16
80 19303 21008 0.92 62.3 1.01 1.01
81 24886 21633 1.15 80.3 1.27 1.27
82 62798 72985 0.86 79.5 1.06 1.06
83 36054 40262 0.90 45.6 1.05 1.05
84 24411 31939 0.76 30.9 0.87 0.87
85 28480 32234 0.88 36.1 1.11 1.11
86 32300 39016 0.83 40.9 0.97 0.97
87 37670 33002 1.14 47.7 1.39 1.39
88 48039 49088 0.98 60.8 1.29 1.29
89 55822 57486 0.97 70.7 1.27 1.27
90 52352 60935 0.86 66.3 1.07 1.07
91 45930 40344 1.14 58.1 1.34 1.34
92 98488 95566 1.03 63.1 1.37 1.37
93 126976 114868 1.11 81.4 1.50 1.50
94 123180 120461 1.02 79.0 1.39 1.39
95 250800 189076 1.33 111.5 1.87 1.87

(1] Based on descriptive equations, Eq. (4.5) and (4.7)

(2] Based on design equation, Eq. (6.18), using full expression for v, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for v, Eq. (6.15)
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Table B.4 Detailed properties and test results for hooked bar specimens having widely-spaced
bars with confining reinforcement tested at the University of Kansas

b

h

'e eh,avg

Sem

dy

Ap

SN ID - - - - - 5 1 s/dp
1. 1mn. 1mn. ps1 1mn. 1. 1mn.
96 5-5-90-5#3-i-2.5-2-8 127 | 9.8 | 7.8 | 4660 | 0.625 | 031 | 7.1 | 11.4
97 5-5-90-5#3-i-2.5-2-7 12.7 | 83 | 63 | 5230 | 0.625|031| 7.1 |11.4
98 5-12-90-5#3-i-2.5-2-5 127 | 74 | 54 |10410]0.625|031| 7.1 |11.4
99 5-15-90-5#3-1-2.5-2-4 129 | 6.0 | 4.0 | 15800 | 0.625|0.31| 7.3 | 11.7
100 5-15-90-5#3-i-2.5-2-5 130 | 7.1 | 5.1 | 15800 | 0.625 031 | 7.4 |11.8
101 5-5-90-5#3-1-3.5-2-7 132 | 9.1 | 7.1 | 5190 | 0.625 | 031 | 7.6 | 12.2
102 5-12-90-5#3-i-3.5-2-5 129 | 7.0 | 5.0 | 11090 | 0.625|0.31| 7.3 | 11.7
103" 5-5-90-2#3-i-2.5-2-8 129 | 9.8 | 7.8 | 5860 | 0.625|0.31| 7.3 | 11.7
104" 5-5-90-2#3-i-2.5-2-6 129 | 79 | 59 | 5800 | 0.625|031| 7.3 |11.7
105 5-8-90-2#3-i-2.5-2-6 124 | 8.0 | 6.0 | 8580 | 0.625|0.31| 6.8 | 10.9
106° 5-8-90-2#3-i-2.5-2-8 12.7 | 104 | 84 | 8380 | 0.625|031| 7.1 |11.4
107 5-12-90-2#3-1-2.5-2-5 127 | 7.8 | 5.8 | 11090 | 0.625 | 031 | 7.1 | 11.4
108" 5-15-90-2#3-i-2.5-2-6 129 | 84 | 64 | 15800 0.625|031| 7.3 |11.7
109° 5-15-90-2#3-1-2.5-2-4 130 | 5.8 | 3.8 | 15800 0.625|031| 7.4 |11.8
110° 5-5-90-2#3-1-3.5-2-6 147 | 79 | 59 | 5230 | 0.625|031| 7.1 |11.4
1117 5-5-90-2#3-i-3.5-2-8 150 | 9.7 | 7.7 | 5190 | 0.625 | 031 | 7.4 | 11.8
112 5-8-90-2#3-i-3.5-2-6 146 | 83 | 63 | 8580 | 0.625 (031 | 7.0 | 11.2
1137 5-8-90-2#3-i-3.5-2-8 149 | 9.1 | 7.1 | 8710 | 0.625 | 031 | 7.3 | 11.7
114° 5-12-90-2#3-i-3.5-2-5 149 | 74 | 54 | 10410 0.625 | 031 | 7.3 | 11.7
1157 5-5-180-2#3-i-2.5-2-8 13.1 | 10.0| 8.0 | 5670 | 0.625|0.31| 7.5 | 12.0
1167 5-5-180-2#3-i-2.5-2-6 129 | 7.6 | 5.6 | 5860 | 0.625|031| 7.3 |11.7
117° 5-8-180-2#3-1-2.5-2-7 126 | 9.1 | 7.1 | 9080 | 0.625 | 0.31| 7.0 | 11.2
118" 5-8-180-2#3-i-3.5-2-7 152 | 8.8 | 6.8 | 9080 | 0.625|0.31| 7.6 | 12.2
119° B@10) 5-5-90-2#3-1-2.5-2-7 184 | 9.0 | 7.0 | 5950 | 0.625 | 0.31| 6.4 | 10.2
120 8-5-90-5#3-1-2.5-2-10b 169 | 124 | 104 | 5440 1 0.79 | 10.9 | 10.9
121 8-5-90-5#3-1-2.5-2-10c 17.0 | 12.5| 10.5 | 5650 1 0.79 | 11 |11.0
122 8-5-90-5#3-i-2.5-2-15 169 | 17.5| 15.5 | 4850 1 0.79 | 10.9 | 10.9
123 8-5-90-5#3-i-2.5-2-13 17.3 | 15.6 | 13.6 | 5560 1 079 | 11.3 | 11.3
124 8-5-90-5#3-1-2.5-2-12(1) 16.8 | 133 | 11.3 | 5090 1 0.79 | 10.8 | 10.8
125 8-5-90-5#3-i-2.5-2-12 16.8 | 13.8 | 11.8 | 5960 1 0.79 | 10.8 | 10.8
126 8-5-90-5#3-1-2.5-2-12(2) 16.0 | 142 | 12.2 | 5240 1 0.79 | 10 | 10.0
127 8-5-90-5#3-i-2.5-2-10a 16.8 | 12.5| 10.5 | 5270 1 0.79 | 10.8 | 10.8
128 8-5-90-5#3-i-2.5-2-10 173 [ 11.6 | 9.6 | 5920 1 079 | 11.3 | 11.3
129 8-8-90-5#3-1-2.5-2-9 16.8 [ 10.8 | 8.8 | 7710 1 0.79 | 10.8 | 10.8

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | ot LAl iy | Apscildyy [ L | g, O
1mn. 1mn. m. m. .
96 | 2 066|062 1065 | 1.774 | 525 | 944 | 734 | 094 | 504
97 | 2 066|062 1065 | 1.774 | 525 | 944 | 667 | 1.06 | 563
98 | 2 | 066|062 1065 | 1774 | 525 | 944 | 619 | 115 | 602
99 |2 066|062 1065 | 1.774 | 525 | 944 | 581 | 145 | 670
100 | 2 [ 066|062 | 1.065 | 1774 | 525 | 944 | 594 | 1.16 | 61.6
101 | 2 [066|062] 1.065 | 1774 | 525 | 944 | 681 | 096 | 53.0
102 | 2 [066|062| 1.065 | 1774 | 525 | 944 | 602 | 120 | 62.1
103" | 2 [022]062| 0355 | 0710 | 525|944 | 677 | 087 | 504
104" | 2 [022]062] 0355 | 0710 | 525 | 944 | 647 | 1.10 | 58.0
105" [ 2 [022]062] 0355 | 0710 | 525 | 944 | 629 | 1.05 | 57.6
106° | 2 [ 022|062 0355 | 0710 | 525 | 944 | 661 | 079 | 48.3
107 [ 2 [022]062] 0355 | 0710 | 525 | 944 | 587 | 1.01 | 584
108" | 2 [022]062] 0355 | 0710 | 525 | 944 | 601 | 094 | 559
109° | 2 [022]062] 0355 | 0710 | 525 | 944 | 558 | 147 | 68.1
110" [ 2 [022]062] 0355 | 0710 | 525 | 944 | 607 | 1.03 | 58.0
11" | 2 [022]062]| 0355 | 0710 | 525 | 944 | 695 | 090 | 508
112 [ 2 [022]062] 0355 | 0710 | 525 | 944 | 612 | 097 | 56.3
113" | 2 [022]062] 0355 | 0710 | 525 | 944 | 605 | 0.85 | 53.0
114" [ 2 [022 062 0355 | 0710 | 525 | 944 | 591 | 1.09 | 60.2
115" | 2 [022]062| 0355 | 0710 | 525 | 944 | 666 | 0.83 | 49.7
116° | 2 [022]062] 0355 | 0710 | 525 | 944 | 635 | 1.13 | 593
117 [ 2 [022]062] 0355 | 0710 | 525 | 944 | 617 | 0.87 | 53.0
118" | 2 [022]062]| 0355 | 0710 | 525 | 944 | 606 | 0.89 | 54.2
119° [ 3 [022]093] 0237 | 0473 | 525 | 944 | 659 | 094 | 534
120 | 2 | 066 | 1.58| 0418 | 0696 |10.00 | 14.19 | 1229 | 1.18 | 538
121 | 2 [066|1.58| 0418 | 0696 |10.00|14.19|1220| 1.16 | 53.5
122 |2 [066]1.58| 0418 | 0696 | 1000|1419 | 12.61 | 0.81 | 42.5
123 | 2 | 066|1.58| 0418 | 0696 |10.00 | 14.19 | 12.61 | 0.93 | 46.2
124 |2 [066]1.58| 0418 | 0696 | 100014191230 1.09 | 515
125 | 2 | 066 | 1.58| 0418 | 0696 |10.00 | 14.19 | 1225 | 1.04 | 50.2
126 | 2 [066]1.58| 0418 | 0696 | 1000 | 14.19 | 12,55 | 1.03 | 49.3
127 | 2 [066|1.58| 0418 | 0696 | 1000 |14.19|12.80 | 122 | 53.5
128 | 2 [066|1.58| 0418 | 0696 | 1000 | 14.19 | 12.14| 1.26 | 55.9
129 | 2 [066]1.58] 0418 | 0696 | 100014191176 | 1.34 | 5822

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN I Tl"bm UL L fulfieac® | folfocue™
9% | 43030 20185 107 | 1388 1,68 1,68
97 | 3169 35172 090 | 1022 1.49 1.49
08 | 34420 35684 096 | 111.0 1.59 1.59
99 | 31318 31300 100 | 1010 176 176
100 | 39156 36942 106 | 1263 72 72
101 | 36025 38252 004 | 1162 1.50 1.50
102 | 30441 34207 089 | 982 1.49 1.49
103 | 37154 33323 11| 1199 137 137
104" 29444 25559 1.15 95.0 1.44 1.44
105 | 30638 28472 108 | 988 134 134
1060 | 40168 39127 103 | 1296 126 126
107 | 24348 29321 083 | 785 1.03 1.03
108 | 42638 35110 21 | 1375 1.50 1.50
109 | 18667 21621 086 | 602 110 110
10" | 21093 24951 085 | 680 1.06 1.06
I | 44665 31954 140 | 1441 72 72
12 | 30035 29811 10l | 969 1.25 1.25
13 | 28656 33536 085 | 924 1.05 1.05
114" | 28364 27015 105 | 915 131 131
15 | 34078 33872 Lol | 1099 124 124
16 | 26728 24426 109 | 862 137 137
17 | 29230 33880 086 | 943 1.06 1.06
1§ | 30931 32502 095 | 998 17 17
19 | 3129 28718 109 | 1010 128 128
120 | 69715 65770 106 | 882 1.56 1.56
121 | 68837 66795 103 | 871 151 151
122 | 73377 39921 082 | 929 RE RE
123 | 82376 82669 100 | 1043 1.40 1.40
124 | 66363 69394 096 | 840 139 139
125 | 72000 74359 097 | oL 139 139
126 | 71470 74399 096 | 905 138 138
127 | 82800 65849 126 | 1048 .85 .85
128 | 70356 62773 112 | 891 167 167
129 | 64397 61797 104 | 815 156 156

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
( Based on descriptive equations, Eq. (4.5) and (4.7)
2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for \y,, Eq. (6.15)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN D R S N L B R
1mn. 1mn. . psi . . .
130 8-12-90-5#3-i-2.5-2-9 16.5 | 11.0 9 11160 1 0.79 | 10.5 | 10.5
131 8-12-90-5#3-1-3.5-2-9 185 | 11.0 9 11160 1 0.79 | 10.5 | 10.5
132 8-12-90-5#3-1-2.5-2-10 169 | 11.4 | 9.4 | 11800 1 0.79 1 10.9 | 10.9
133 8-12-90-5#3-i-2.5-2-12 17.0 | 142 | 12.2 | 11760 1 0.79 | 11 | 11.0
134 8-15-90-5#3-1-2.5-2-10 169 | 12.1 | 10.1 | 15800 1 0.79 1 10.9 | 10.9
135 8-5-90-5#3-i-3.5-2-15 193 | 17.8 | 15.8 | 4850 1 0.79 | 11.3 | 11.3
136 8-5-90-5#3-1-3.5-2-13 194 | 15.1 | 13.1 | 5570 1 0.79 1 114 | 11.4
137 8-5-90-5#3-1-3.5-2-12(1) 18.8 | 14.5 | 12.5 | 5090 1 0.79 | 10.8 | 10.8
138 8-5-90-5#3-1-3.5-2-12 18.8 | 14.1 | 12.1 | 6440 1 0.79 | 10.8 | 10.8
139 8-12-180-5#3-1-2.5-2-10 169 | 11.8 | 9.8 | 11800 1 0.79 1 10.9 | 10.9
140 8-15-180-5#3-1-2.5-2-9.5 17.0 | 11.7 | 9.7 | 15550 1 0.79 | 11 | 11.0
141 8-8-90-5#3-1-3.5-2-8 17.9 | 10.0 8 7910 1 0.79 1 9.88 | 9.9
142" 8-5-90-2#3-1-2.5-2-16 16.5 | 17.4 | 154 | 4810 1 0.79 | 10.5 | 10.5
143" 8-5-90-2#3-1-2.5-2-9.5 170 | 11.1 | 9.1 5140 1 0.79 | 11 | 11.0
144" 8-5-90-2#3-1-2.5-2-12.5 16.5 | 14.0 12 5240 1 0.79 | 10.5 | 10.5
145" 8-5-90-2#3-i-2.5-2-8.5 16.1 | 11.3 | 9.3 5240 1 0.79 | 10.1 | 10.1
146" 8-5-90-2#3-1-2.5-2-14 16.3 | 15.8 | 13.8 | 5450 1 0.79 |1 10.3 | 10.3
147" 8-5-90-2#3-1-2.5-2-10 17.3 | 12.1 | 10.1 | 5920 1 0.79 | 11.3 | 11.3
148" 8-8-90-2#3-1-2.5-2-8 16.0 | 103 | 8.3 7700 1 0.79 | 10 | 10.0
149" 8-8-90-2#3-1-2.5-2-10 155 | 11.7] 9.7 8990 1 0.79 1 95 | 9.5
150" 8-12-90-2#3-i-2.5-2-9 16.5 | 11.0 9 11160 1 0.79 | 10.5 | 10.5
1517 8-12-90-2#3-1-2.5-2-11 16.5 1129 | 10.9 | 12010 1 0.79 | 10.5 | 10.5
152" 8-15-90-2#3-i-2.5-2-11 17.0 | 13.0 11 15800 1 0.79 | 11 | 11.0
153" 8-5-90-2#3-1-3.5-2-17 17.1 | 193 | 17.3 | 5570 1 0.79 | 11.1 | 11.1
154" 8-5-90-2#3-1-3.5-2-13 193 | 15.6 | 13.6 | 5560 1 0.79 | 11.3 | 11.3
155 8-8-90-2#3-1-3.5-2-8 17.5 | 10.1 | 8.1 8290 1 0.79 1 95 | 9.5
156" 8-8-90-2#3-1-3.5-2-10 17.5 | 10.8 | 8.8 8990 1 0.79 1 95 | 9.5
157" 8-12-90-2#3-i-3.5-2-9 18.6 | 11.0 9 11160 1 0.79 | 10.6 | 10.6
158" 8-5-180-2#3-1-2.5-2-11 16.5 | 12.6 | 10.6 | 4550 1 0.79 | 10.5 | 10.5
159" 8-5-180-2#3-i-2.5-2-14 16.8 | 15.8 | 13.8 | 4870 1 0.79 | 10.8 | 10.8
160" 8-8-180-2#3-1-2.5-2-11.5 17.0 | 12.4 | 10.4 | 8810 1 0.79 | 11 | 11.0
161" 8-12-180-2#3-1-2.5-2-11 16.6 | 12.8 | 10.8 | 12010 1 0.79 | 10.6 | 10.6
162" 8-5-180-2#3-i-3.5-2-11 18.8 | 12.4 | 10.4 | 4300 1 0.79 | 10.8 | 10.8
163" 8-5-180-2#3-1-3.5-2-14 18.8 | 15.6 | 13.6 | 4870 1 0.79 | 10.8 | 10.8

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | [ LAl iy | Anscrl i [ it LA Y
in. in. in. in. in.
130 [2]0.66|1.58| 0418 0.696 10 | 14.19 | 11.27 | 1.25 57.6
131 [2]0.66|1.58| 0418 0.696 10 | 14.19 | 11.19 | 1.24 57.6
132 (21066 |1.58| 0418 0.696 10 | 14.19 | 11.17 | 1.19 56.5
133 [ 21066 |1.58| 0418 0.696 10 | 14.19 | 11.59 | 0.95 49.3
134 [ 21066 |1.58| 0418 0.696 10 | 14.19 | 11.22 | 1.11 54.6
135 |2 1066|158 | 0418 0.696 10 | 14.19 | 12.50 | 0.79 41.9
136 |2 ]0.66|1.58| 0418 0.696 10 | 14.19 | 12.18 | 0.93 47.3
137 |2 1066|158 | 0418 0.696 10 | 14.19 | 1236 | 0.99 48.6
138 [2]0.66|1.58| 0418 0.696 10 | 14.19 | 12.11 1.00 49.5
139 [2]0.66|1.58| 0418 0.696 10 | 14.19 | 11.16 | 1.14 55.4
140 (2 ]0.66 | 1.58 | 0.418 0.696 10 | 14.19 | 11.18 | 1.15 55.6
141 [2]0.66 | 1.58| 0418 0.696 10 | 14.19 | 1142 | 143 60.6
142" |2 10.66 | 1.58 | 0.418 0.278 10 | 14.19 | 1292 | 0.84 42.7
143" [ 210.66 | 1.58 | 0.418 0.278 10 | 14.19 | 11.82 | 1.30 57.3
144" [ 21022158 | 0.139 0.278 10 | 14.19 | 1249 | 1.04 49.8
145 | 21022 ]1.58| 0.139 0.278 10 | 14.19 | 11.79 | 1.27 56.8
146" [2]022]1.58| 0.139 0.278 10 | 14.19 | 12.62 | 0.91 45.8
147" | 21022 ]1.58| 0.139 0.278 10 | 14.19 | 11.71 1.16 54.6
148" [2]0.22]1.58| 0.139 0.278 10 | 14.19 | 11.37 | 1.37 59.7
149" | 210.22]1.58| 0.139 0.278 10 | 14.19 | 11.59 | 1.19 55.6
150" | 2]0.22]1.58| 0.139 0.278 10 | 14.19 | 11.20 | 1.24 57.6
151" [2]022]1.58]| 0.139 0.278 10 | 14.19 | 11.25 | 1.03 52.5
152" | 210.22]1.58| 0.139 0.278 10 | 14.19 | 11.12 | 1.01 52.2
153" [2]022]1.58| 0.139 0.278 10 | 14.19 | 12.88 | 0.74 394
154" | 21022]1.58| 0.139 0.278 10 | 14.19 | 12.28 | 0.90 46.2
155" [2]1022]1.58]| 0.139 0.278 10 | 14.19 | 11.22 | 1.38 60.3
156" [2]022]1.58| 0.139 0.278 10 | 14.19 | 11.24 | 1.28 58.2
157" | 21022]1.58| 0.139 0.278 10 | 14.19 | 10.87 | 1.21 57.6
158" [2]022]1.58]| 0.139 0.278 10 | 14.19 | 1230 | 1.16 53.2
159" | 21022158 | 0.139 0.278 10 | 14.19 | 12.72 | 0.92 45.8
160" [2]0.22]1.58| 0.139 0.278 10 | 14.19 | 11.41 1.10 53.8
161" | 210.22]1.58| 0.139 0.278 10 | 14.19 | 11.17 | 1.03 52.7
162" | 210.22]1.58| 0.139 0.278 10 | 14.19 | 11.95| 1.15 53.8
163" [2]022]1.58]| 0.139 0.278 10 | 14.19 | 12.02 | 0.88 46.2
* Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN L Tl"bm ULy L fulfeac® | folfocue™
130 | 64753 67814 | 095 | 820 1.40 1.40
31 | 67830 67814 100 | 859 147 147
132 | 64530 71004 | 091 | 817 132 132
33 | 87711 88778 099 | 1110 138 138
134 | 90003 80398 112 | 1139 1.59 1.59
135 | 80341 91463 088 | 1017 122 122
136 | 77069 80076 | 096 | 976 136 136
137 | 76431 75465 101 | 967 1.45 1.45
138 | 79150 77221 102 | 1002 1.46 146
139 | 64107 73599 | 087 | 8L 125 125
140 | 85951 77403 111 | 1088 1.59 1.59
141 | 355810 57699 | 097 | 706 1.48 1.48
142 | 79629 89242 089 | 1008 124 138
43 | 53621 58558 092 | 679 1.39 1.55
44 | 72067 61372 117 | 912 141 1.57
145 | 50561 47766 106 | 640 1.28 14
146 | 76964 71349 108 | 974 1.30 144
147 | 56203 53354 105 | 711 127 141
a8 | 47876 47032 102 | 606 1.23 137
149 | o6l024 56923 107 | 772 1.29 1.43
150° | 61013 55809 109 | 772 132 146
151" | 63683 68849 100 | 869 1.20 134
152 | 83320 74572 112 | 1055 135 1.50
153 | 89914 90432 099 | 1138 1.20 134
154 | 80360 70664 114 | 1017 137 152
155 | 48773 26777 104 | 617 1.26 1.40
156° | 53885 51723 104 | 682 1.26 1.40
157 | 49777 55309 | 089 | 630 1.08 119
158 | 60235 52394 115 | 762 138 1.54
159° | 76279 69316 110 | 966 132 147
60" | 38171 60693 096 | 736 115 128
61" | 64655 68211 095 | 8L8 114 127
62 | 55869 50711 110 | 707 133 147
63 | 63467 68301 093 | 803 12 124

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)

t Based on descriptive equations, Eq. (4.5) and (4.7)

(2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for \y,, Eq. (6.15)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN D R S N L B R
1mn. 1mn. . psi . . .
164" 8-15-180-2#3-1-2.5-2-11 16.8 | 13.1 | 11.1 | 15550 1 0.79 | 10.8 | 10.8
165" 8-12-90-5#3vr-i-2.5-2-10 16.8 | 12.2 | 10.2 | 11800 1 0.79 | 10.8 | 10.8
166" 8-12-90-4#3vr-i-2.5-2-10 16.0 | 12.4 | 10.4 | 11850 1 0.79 | 10 | 10.0
167" 8-12-180-5#3vr-i-2.5-2-10 16.8 | 12.8 | 10.8 | 11800 1 0.79 | 10.8 | 10.8
168" 8-12-180-4#3vr-i-2.5-2-10 16.8 | 12.3 | 10.3 | 11850 1 0.79 | 10.8 | 10.8
169 11-5-90-6#3-1-2.5-2-20 20.7 | 21.3 | 193 | 5420 | 1.41 | 1.56 | 143 | 10.1
170 11-5-90-6#3-1-2.5-2-16 214 | 174 | 154 | 5030 | 1.41 [ 1.56| 15 | 10.6
171 11-8-90-6#3-1-2.5-2-16 212 | 179 | 159 | 9120 | 1.41 | 1.56 | 14.8 | 10.5
172 11-8-90-6#3-1-2.5-2-22 213 1234 | 21.4 | 9420 | 1.41 | 1.56| 149 | 10.6
173 11-8-90-6#3-1-2.5-2-22 21.2 1239 | 21.9 | 9420 | 1.41 | 1.56 | 14.8 | 10.5
174 11-8-90-6#3-1-2.5-2-15 213 | 17.5| 155 | 7500 | 1.41 | 1.56 | 149 | 10.6
175 11-8-90-6#3-1-2.5-2-19 21.3 1212 19.2 | 7500 | 1.41 | 1.56 | 149 | 10.6
176 11-12-90-6#3-i-2.5-2-17 20.8 | 18.8 | 16.8 | 12370 | 1.41 | 1.56 | 144 | 10.2
177 11-12-90-6#3-1-2.5-2-16 20.8 | 17.4 | 154 | 13710 | 1.41 | 1.56 | 144 | 10.2
178 11-12-90-6#3-1-2.5-2-22 21.1 1 23.7 | 21.7 | 13710 | 1.41 | 1.56 | 14.7 | 10.4
179 11-15-90-6#3-i-2.5-2-22 213 1243 | 223 | 16180 | 1.41 | 1.56 | 149 | 10.6
180 11-15-90-6#3-i-2.5-2-15 214 | 16.8 | 14.8 | 14045 | 141 | 1.56| 15 | 10.6
181 11-5-90-6#3-1-3.5-2-20 2291224 | 204 | 5420 | 141 | 1.56 | 14.5 | 10.3
182 11-8-180-6#3-1-2.5-2-15 20.8 | 17.3 | 153 | 7500 | 1.41 | 1.56 | 144 | 10.2
183 11-8-180-6#3-i-2.5-2-19 21.1 | 21.8| 19.8 | 7870 | 1.41 | 1.56 | 14.7 | 10.4
184 | 2@7.5) 11-12-180-6#3-i-2.5-2-14 | 169 | 164 | 144 | 12190 | 1.41 | 1.56 | 10.5| 7.4
185 11-12-180-6#3-1-2.5-2-17 21.3 | 187 | 16.7 | 12370 | 1.41 | 1.56 | 149 | 10.6
186 11-12-180-6#3-1-2.5-2-17 21.2 | 188 | 16.8 | 12370 | 1.41 | 1.56 | 14.8 | 10.5
187" 11-5-90-2#3-1-2.5-2-17 212 119.6 | 17.6 | 5600 | 1.41 | 1.56 | 14.8 | 10.5
188" (2@7.5) 11-8-90-2#3-i-2.5-2-17a 172 | 184 | 164 | 7070 | 1.41 | 1.56 | 10.8 | 7.7
189" | Q@7.5) 11-12-90-2#3-i-2.5-2-16a | 16.9 | 17.3 | 153 | 11850 | 1.41 | 1.56 | 10.5 | 7.4
190" 11-12-90-2#3-i-2.5-2-17.5 21.1 | 19.8 | 17.8 | 13710 | 1.41 | 1.56 | 14.7 | 10.4
191" 11-15-90-2#3-i-2.5-2-23 20.8 | 25.5| 235 | 16180 | 1.41 | 1.56 | 144 | 10.2
192" 11-15-90-2#3-1-2.5-2-15 214 | 16.1 | 14.1 | 14045 | 141 | 1.56| 15 | 10.6
193" 11-5-90-2#3-1-3.5-2-17 2321196 | 17.6 | 7070 | 1.41 | 1.56 | 14.8 | 10.5
194 (2@7.5) 11-8-90-6#3-1-2.5-2-15a 17.2 | 16.0 14 7070 | 1.41 | 1.56 | 10.8 | 7.7

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | m ot LAl it | Acilday ot L | g
1mn. 1mn. m. m. m.
164 | 2] 022 [ 158 | 0139 | 0278 | 10 |1419[11.09] 1.00 | 52.0
165 | 2| 066 | 1.58 | 0418 | 0696 | 10 |1419|11.10| 1.09 | 543
166° | 2| 0.66 | 1.58 | 0418 | 0557 | 10 |14.19|11.13| 1.07 | 538
167 | 2022 | 158 | 0139 | 0696 | 10 |14.19|1124] 1.04 | 527
168" | 2| 022 | 158 | 0139 | 0557 | 10 |14.19|1126| 1.09 | 54.0
169 | 2066 | 312 | 0212 | 0423 | 195 |23.69|23.17| 120 | 508
170 | 2 | 066 | 312 | 0212 | 0423 | 195 |23.69 | 22.66 | 147 | 57.0
171 | 2] 066 | 312 | 0212 | 0423 | 195 |23.69 | 21.99| 138 | 56.1
172 | 2066 | 312 | 0212 | 0423 | 195 |23.69 | 22.83 | 1.07 | 47.9
173 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 22.96 | 1.05 | 47.2
174 | 2] 066 | 312 | 0212 | 0423 | 195 |23.69 | 2186 | 141 | 5658
175 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 22.67| 1.18 | 51.0
176 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 |21.77| 130 | 547
177 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 2096 | 1.36 | 57.0
178 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 22.02| 1.01 | 47.5
179 | 2] 066 | 312 | 0212 | 0423 | 195 |23.69 | 2158 | 0.97 | 467
180 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 21.25| 144 | 580
181 | 2066 | 312 | 0212 | 0423 | 195 [23.69 2280 | 1.12 | 493
182 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 |21.99 | 144 | 57.1
183 | 2066 | 312 | 0212 | 0423 | 195 |23.69 | 2271 | 115 | 50.1
184 | 2066 | 312 | 0212 | 0423 | 195 |23.69 |21.15| 147 | 587
185 | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 |21.10| 126 | 548
186 | 2066 | 312 | 0212 | 0423 | 195 |23.69 | 2155| 128 | 547
187 | 2| 022 | 312 | 0071 | 0141 | 195 |23.69 | 22.09| 126 | 534
188" | 2] 022 | 312 | 0071 | 0141 | 195 [23.69 | 2244 | 137 | 553
189° | 2| 022 | 312 | 0071 | 0141 | 195 |23.69 | 21.46| 140 | 57.1
190" | 2| 022 | 312 | 0071 | 0141 | 195 |23.69 |21.13| 1.19 | 53.1
190 | 2022 [ 312 | 0071 | 0141 | 195 |23.69 2175 | 093 | 452
192" | 2] 022 | 312 | 0071 | 0141 | 195 |23.69 2089 | 148 | 59.2
193 | 2022 [ 312 | 0071 | 0141 | 195 [23.69 |21.76 | 124 | 534
194" | 2| 066 | 312 | 0212 | 0423 | 195 |23.69 | 22.45| 1.60 | 59.4

* Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN L Tl"bm 0Ty L fulfica® | fulficac®
64 | 78922 74953 105 | 999 127 141
165 | 60219 76115 079 | 762 RE RE
166° | 59241 77443 076 | 750 1.09 1.09
167 | 67780 67904 100 | 858 1.20 1.20
68 | 69188 64811 107 | 876 1.29 1.29
69 | 136272 132453 103 | 874 1.39 1.39
170 | 115623 106456 109 | 741 151 151
171 | 132986 125227 106 | 852 1.45 1.45
172 | 184569 166365 11| 1183 1.48 1.48
73 | 191042 170080 112 | 125 1.50 1.50
74 | 108312 117059 093 | 694 127 127
175 | 145430 142238 102 | 932 138 138
176 | 161648 141386 114 | 1036 1.55 1.55
177 | 115197 133663 086 | 738 117 117
178 | 201189 184800 109 | 1290 1.45 1.45
179 | 197809 197713 100 | 1268 133 133
180 | 145267 129618 112 | 9.1 1.53 1.53
181 | 135821 139385 097 | 871 131 131
182 | 111678 115715 097 | 716 133 133
183 | 149000 148055 101 | 955 135 135
184 | 93955 122388 077 | 602 1.05 1.05
185 | 116371 140606 083 | 746 12 12
136 | 148678 141386 105 | 953 142 142
187 | 100695 107505 004 | 645 112 125
188 | 106031 106250 100 | 680 119 133
189" | 108718 113221 096 | 697 115 128
190" | 130389 137692 095 | 836 115 127
191" | 209575 192923 1090 | 1343 134 1.49
192 | 115189 108814 106 | 738 127 141
193 | 109644 114265 096 | 703 115 128
194 | 106190 105641 101 | 681 1.40 1.40

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)

( Based on descriptive equations, Eq. (4.5) and (4.7)

2l Based on design equation, Eq. (6.18), using full expression for ,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN D b LB (o] S | b | A S |,
. . 1mn. ps1 . . .
195 H14-2 26.7 | 28.6 | 24.8 | 13010 | 1.693 | 2.25 | 18 | 10.6
196 H14-4 26.7 | 37.8 | 349 | 7570 | 1.693 | 2.25 | 18 | 10.6
197 H14-16 26.7 | 28.6 | 259 | 6810 | 1.693 | 2.25 | 18 | 10.6
198 H18-1 27.25128.6 | 28.5 | 15310 | 2.25 4 18 | 8.0
199 H18-2 27.25128.6 | 27.0 | 15770 | 2.25 4 18 | 8.0
200 H18-3 27.25137.8 | 36.5 | 7560 | 2.25 4 18 | 8.0
201 H18-4 27.25137.8| 364 | 7610 | 2.25 4 18 | 8.0

Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | A i | Auscidny |t Ay g Y
m. m. . m. .

195 | 2 | 120 | 45 | 0267 | 0356 | 255 | 2854 | 2860 | 1.15 | 49.0
196 | 2 | 120 | 45 | 0267 | 0356 | 255 | 2854 | 3019 | 087 | 393
197 | 2 | 080 | 45 | 0178 | 0267 | 255 | 2854 | 2983 | 115 | 478
198 | 2| 186 | 8 | 0233 | 0388 | 3515 | 38.15 | 3826 | 134 | 532
199 | 2 | 372 | 8 | 0465 | 0620 | 3515 | 38.15 | 3890 | 144 | 547
200 | 2 | 186 | 8 | 0233 | 0388 | 3365 | 3815 | 3996 | 1.09 | 463
200 | 2 | 372 | 8 | 0465 | 0620 | 33.65 | 3815 | 4090 | 112 | 464

Table B.4 Cont. Detailed properties and test results for hooked bar specimens having widely-
spaced bars with confining reinforcement tested at the University of Kansas

T T, fou 2 3
SN b b T/T, Ksi Soulfs,care ™! Sulfs,care ™!
195 293900 247326 1.19 130.6 1.33 1.52
196 268500 298033 0.90 119.3 0.99 1.13
197 235300 206333 1.14 104.6 1.26 1.38
198 358200 365269 0.98 89.6 1.17 1.34
199 445000 440211 1.01 111.3 1.52 1.74
200 371400 386914 0.96 92.9 1.13 1.29
201 427900 475138 0.90 107.0 1.31 1.49

(1
[2]
[3]

Based on descriptive equations, Eq. (4.5) and (4.7)

Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.5 Detailed properties and test results for hooked bar specimens having closely-spaced
bars with confining reinforcement tested at the University of Kansas

n. n. . ps1 n. . .
202 | (3@6) 5-8-90-5#3-i-2.5-2-6.25 | 12.8 | 7.5 | 55 | 10110 | 0.625 | 031 | 3.6 | 5.8
203 (3@4) 5-8-90-5#3-1-2.5-2-6 109 | 81 | 6.1 6700 | 0.625 | 031 | 2.6 | 42
204 (3@6) 5-8-90-5#3-1-2.5-2-6 134 ] 80 | 60 | 6700 | 0625 | 031 | 39 | 62
205 (3) 5-5-90-5#3-i-2.5-2-8 128 | 98 | 78 | 4660 | 0.625 | 031 | 3.6 | 58
206 (4@4) 5-5-90-5#3-1-2.5-2-7 126 | 91 | 7.1 6430 | 0.625 | 031 | 23 | 3.7
207 (4@4) 5-5-90-5#3-i-2.5-2-6 130 | 83 | 63 6430 | 0.625 | 031 | 2.5 | 3.9
208 (4@4) 5-8-90-5#3-1-2.5-2-6 131 ] 80 | 60 | 6700 | 0625 | 031 | 25 | 40
209 (4@6) 5-8-90-5#3-i-2.5-2-6 174 | 80 | 60 | 6690 | 0625 | 031 | 3.9 | 6.3
210 | (3@6) 5-8-90-5#3-i-3.5-2-6.25 | 129 | 83 | 63 | 10110 | 0.625 | 031 | 3.6 | 5.8
2117 (4@4) 5-5-90-2#3-1-2.5-2-6 131 | 83 | 63 6430 | 0.625 | 031 | 2.5 | 4.0
212 (4@4) 5-5-90-2#3--2.5-2-8 13.1 | 100 | 80 | 6430 | 0.625 | 031 | 2.5 | 40
213 (3@5.5) 8-5-90-5#3-i-2.5-2-8 166 | 100 | 8 6620 1 079 | 53 | 53
214 | (3@5.5)8-5-90-5#3-i-2.5-2-12 | 168 | 142 | 122 | 6620 1 079 | 54 | 54
215 | (3@5.5) 8-5-90-5#3-i-2.5-2-12(1) | 16.8 | 140 | 12 5660 1 079 | 54 | 54
216 | (3@5.5) 8-5-90-5#3-i-2.5-2-8(2) | 17.0 | 102 | 82 5730 1 079 | 55 | 55
217 (3@3) 8-5-90-5#3-i-2.5-2-10 123 | 119 | 99 | 4810 1 0.79 | 3.1 | 3.1
218 (3@5) 8-5-90-5#3-i-2.5-2-10 160 | 119 | 99 | 4850 1 079 | 50 | 5.0
219 | (3@3) 8-12-90-5#3-i-2.5-2-12 120 | 13.8 | 11.8 | 11040 1 0.79 | 3.0 | 3.0
220 | (3@4) 8-12-90-5#3-i-2.5-2-12 13.8 | 143 | 123 | 11440 1 079 | 39 | 3.9

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.5 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | m A i | Auscidsy LA,
in. in. in. in. in.
202 3 0.66 0.93 0.710 1.183 5.25 9.44 6.33 1.15 59.8
203 3 0.66 0.93 0.710 1.183 5.25 9.44 7.61 1.25 57.1
204 3 0.66 0.93 0.710 1.183 5.25 9.44 7.25 1.21 57.6
205 3 0.66 0.93 0.710 1.183 5.25 9.44 7.65 0.98 50.4
206 4 0.66 1.24 0.532 0.887 5.25 9.44 7.41 1.04 53.0
207 4 0.66 1.24 0.532 0.887 5.25 9.44 7.25 1.15 56.3
208 4 0.66 1.24 0.532 0.887 5.25 9.44 7.31 1.22 57.6
209 4 0.66 1.24 0.532 0.887 5.25 9.44 6.85 1.14 57.6
210 3 0.66 0.93 0.710 1.183 5.25 9.44 6.72 1.07 56.3
211° | 4 0.22 1.24 0.177 0.355 5.25 9.44 6.89 1.09 56.3
212° | 4 0.22 1.24 0.177 0.355 5.25 9.44 7.24 0.91 49.7
213 3 0.66 2.37 0.278 0.464 10 14.19 11.66 1.46 60.6
214 3 0.66 2.37 0.278 0.464 10 14.19 12.92 1.06 49.3
215 3 0.66 2.37 0.278 0.464 10 14.19 12.32 1.03 49.8
216 3 0.66 2.37 0.278 0.464 10 14.19 12.28 1.50 60.0
217 3 0.66 2.37 0.278 0.464 10 14.19 13.50 1.36 55.1
218 3 0.66 2.37 0.278 0.464 10 14.19 13.45 1.36 55.1
219 3 0.66 2.37 0.278 0.464 10 14.19 12.55 1.06 50.2
220 3 0.66 2.37 0.278 0.464 10 14.19 12.24 1.00 49.1
* Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.5 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars with confining reinforcement tested at the University of Kansas

T T, fou 2 3
SN b b T/T, si Sulfs,cate ™! Seulfs,care ™!
202 25830 29941 0.86 83.3 1.18 1.18
203 34889 27808 1.25 112.5 1.59 1.59
204 36448 30166 1.21 117.6 1.69 1.69
205 33260 33941 0.98 107.3 1.30 1.30
206 27114 28656 0.95 87.5 1.07 1.07
207 25898 26045 0.99 83.5 1.16 1.16
208 27493 25287 1.09 88.7 1.27 1.27
209 28300 28090 1.01 91.3 1.31 1.31
210 35268 33525 1.05 113.8 1.41 1.41
2117 21405 22360 0.96 69.0 0.95 0.95
212" 26017 28553 0.91 83.9 0.91 0.91
213 37126 46151 0.80 47.0 1.03 1.03
214 66094 67203 0.98 83.7 1.20 1.20
215 47851 63818 0.75 60.6 0.92 0.92
216 47994 46091 1.04 60.8 1.34 1.34
217 47276 46460 1.02 59.8 1.15 1.15
218 61305 51010 1.20 77.6 1.48 1.48
219 62206 65470 0.95 78.7 1.03 1.03
220 64940 71784 0.90 82.2 1.02 1.02

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)

( Based on descriptive equations, Eq. (4.5) and (4.7)

2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3] Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.5 Cont. Detailed properties and test results for hooked bar specimens having closely-

spaced bars with confining reinforcement tested at the University of Kansas

1mn. 1mn. 1mn. ps1 1mn. 1. 1.
221 (B@5) 8-12-90-5#3-i-2.5-2-12 16.0 | 142 | 12.2 | 11460 1 0.79 50 | 5.0
222 (B@>5) 8-5-180-5#3-1-2.5-2-10 15.8 | 11.7| 9.7 5540 1 0.79 | 49 | 49
2237 (2@3) 8-5-90-2#3-1-2.5-2-10 93 | 123 | 103 | 4760 1 079 | 33 | 3.3
224° 2@5) 8-5-90-2#3-1-2.5-2-10 109 | 11.8 | 9.8 4760 1 079 | 49 | 49
225° (2@3) 8-5-90-5#3-1-2.5-2-10 9.0 | 12.3 | 103 | 4805 1 0.79 3 3.0
226° 2@>5) 8-5-90-5#3-1-2.5-2-10 11.3 | 11.7 | 9.7 4805 1 0.79 53 | 53
227" (B@5.5) 8-5-90-2#3-1-2.5-2-14 17.0 | 16.4 | 14.4 | 6460 1 0.79 55 | 55
228° (B@5.5) 8-5-90-2#3-1-2.5-2-8.5 16.6 | 11.1 | 9.1 6460 1 0.79 53 | 53
229° (B@5.5) 8-5-90-2#3-1-2.5-2-14(1) | 16.6 | 16.9 | 149 | 5450 1 0.79 53 | 53
230" | (B@5.5) 8-5-90-2#3-i-2.5-2-8.5(1) | 16.6 | 10.2 | 8.2 5450 1 0.79 53 | 53
231° (B@>5) 8-5-90-2#3-1-2.5-2-10 158 | 12.5| 10.5 | 4760 1 079 | 49 | 49
232° (B@>5) 8-5-180-2#3-1-2.5-2-10 16.4 | 11.7| 9.7 5400 1 0.79 52 | 52
233 (B@3.75) 11-8-90-6#3-1-2.5-2-21 17.6 | 22.0 | 20 7070 1.41 1.56 56 | 4.0
234 (B@3.75) 11-12-90-6#3-1-2.5-2-19 | 17.2|120.3 | 183 | 11960 1.41 1.56 54 | 3.8
235 | 3@3.75) 11-12-180-6#3-1-2.5-2-19 | 17.0 | 20.8 | 18.8 | 12190 1.41 1.56 53 | 3.8
236° (B@3.75) 11-8-90-2#3-1-2.5-2-23 17.4 | 240 | 22 7070 1.41 1.56 55 | 39
237" | (B@3.75) 11-12-90-2#3-i-2.5-2-21 | 17.4|23.0 | 21 11850 1.41 1.56 55| 39
238 H14-8 20.7 | 37.8 | 36.6 | 6650 1.693 | 2.25 6 3.5

Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.5 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars with confining reinforcement tested at the University of Kansas

SN | n L At | Ancildyy [t g O
in. in. in. in. in.

221 | 3 0.66 2.37 0.278 0.464 10 14.19 11.92 0.98 49.3
222 |3 0.66 2.37 0.278 0.464 10 14.19 13.07 1.35 55.6
223" | 2 0.22 1.58 0.139 0.278 10 14.19 13.06 1.27 54.0
224" | 2 0.44 1.58 0.278 0.278 10 14.19 12.71 1.30 55.4
225° | 2 0.66 1.58 0.418 0.696 10 14.19 13.89 1.35 54.0
226" | 2 0.66 1.58 0.418 0.696 10 14.19 12.99 1.34 55.6
227" | 3 0.22 2.37 0.093 0.186 10 14.19 12.53 0.87 44.6
228" | 3 0.22 2.37 0.093 0.186 10 14.19 11.85 1.30 57.3
229" | 3 0.22 2.37 0.093 0.186 10 14.19 13.28 0.89 43.6
230" | 3 0.22 2.37 0.093 0.186 10 14.19 11.62 1.42 60.0
231" | 3 0.22 2.37 0.093 0.186 10 14.19 12.58 1.20 53.5
232" | 3 0.22 2.37 0.093 0.186 10 14.19 12.63 1.30 55.6
233 | 3 0.66 4.68 0.141 0.282 19.5 23.69 24.02 1.20 49.8
234 | 3 0.66 4.68 0.141 0.282 19.5 23.69 22.62 1.24 52.3
235 | 3 0.66 4.68 0.141 0.282 19.5 23.69 22.61 1.20 51.6
236" | 3 0.22 4.68 0.047 0.094 19.5 23.69 24.30 1.10 47.1
237" | 3 0.22 4.68 0.047 0.094 19.5 23.69 22.86 1.09 48.4
238 | 3 1.86 6.75 0.276 0.367 24.0 28.54 34.70 0.95 38.0
* Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)
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Table B.5 Cont. Detailed properties and test results for hooked bar specimens having closely-
spaced bars with confining reinforcement tested at the University of Kansas

T T, for 2 3
SN b b T/Th i Sulfs,cate ™! Seulfs,care ™!
221 64761 75205 0.86 82.0 1.03 1.03
222 58669 51317 1.14 74.3 1.40 1.40
223" 46810 43348 1.08 59.3 1.20 1.27
224" 48515 50120 0.97 61.4 1.19 1.38
225" 57922 52734 1.10 73.3 1.35 1.35
226" 55960 56281 0.99 70.8 1.38 1.38
227" 57261 70966 0.81 72.5 0.89 1.07
228" 40885 43795 0.93 51.8 1.00 1.24
229" 65336 69653 0.94 82.7 1.02 1.27
230" 32368 37767 0.86 41.0 0.92 1.14
231" 44668 45946 0.97 56.5 1.08 1.35
232" 51501 44411 1.16 65.2 1.25 1.56
233 111288 120200 0.93 71.3 1.04 1.18
234 118300 124742 0.95 75.8 1.08 1.21
235 119045 128284 0.93 76.3 1.06 1.18
236" 119045 122782 0.97 74.7 1.31 1.47
237" 119045 134402 0.89 81.9 1.33 1.48
238 298200 258627 1.15 132.5 1.27 1.24

* Specimens not used to develop descriptive equations, Eq. (4.5) and (4.7)

2l Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)

B3 Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.6 Detailed properties and test results for hooked bar specimens with bars placed outside
column longitudinal reinforcement (column core) tested at the University of Kansas

b h 1 eh,avg _ﬁm db Ab s

SN* ID - - - - - -~ - s/dp
1. 1. 1mn. ps1 1. 1mn. 1mn.
239 5-5-90-0-0-1.5-2-5 9.8 7.0 5.0 |4930 | 0.63 | 031 | 6.2 9.8
240 5-5-90-0-0-2.5-2-5 114 | 6.8 48 |4930| 0.63 | 031 | 5.8 9.2
241 5-5-90-0-0-1.5-2-6.5 9.6 8.2 6.2 | 5650 | 0.63 | 031 | 6.0 9.5
242 5-5-90-0-0-1.5-2-8 9.6 9.9 7.9 |5650 | 0.63 | 031 | 6.0 9.5
243 5-5-90-0-0-2.5-2-8 11.6 | 11.0 | 9.0 |5780| 0.63 | 0.31 | 6.0 9.5
244 5-5-180-0-0-1.5-2-9.5 94 | 114 | 94 |4420| 0.63 | 031 | 5.8 9.2
245 5-5-180-0-0-2.5-2-9.5 11.6 | 11.5 | 9.5 |4520| 0.63 | 0.31 | 6.0 9.5

246 5-5-180-0-0-1.5-2-11.25 9.6 | 133 | 11.3 |4520| 0.63 | 0.31 | 6.0 9.5
247 5-5-180-2#3-0-2.5-2-9.5 119 | 11.2 | 9.2 |4420| 0.63 | 031 | 6.3 10.0
248 5-5-180-2#3-0-1.5-2-11.25 99 | 13.6 | 11.6 | 4420 | 0.63 | 0.31 | 6.3 10.0
249 5-5-180-2#3-0-1.5-2-9.5 99 | 108 | 88 |4520| 0.63 | 031 | 6.3 10.0
250 5-5-180-2#3-0-2.5-2-11.25 119 | 133 | 11.3 | 4520 | 0.63 | 0.31 | 6.3 10.0

251 5-5-90-5#3-0-1.5-2-5 9.8 7.0 5.0 |5205|0.63 |031| 6.2 9.8
252 5-5-90-5#3-0-2.5-2-5 119 | 7.2 52 14930 0.63 | 031 | 6.3 10.0
253 5-5-90-5#3-0-1.5-2-8 9.7 9.9 7.9 15650 | 0.63 | 031 | 6.1 9.7
254 5-5-90-5#3-0-2.5-2-8 11.8 | 95 7.5 15650 | 0.63 | 031 | 6.2 9.8
255 5-5-90-5#3-0-1.5-2-6.5 9.8 8.5 6.5 | 5780 0.63 | 031 | 6.2 9.8

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
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Table B.6 Cont. Detailed properties and test results for hooked bar specimens with bars placed
outside column longitudinal reinforcement (column core) tested at the University of Kansas

SN | m | A i | Auacidpy | St LA | g O
in. in. in. in. in.
239 2 0 0.62 0 0 5.25 9.44 |6.10| 122 |62.1
240 2 0 0.62 0 0 5.25 9.44 |6.25| 130 |63.0
241 2 0 0.62 0 0 5.25 9.44 | 6.25| 1.01 |56.7
242 2 0 0.62 0 0 5.25 9.44 | 6.54| 0.83 |50.1
243 2 0 0.62 0 0 5.25 9.44 | 6.45| 0.72 | 46.4
244 2 0 0.62 0 0 5.25 9.44 | 7.26 | 0.77 |45.1
245 2 0 0.62 0 0 5.25 9.44 | 6.89 | 0.72 |44.8
246 2 0 0.62 0 0 5.25 9.44 | 7.38| 0.65 |39.9
247 2 0.22 0.62 0.350 0.583 5.25 9.44 | 7.16 | 0.78 | 45.7
248 2 0.22 0.62 0.350 0.583 5.25 9.44 | 8.04| 0.69 | 39.1
249 2 0.22 0.62 0.350 0.583 5.25 9.44 | 654 | 0.74 | 47.0
250 2 0.22 0.62 0.350 0.583 5.25 9.44 | 7.49 | 0.66 |39.9
251 2 0.66 0.62 1.060 1.767 5.25 9.44 | 6.52| 130 |62.1
252 2 0.66 0.62 1.060 1.767 5.25 9.44 | 6.37| 123 |6l.1
253 2 0.66 0.62 1.060 1.767 5.25 9.44 | 6.65| 0.84 | 50.1
254 2 0.66 0.62 1.060 1.767 5.25 9.44 |6.39| 085 |51.5
255 2 0.66 0.62 1.060 1.767 5.25 9.44 | 643 | 099 |554
* No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
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Table B.6 Cont. Detailed properties and test results for hooked bar specimens with bars placed
outside column longitudinal reinforcement (column core) tested at the University of Kansas

T 7, N 3 4
SN b b 7T, ™ i Soulfscatc! Soulfscate™
239 14100 16942 0.97 45.5 1.10 1.10
240 19300 16194 1.39 62.3 1.56 1.56
241 17800 22333 0.93 57.4 1.08 1.08
242 22800 29200 0.91 73.5 1.08 1.08
243 26100 33947 0.90 84.2 1.08 1.08
244 29500 33034 1.04 95.2 1.25 1.25
245 30100 33634 1.05 97.1 1.26 1.26
246 32400 40752 0.93 104.5 1.14 1.14
247 35500 36556 1.14 114.5 1.39 1.39
248 43100 45987 1.10 139.0 1.33 1.33
249 20300 35202 0.67 65.5 0.82 0.82
250 42300 45051 1.10 136.5 1.34 1.34
251 21800 30222 0.84 70.3 1.50 1.50
252 22500 30713 0.86 72.6 1.51 1.51
253 25100 42221 0.70 81.0 1.07 1.07
254 24900 40589 0.72 80.3 1.12 1.12
255 21700 36703 0.69 70.0 1.12 1.12

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
(] Based on descriptive equations, Eq. (4.5) and (4.7)

21 Bar location factor of 1.17 applied
3] Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)
4 Based on design equation, Eq. (6.18), using simplified expression for \y,, Eq. (6.15)
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Table B.6 Cont. Detailed properties and test results for hooked bar specimens with bars placed
outside column longitudinal reinforcement (column core) tested at the University of Kansas

b h 14 eh,avg _ﬁm db Ab s

SN* ID - - - - - -~ - s/dp
1mn. 1mn. 1. ps1 1mn. 1. 1mn.
256 8-5-90-0-0-2.5-2-10a 150 | 124 | 104 | 5270 1 [079] 9.0 9.0
257 8-5-90-0-0-2.5-2-10b 150 | 11.8 | 9.8 | 5440 1 [079] 9.0 9.0
258 8-5-90-0-0-2.5-2-10c 15.0 | 12.6 | 10.6 | 5650 1 [079] 9.0 9.0
259 8-8-90-0-0-2.5-2-8 140 | 104 | 84 | 8740 1 [079] 8.0 8.0
260 8-8-90-0-0-3.5-2-8 16.8 | 9.8 7.8 | 8810 1 [079] 88 8.8
261 8-8-90-0-0-4-2-8 17.8 | 10.2 | 8.2 | 8630 1 [079] 88 8.8
262 8-5-90-5#3-0-2.5-2-10a 15.1 | 124 | 104 | 5270 1 [079] 9.1 9.1
263 8-5-90-5#3-0-2.5-2-10b 15.1 | 12,5 | 10.5 | 5440 1 [079] 9.1 9.1
264 8-5-90-5#3-0-2.5-2-10c 15.1 | 129 | 109 | 5650 1 [079] 9.1 9.1
265 8-8-90-5#3-0-2.5-2-8 145 | 10.5 | 85 | 8630 1 [079| 85 8.5
266 8-8-90-5#3-0-3.5-2-8 16.7 | 9.9 7.9 | 8810 1 [079] 87 8.7
267 8-8-90-5#3-0-4-2-8 182 | 103 | 83 | 8740 1 [079] 9.2 9.2
268 11-8-90-0-0-2.5-2-25 185 | 27.2 | 252 | 9460 | 1.41 | 1.56 | 12.1 8.6
269 11-8-90-0-0-2.5-2-17 18.8 | 18.6 | 16.6 | 9460 | 1.41 | 1.56 | 124 | 8.8
270 11-12-180-0-0-2.5-2-17 184 | 19.1 | 17.1 | 11800 | 1.41 | 1.56 | 12.0 | 8.5
271 11-12-90-0-0-2.5-2-17 18.8 | 189 | 169 | 11800 | 1.41 | 1.56 | 124 | 8.8
272 11-8-90-6#3-0-2.5-2-22 184 | 239 | 21.9 | 9120 | 141 [ 1.56 | 12.0 | 85
273 11-8-90-6#3-0-2.5-2-16 184 | 182 | 162 | 9420 | 1.41 | 156 | 12.0 | 85

274 11-12-180-6#3-0-2.5-2-17 18.4 | 185 | 16.5 | 11800 | 1.41 | 1.56 | 12.0 8.5

275 11-12-90-6#3-0-2.5-2-17 187 | 184 | 164 | 11800 | 1.41 | 1.56 | 12.3 8.7

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
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Table B.6 Cont. Detailed properties and test results for hooked bar specimens with bars placed
outside column longitudinal reinforcement (column core) tested at the University of Kansas

SN | m L Al Lt | Awacitdyy it L Ay 1O
in. in. in. in. in.

256 | 2 0 1.58 0 0 10.00 14.19 11.60 1.12 | 53.8
257 2 0 1.58 0 0 10.00 14.19 11.25 1.15 | 554
258 2 0 1.58 0 0 10.00 14.19 12.03 1.13 | 532
259 | 2 0 1.58 0 0 10.00 14.19 10.98 1.31 | 594
260 2 0 1.58 0 0 10.00 14.19 10.88 1.39 | 61.2
261 2 0 1.58 0 0 10.00 14.19 10.88 1.33 | 60.0
262 2 0.66 1.58 0.420 0.700 10.00 14.19 12.04 1.16 | 53.8
263 2 0.66 1.58 0.420 0.700 10.00 14.19 12.42 1.18 | 53.5
264 | 2 0.66 1.58 0.420 0.700 10.00 14.19 12.07 1.11 | 525
265 2 0.66 1.58 0.420 0.700 10.00 14.19 11.68 1.37 | 59.1
266 | 2 0.66 1.58 0.420 0.700 10.00 14.19 11.35 1.44 | 60.9
267 2 0.66 1.58 0.420 0.700 10.00 14.19 10.89 1.31 | 59.7
268 2 0 3.12 0 0 19.50 23.69 23.11 0.92 | 432
269 2 0 3.12 0 0 19.50 23.69 21.68 1.31 | 55.0
270 2 0 3.12 0 0 19.50 23.69 20.89 1.22 | 54.2
271 2 0 3.12 0 0 19.50 23.69 21.22 1.26 | 54.5
272 2 0.66 3.12 0.210 0.350 19.50 23.69 23.17 1.06 |47.2
273 2 0.66 3.12 0.210 0.350 19.50 23.69 22.36 1.38 | 55.6
274 2 0.66 3.12 0.210 0.350 19.50 23.69 21.39 1.30 | 55.1
275 2 0.66 3.12 0.210 0.350 19.50 23.69 21.40 1.31 | 553
* No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
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Table B.6 Cont. Detailed properties and test results for hooked bar specimens with bars placed
outside column longitudinal reinforcement (column core) tested at the University of Kansas

T [ N 3 4
SN b b 7T, ™ i Soulfs,cate® Ssulfs,cate™
256 42300 47338 1.05 53.5 1.22 1.22
257 33700 44723 0.88 42.7 1.02 1.02
258 56000 49301 1.33 70.9 1.56 1.56
259 33000 43084 0.90 41.8 1.04 1.04
260 35900 39781 1.06 45.4 1.21 1.21
261 37500 41801 1.05 47.5 1.21 1.21
262 54300 65444 0.97 68.7 1.41 1.41
263 65600 66376 1.16 83.0 1.67 1.67
264 57700 68953 0.98 73.0 1.40 1.40
265 58000 61602 1.10 73.4 1.63 1.63
266 55000 58452 1.10 69.6 1.65 1.65
267 39100 60622 0.75 49.5 1.12 1.12
268 174700 172174 1.19 112.0 1.52 1.52
269 107200 108489 1.16 68.7 1.42 1.42
270 83500 119293 0.82 53.5 1.01 1.01
271 105400 117750 1.05 67.6 1.30 1.30
272 170200 168581 1.18 109.1 1.55 1.55
273 136800 128155 1.25 87.7 1.67 1.67
274 113100 137350 0.96 72.5 1.28 1.28
275 115900 136582 0.99 74.3 1.32 1.32

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)

t Based on descriptive equations, Eq. (4.5) and (4.7)

21 Bar location factor of 1.17 applied
B3] Based on design equation, Eq. (6.18), using full expression for ,, Eq. (6.14)
“ Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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Table B.7 Detailed properties and test results for hooked bar specimens with effective beam
depth to embedment ratio dej/ler, > 1.5 tested at the University of Kansas

SN D b oL B (o | S b A5,
1mn. . . psi 1mn. . 1mn.
276 8-5-90-5#3-1-2.5-2-8 16.0 | 9.6 7.6 5240 1 0.79 | 10 | 10.0
277 8-8-90-5#3-1-2.5-2-8 155 1] 9.3 7.3 8290 1 0.79 | 95 | 9.5
278 (B@5.5) 8-5-90-5#3-1-2.5-2-8(1) 16.2 | 9.6 7.6 5660 1 0.79 | 5.1 | 5.1
279 11-15-90-0-i-2.5-2-10 209 | 11.5] 9.5 | 14050 | 1.41 | 1.56 | 15.0 | 10.6
280 11-5-90-2#3-1-2.5-2-14 21.1 | 156 | 13.6 | 4910 | 1.41 | 1.56 | 14.7 | 10.4
281 11-15-90-2#3-i-2.5-2-10 21.2 1 12.0 | 10.0 | 14045 | 1.41 | 1.56 | 14.8 | 10.5
282 11-5-90-2#3-1-3.5-2-14 231|159 ] 139 | 4910 | 1.41 | 1.56 | 14.7 | 10.4
283 (2@7.5) 11-12-90-6#3-1-2.5-2-14a | 16.9 | 15.6 | 13.6 | 11960 | 1.41 | 1.56 | 10.5 | 7.4
284 11-15-90-6#3-i-2.5-2-10a 212 | 11.8 ] 9.8 | 14045 | 1.41 | 1.56 | 14.8 | 10.5
285 11-15-90-6#3-i-2.5-2-10b 20.8 | 11.6 | 9.6 | 14050 | 1.41 | 1.56 | 14.4 | 10.2

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)

Table B.7 Cont. Detailed properties and test results for hooked bar specimens with effective
beam depth to embedment ratio dej/ler > 1.5 tested at the University of Kansas

SN* | n Athz Ah; AwmlAns | Amact/Ans ,hd x:mid ‘.IEff eyl Len f
in. in. in. in.

276 | 2 0.66 1.58 0.418 0.696 10.00 14.19 11.69 1.54 | 61.8
277 | 2 0.66 1.58 0.418 0.696 10.00 14.19 11.42 1.56 | 62.8
278 | 3 0.66 2.37 0.278 0.464 10.00 14.19 11.57 1.52 | 61.8
279 | 2 0 3.12 0 0 19.5 23.69 20.13 2.12 | 68.1
280 | 2 0.22 3.12 0.071 0.118 19.5 23.69 21.68 1.59 | 60.1
281 2 0.22 3.12 0.071 0.118 19.5 23.69 20.28 2.03 | 67.1
282 | 2 0.22 3.12 0.071 0.118 19.5 23.69 21.62 1.56 | 59.6
283 | 2 0.66 3.12 0.212 0.353 19.5 23.69 21.33 1.57 | 60.1
284 | 2 0.66 3.12 0.212 0.353 19.5 23.69 20.50 2.09 | 67.5
285 | 2 0.66 3.12 0.212 0.353 19.5 23.69 20.44 2.13 | 67.9

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)
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Table B.7 Cont. Detailed properties and test results for hooked bar specimens with effective
beam depth to embedment ratio deg/len > 1.5 tested at the University of Kansas

7 7,1 fo 2 3
SN b b T/Th i Soulfs,catc®! Soulfs,cate !
276 47478 51412 0.92 60.1 1.47 1.47
277 50266 54351 0.92 63.6 1.44 1.44
278 31369 42379 0.74 39.7 0.95 0.95
279 51481 65385 0.79 33.0 0.94 0.94
280 77422 79990 0.97 49.6 1.15 1.28
281 63940 76811 0.83 41.0 1.00 1.11
282 82275 81759 1.01 52.7 1.20 1.33
283 102038 115789 0.88 654 1.22 1.22
284 82681 90512 091 53.0 1.31 1.31
285 75579 88993 0.85 48.4 1.23 1.23

[1]
[2]
[3]

No specimen used in developing descriptive equations, Eq. (4.5) and (4.7)

Based on descriptive equations, Eq. (4.5) and (4.7)

Based on design equation, Eq. (6.18), using full expression for y,, Eq. (6.14)
Based on design equation, Eq. (6.18), using simplified expression for y,, Eq. (6.15)
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B.4 SPECIMENS TESTED IN OTHER STUDIES

This section presents the specimens tested outside the University of Kansas, including
those by Marques and Jirsa (1975), Pinc et al (1977), Hamad et al. (1993), Ramirez and Russel
(2008), Lee and Park (2010), and Chun et al. (2017b), as tabulated in Table B.8. A few of these
specimens were used in developing the descriptive equations, Eq. (4.5) and (4.7), which are

1dentified here.

Table B.8 Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN D b | B | g | S | b | A | S |,
in. in. in. psi in. in.? in.

286 J7-180-12-1-H 12.0 | 12.0 10.0 4350 0.875 0.6 5.3 6.1

287 J7-180-15-1-H 12.0 | 15.0 13.0 4000 0.875 0.6 5.3 6.1

288 J7-90-12-1-H 12.0 | 12.0 10.0 4150 0.875 0.6 5.3 6.1

~ 289 J7-90-15-1-H 12.0 | 15.0 13.0 4600 0.875 0.6 5.3 6.1

E 290 J7-90-15-1-L 12.0 | 15.0 13.0 4800 0.875 0.6 5.3 6.1

\5 291 J7-90-15-1-M 12.0 | 15.0 13.0 5050 0.875 0.6 5.3 6.1

= 292 J11-180-15-1-H 12.0 | 15.0 13.1 4400 1.41 1.56 4.8 34

g 293 J11-90-12-1-H 12.0 | 12.0 10.1 4600 1.41 1.56 4.8 34

§ 294 J11-90-15-1-H 12.0 | 15.0 13.1 4900 1.41 1.56 4.8 34

g 295 J11-90-15-1-L 12.0 | 15.0 13.1 4750 1.41 1.56 4.8 34

= 296 J7-90-15-3a-H 12.0 | 15.0 13.0 3750 0.875 0.6 5.3 6.1

297 J7-90-15-3-H 12.0 | 15.0 13.0 4650 0.875 0.6 5.3 6.1

298 J11-90-15 -3a-L 12.0 | 15.0 13.1 5000 1.41 1.56 4.8 34

299 J11-90-15-3-L 12.0 | 15.0 13.1 4850 1.41 1.56 4.8 34

'§ o 300 9-12 12.0 | 12.0 10.0 4700 1.13 1 5.1 4.5

S | 301 11-15 120 | 150 | 13.1 | 5400 | 141 | 156 | 48 | 34

a7 302 11-18 12.0 | 18.0 16.1 4700 1.41 1.56 4.8 34
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN | n Au_| A AwmlAns | Amac/Ans ha i dey el Len i’
in.? | in.? in. in. in. °

286 [2] 0 | 1.20 0 0 1125 | 1425 | 1348 | 135 | 554

287 [2] o | 1.20 0 0 1125 | 1425 | 1451 | 1.12 | 48.1

288 2] 0 | 120 0 0 1125 | 1425 | 1359 | 136 | 55.4

= | 289 |2[ 0 | 120 0 0 1125 | 1425 | 1434 | 1.10 | 48.1
S [200 [2] 0 | 120 0 0 1125 | 1425 | 1444 | 1.11 | 48.1
3 1290 [2] 0 | 120 0 0 1125 | 1425 | 1442 | 1.11 | 48.1
= 292 2] o | 312 0 0 1125 | 1425 | 1502 | 1.15 | 47.4
T 293 [2] 0 | 312 0 0 1125 | 1425 | 1466 | 145 | 547
& 204 ]2] 0 |312 0 0 1125 | 1425 | 1497 | 1.14 | 474
2 [ 205 2] o [312 0 0 1125 | 1425 | 1537 | 1.17 | 47.4
= 296 [2]044] 120 | 0367 0917 | 1125 | 1425 | 1481 | 1.14 | 476
297 [ 21022 120 ] 0.183 0367 | 1125 | 1425 | 1447 | 1.11 | 476

298 | 21088 3.12 | 0282 0.564 | 1125 | 1425 | 1653 | 126 | 474

299 [2]044] 312 | 0.141 0282 | 1125 | 1425 | 16.09 | 123 | 474

T 3002 0 | 200 0 0 1125 | 1425 | 13.66 | 137 | 54.9
§ & [301 [2] o |32 0 0 1125 | 1425 | 1488 | 1.14 | 474
& " [302]2] 0 [312 0 0 1125 | 1425 | 1588 | 099 | 41.5
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN d T T/Ts Jou Folfocae™ | foulfocate ™
1b 1b ksi
286 36600 39236 0.93 61.0 1.08 1.08
287 52200 51230 1.02 87.0 1.21 1.21
288 37200 38721 0.96 62.0 1.11 1.11
7 289 54600 53281 1.02 91.0 1.22 1.22
E 290 58200 53922 1.08 97.0 1.29 1.29
?2/ 291 60000 54697 1.10 100.0 1.31 1.31
E 292 70200 49787 1.41 45.0 1.78 1.78
Fc% 293 65520 37873 1.73 42.0 2.13 2.13
§ 294 74880 50255 1.49 48.0 1.84 1.84
g 295 81120 51019 1.59 52.0 2.01 2.01
= 296 58800 53945 1.09 98.0 1.24 1.24
297 62400 52000 1.20 104.0 1.25 1.25
298 107640 72730 1.48 69.0 1.66 1.66
299 96720 61215 1.58 62.0 1.61 1.73
'§ o 300 47000 36719 1.28 47.0 1.50 1.50
; E 301 78000 46988 1.66 50.0 1.87 1.87
£ 7| 302 90480 56906 1.59 58.0 1.83 1.83
t Based on descriptive equations, Eq. (4.5) and (4.7)
(2l Based on design equation, Eq. (6.18), using the full expression for v, Eq. (6.14)
B3] Based on design equation, Eq. (6.18), using the simplified expression for \,, Eq. (6.15)
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the

University of Kansas

Study | SN D b | b | fenws | Jm | db ,A"z S
. 1. 1. ps1 . 1. 1.

303° 7-90-U 120 | 120 | 10 | 2570 | 0875 | 06 | 53 | 6.1

304 7:90-U' 120 | 120 | 10 | 5400 | 0875 | 06 | 53 | 6.1

o | 305 11-90-U 120 | 150 | 13 | 2570 | 141 | 1.56 | 48 | 34
2 [ 306 11-90-U' 120 | 150 | 13 | 5400 | 141 | 1.56 | 48 | 34
= [ 307 | 11-180.U-HS | 120 | 150 | 13 | 7200 | 141 | 156 | 48 | 34
3 [ 308 1190-U-HS | 120 | 150 | 13 | 7200 | 141 | 156 | 48 | 34
£ [ 309 1190-U-T6 | 12.0 | 150 | 13 | 3700 | 141 | 1.56 | 48 | 34
= [ 310 7-180-U-T4 | 120 | 120 | 10 | 3900 | 0875 | 06 | 53 | 6.1
311 1190-U-T4 | 12.0 | 150 | 13 | 4230 | 141 | 1.56 | 48 | 34

312 790-U-SC™ | 120 | 120 | 10 | 4230 | 0875 | 06 | 74 | 84

313 Il 150 | 90 | 65 | 8910 | 075 | 044 | 92 | 123

_ [ 314 13 150 | 90 | 65 | 12460 | 075 | 044 | 92 | 123
g [ 315 15 150 | 90 | 65 | 12850 | 075 | 044 | 92 | 123
S [ 316 12 150 | 150 | 125 | 8910 | 141 | 156 | 86 | 6.1
2 | 317 12 150 | 180 | 155 | 9540 | 141 | 156 | 86 | 6.1
<[ 38 14 150 | 150 | 125 | 12460 | 141 | 1.56 | 86 | 6.1
£ | 319 1-6 150 | 150 | 125 | 12850 | 141 | 156 | 86 | 6.1
3 [ 320 1M-13 150 | 90 | 65 | 13980 | 075 | 044 | 92 | 123
E [ 31 1-15 150 | 90 | 65 | 16350 | 075 | 044 | 92 | 123
= T3 11i-14 150 | 150 | 125 | 13980 | 141 | 1.56 | 86 | 6.1
323 1-16 150 | 150 | 125 | 16500 | 141 | 1.56 | 86 | 6.1

+ 304° HI 146 | 207 | 187 | 4450 | 0875 | 06 | 79 | 9.0
% § 305° H2 146 | 139 | 119 | 8270 | 0875 | 06 | 79 | 9.0
87 | 326 H3 146 | 170 | 150 | 4450 | 0875 | 06 | 79 | 9.0

*ok

Specimens used in developing descriptive equations, Eq. (4.5) and (4.7)

Bars outside column core
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Am Ans ha Xmid deogy 7
Study | SN | n — | AunlAns | Amact/Ans [ : ; Aol ben —
in. in. in. in. in.
303" | 2 0 1.20 0 0 12.00 | 15.00 | 14.15 | 1.42 | 56.3
304" | 2 0 1.20 0 0 12.00 | 15.00 | 13.71 | 1.37 | 56.3
§ 305 2 0 3.12 0 0 12.00 | 15.00 | 1598 | 1.23 | 49.1
% 306 | 2 0 3.12 0 0 12.00 | 15.00 | 1549 | 1.19 | 49.1
= 307 | 2 0 3.12 0 0 12.00 | 15.00 | 14.32 | 1.10 | 49.1
E 308 | 2 0 3.12 0 0 12.00 | 15.00 | 1491 | 1.15 | 49.1
g 309 | 2 0.44 3.12 0.141 0.141 12.00 | 15.00 | 16.40 | 1.26 | 49.1
am 310 | 2 0.22 1.20 0.183 0.183 12.00 | 15.00 | 14.04 | 140 | 56.3
311 2 0.66 3.12 0.212 0.212 12.00 | 15.00 | 16.60 | 1.28 | 49.1
312 2 0 1.20 0 0 12.00 | 15.00 | 13.66 | 1.37 | 56.3
313 2 0 0.88 0 0 12.00 | 15.00 | 12.81 | 1.97 | 66.6
o 314 | 2 0 0.88 0 0 12.00 | 15.00 | 12.58 | 1.94 | 66.6
S 315 2 0 0.88 0 0 12.00 | 15.00 | 12.57 | 1.93 | 66.6
% 316" | 2 0 3.12 0 0 12.00 | 15.00 | 14.38 | 1.15 | 50.2
§ 317" | 2 0 3.12 0 0 12.00 | 15.00 | 14.66 | 095 | 44.1
_Qé‘ 318" | 2 0 3.12 0 0 12.00 | 15.00 | 13.92 | 1.11 | 50.2
g 319 | 2 0 3.12 0 0 12.00 | 15.00 | 14.14 | 1.13 | 50.2
.g 320 | 2 0.44 0.88 0.5 0.5 12.00 | 15.00 | 12.71 | 1.96 | 66.6
% 321 2 0.44 0.88 0.5 0.5 12.00 | 15.00 | 12.57 | 1.93 | 66.6
~ 322 | 2 0.66 3.12 0.212 0.212 12.00 | 15.00 | 13.81 | 1.10 | 50.2
323 2 0.66 3.12 0.212 0.212 12.00 | 15.00 | 13.75 | 1.10 | 50.2
- 324" | 2 0 1.2 0 0 " "
i) . . .
:% § 325 2 0 1.2 0 0
§ - 326 | 2 0.44 1.2 0.367 0.367 - -

Specimens used in developing descriptive equations, Eq. (4.5) and (4.7)
Information not provided
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

T T, fou 2 3

Study | SN - b T/T, i Ssulfscac™ | foulfscarc™
303" | 25980 | 32994 0.79 433 0.87 0.87
304" | 36720 | 40662 0.90 61.2 1.03 1.03
& | 305 | 48048 | 42520 1.13 30.8 1.40 1.40
2 | 306 | 75036 | 52473 1.43 48.1 1.82 1.82
= 307 | 58812 | 57099 1.03 37.7 1.33 1.33
E 308 | 73788 | 56760 1.30 473 1.66 1.66
g 309 | 71760 | 92000 0.78 46.0 1.44 1.57
T 310 | 34620 | 32056 1.08 57.7 0.94 0.94
311 | 83148 | 74239 1.12 53.3 1.34 1.34
312 | 29940 | 40237 0.87" 49.9 1.02 1.02
313 | 30008 | 28854 1.04 68.2 1.23 1.23
= | 314 | 30008 | 31587 0.95 68.2 1.13 1.13
= 315 | 30492 | 32097 0.95 69.3 1.14 1.14
% 316" | 87984 | 75072 1.17 56.4 1.36 1.36
2 | 317" | 104988 | 97097 1.08 67.3 1.29 1.29
Fo| 318 | 99060 | 82471 1.20 63.5 1.41 1.41
5 319 | 114036 | 86391 1.32 73.1 1.61 1.61
§ 320 | 41316 | 42159 0.98 93.9 1.36 1.36
= 321 | 38500 | 43750 0.88 87.5 1.22 1.22
~ 322 | 104988 | 110514 0.95 67.3 1.31 1.45
323 | 119964 | 114251 1.05 76.9 1.43 1.59
= 324" | 59220 | 81795 0.72 98.7 0.93 0.93
% § 325" | 52800 | 59034 0.89 88.0 1.11 1.11

N

§ T 326 | 53760 | 74667 0.72 89.6 0.95 0.95

Specimens used in developing descriptive equations, Eq. (4.5) and (4.7)

Bar location factor of 1.17 applied

t Based on descriptive equations, Eq. (4.5) and (4.7)

(2l Based on design equation, Eq. (6.18), using the simplified expression for v, Eq. (6.14)
B3] Based on design equation, Eq. (6.18), using the simplified expression for y,, Eq. (6.15)
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the

University of Kansas

b h feh,avg _ﬁm db Ab S
Study | SN ID s/dp
in. in. in. psi in. in.? in.

327 D43-L10-C1-S42 21.1 | 18.9 16.9 6440 1.693 | 2.25 16.3 9.6

328 D43-L10-C1-S42-C 21.1 | 18.9 16.9 6950 1.693 | 2.25 16.3 9.6

329 D43-L10-C1-S70 21.1 | 18.9 16.9 10010 | 1.693 | 2.25 16.3 9.6

330 D43-L10-C2-S42 24,5 | 18.9 16.9 7020 1.693 | 2.25 16.3 9.6

331 D43-L13-C1-542 21.1 | 24.0 22 7020 1.693 | 2.25 16.3 9.6

332 D43-L13-C1-S42-C 21.1 | 24.0 22 7020 1.693 | 2.25 16.3 9.6

333 D43-L13-C1-S70 21.1 | 24.0 22 10600 | 1.693 | 2.25 16.3 9.6

334 D43-L13-C2-S42 24.5 | 24.0 22 7020 1.693 | 2.25 16.3 9.6

335 D43-L16-C1-S42 21.1 | 29.1 27.1 7020 1.693 | 2.25 16.3 9.6

336 D43-L16-C1-542-C 21.1 | 29.1 27.1 7020 1.693 | 2.25 16.3 9.6

*3 337 D43-L16-C1-S70 21.1 | 29.1 27.1 10010 | 1.693 | 2.25 16.3 9.6
E 338 D43-L16-C2-542 245 | 29.1 27.1 7020 1.693 | 2.25 16.3 9.6
Q", 339 D43-L20-C1-S42 21.1 | 36.5 339 7020 1.693 | 2.25 16.3 9.6
“E 340 D57-L10-C1-S42-a 222 | 244 22.6 5450 2.257 4 16.3 7.2
g 341 D57-L10-C1-S42-b 222 | 244 22.6 6150 2.257 4 16.3 7.2
5 342 D57-L10-C1-S42-C 222 | 244 22.6 5450 2.257 4 16.3 7.2
343 D57-L10-C2-542 26.7 | 244 22.6 5450 2.257 4 16.3 7.2

344 D57-L13-C1-S42-a 222 | 31.5 29.3 5450 2.257 4 16.3 7.2

345 D57-L13-C1-S42-b 222 | 315 29.3 6150 2.257 4 16.3 7.2

346 D57-L13-C1-842-C 222 | 315 29.3 5450 2.257 4 16.3 7.2

347 D57-L13-C2-S42 26.7 | 31.5 29.3 5450 2.257 4 16.3 7.2

348 D57-L16-C1-S42-a 222 | 383 36.1 5450 2.257 4 16.3 7.2

349 D57-L16-C1-S42-b 222 | 383 36.1 6150 2.257 4 16.3 7.2

350 D57-L16-C1-S42-C 222 | 383 36.1 5450 2.257 4 16.3 7.2

351 D57-L16-C2-S42 26.7 | 383 36.1 6530 2.257 4 16.3 7.2

352 D57-L20-C1-S42 222 | 472 45.1 6530 2.257 4 16.3 7.2

* Bars outside column core in all specimens. Bars outside confining ties in specimens without “-C” at the end of their

designation, therefore Ath/Ahs = 0 when calculating ..
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Am Ans ha Xmid doy 7
Study | SN n 5 -~ AwmlAns | Amact/Ans : . defyl Len .
in. in. in. in. in.
327 2 3.96 4.5 0.88 0.196 8.74 11.3 11.48 0.68 33.7
328 2 2.66 4.5 0.59 1.173 8.74 11.3 12.60 0.75 33.7
329 2 3.96 4.5 0.88 0.196 8.74 11.3 10.85 0.64 33.7
330 2 3.96 4.5 0.88 0.196 8.74 11.3 11.31 0.67 33.7
331 2 3.96 4.5 0.88 0.196 11.82 14.7 15.12 0.69 33.7
332 2 2.66 4.5 0.59 0.978 11.82 14.7 15.70 0.71 33.7
333 2 3.96 4.5 0.88 0.196 12.12 14.7 14.43 0.66 33.7
334 2 3.96 4.5 0.88 0.196 11.82 14.7 14.85 0.68 33.7
335 2 3.96 4.5 0.88 0.196 14.71 18.1 18.42 0.68 33.7
336 2 2.66 4.5 0.59 0.978 14.71 18.1 18.74 0.69 33.7
§ 337 2 3.96 4.5 0.88 0.196 15.21 18.1 18.17 0.67 33.7
= 338 2 3.96 4.5 0.88 0.196 14.71 18.1 18.27 0.67 33.7
S‘.’ 339 2 3.96 4.5 0.88 0.196 18.82 22.6 22.74 0.67 33.7
g 340 2 5.28 8 0.66 0.083 11.30 15.1 14.97 0.66 33.7
g 341 2 5.28 8 0.66 0.083 11.30 15.1 14.78 0.65 33.7
6 342 2 3.52 8 0.44 0.660 11.30 15.1 16.87 0.75 33.7
343 2 5.28 8 0.66 0.083 11.70 15.1 16.16 0.71 33.7
344 2 5.28 8 0.66 0.083 15.36 19.5 21.27 0.73 33.7
345 2 5.28 8 0.66 0.083 15.36 19.5 20.76 0.71 33.7
346 2 3.52 8 0.44 0.660 15.36 19.5 21.72 0.74 33.7
347 2 5.28 8 0.66 0.083 15.36 19.5 21.04 0.72 33.7
348 2 5.28 8 0.66 0.083 19.37 24.1 25.72 0.71 33.7
349 2 5.28 8 0.66 0.083 19.37 24.1 25.96 0.72 33.7
350 2 3.52 8 0.44 0.660 19.37 24.1 26.36 0.73 33.7
351 2 5.28 8 0.66 0.083 19.37 24.1 25.31 0.70 33.7
352 2 5.28 8 0.66 0.083 24.79 30.1 32.15 0.71 33.7
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Table B.8 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN d L7 T/Ts Jo Folfocae™ | foulfocate ™
1b 1b ksi ’ ’
327 115425 92200 1.25 51.3 1.51 1.51
328 168975 182814 0.92 75.1 1.51 1.73
329 123300 104341 1.18 54.8 1.44 1.44
330 131625 94538 1.39 58.5 1.68 1.68
331 144900 126374 1.15 64.4 1.42 1.42
332 170775 | 214649 0.80 75.9 1.17 1.34
333 142425 141547 1.01 63.3 1.26 1.26
334 154575 125824 1.23 68.7 1.52 1.52
335 163350 158654 1.03 72.6 1.30 1.30
336 177525 | 248739 0.71 78.9 0.99 1.13
g 337 172800 175824 0.98 76.8 1.26 1.26
= 338 182025 158752 1.15 80.9 1.45 1.45
S‘.’ 339 172125 | 204327 0.84 76.5 1.10 1.10
g 340 147200 136752 1.08 36.8 1.30 1.30
g 341 150400 141260 1.06 37.6 1.29 1.29
6 342 223200 | 280543 0.80 55.8 1.38 1.57
343 214800 137007 1.57 53.7 1.89 1.89
344 236400 182028 1.30 59.1 1.61 1.61
345 232800 189499 1.23 58.2 1.53 1.53
346 254400 | 329448 0.77 63.6 1.21 1.38
347 273600 182692 1.50 68.4 1.86 1.86
348 254000 | 228520 1.11 63.5 1.40 1.40
349 284000 | 237976 1.19 71.0 1.52 1.52
350 279600 | 373397 0.75 69.9 1.08 1.23
351 318800 | 241132 1.32 79.7 1.68 1.68
352 328400 | 308444 1.06 82.1 1.39 1.39
( Based on descriptive equations, Eq. (4.5) and (4.7)
2l Based on design equation, Eq. (6.18), using the simplified expression for \y,, Eq. (6.14)
B3] Based on design equation, Eq. (6.18), using the simplified expression for v, Eq. (6.15)
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APPENDIX C: HEADED BAR BEAM-COLUMN JOINT SPECIMENS

Appendix C presents the details of the headed bar specimens. Appendix CI presents
specimen drawings and reinforcement layouts for No. 14 and No. 18 bars tested in this study.
Appendix C2 presents detailed properties and test results for the No. 14 and No. 18 bar specimens
of this study. Appendix C3 presents specimens tested at the University of Kansas used to develop
descriptive equations, Eq. (5.5) and (5.7), including No. 5, No. 8, and No. 11 bar specimens by
Shao et al. (2016), and No. 14 and No. 18 bars tested in this study. Appendix C4 presents the
specimens tested outside the University of Kansas, including those by Bashandy (1996), Chun et
al. (2017a), and Sim and Chun (2022a, 2022b), none of which were used to develop descriptive

equations.
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C.1 DRAWINGS AND REINFORCEMENT LAYOUTS FOR NO. 14 AND NO. 18 BAR
SPECIMENS TESTED IN CURRENT STUDY

This section presents elevation and cross-sectional drawings of the No. 14 and No. 18 bar

specimens tested in this study, showing the details of the reinforcement layouts. In the cross-

sectional drawings, confining reinforcement is omitted for clarity.
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Figure C.1 Details of reinforcement layout for No. 14 headed bar specimen 14-2: (a) elevation,

(b) cross-section
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Figure C.2 Details of reinforcement layout for No. 14 headed bar specimen 14-3: (a) elevation,
(b) cross-section
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Figure C.3 Details of reinforcement layout for No. 14 headed bar specimen 14-4: (a) elevation,

(b) cross-section
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Figure C.5 Details of reinforcement layout for No. 14 headed bar specimen 14-16: (a) elevation,

(b) cross-section
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Figure C.7 Details of reinforcement layout for No. 14 headed bar specimen 14-1A: (a) elevation,
(b) cross-section
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Figure C.8 Details of reinforcement layout for No. 14 headed bar specimen 14-2A: (a) elevation,

(b) cross-section

331



1.5" CLR

COVER TO

TIES, TYP.

21 /

5"

4"
10"
10"
6.5"

No. 4 SINGLE TIES

— o

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS

(EQUAL DIAMETERS),

2" TYP=

TYP.

/ (8) No. 11, Gr. 60

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS

(EQUAL DIAMETERS), TYP.

57"
0 = %; 1—26.7"7
10d, T o ®
| 285" 168 -
/ :|— o [e]
| g
(b)
57"

Figure C.9 Details of reinforcement layout for No. 14 headed bar specimen 14-16B: (a)

elevation, (b) cross-section
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333



of

1.5" CLR
COVER TO
TIES, TYP.

57

25" ’
e

&=

No. 5 DOUBLE/

OVERLAPPING
TIES

VE

10"
1 Oll
O

No. 4 SINGLE TIES/

|

LA

1L

2", TYP.\L

(@)

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS

(EQUAL DIAMETERS), TYP.

/ (10) No. 11, Gr. 60

] - =
57"
| rZG.?"—T
i\ T — o o o
104, "
| 285" 168" 456
— T
(b)
57"
TRANSVERSE BARS
WELDED TO

LONGITUDINAL BARS
(EQUAL DIAMETERS), TYP.
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Figure C.12 Details of reinforcement layout for No. 14 headed bar specimen 14-16E: (a)
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elevation, (b) cross-section

336



of

1.5" CLR
COVERTO
TIES, TYP. |
10"
5u - _
5" |=4 = |
g 10d,
— = Al

No. 5 DOUBLE— ==t

TIES 9"]:

]—‘

10"
'l

AN

No. 4 SINGLE TIES

2", TYP.

-

(a)

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS

(EQUAL DIAMETERS), TYP.

57"
—26.7"—
] O'___DJ o o
N RPN —— / (10) No. 11, Gr. 60
(<] P J
1
P
(b)
57"

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS

(EQUAL DIAMETERS), TYP.

Figure C.14 Details of reinforcement layout for No. 14 headed bar specimen 14-17: (a)
elevation, (b) cross-section

337



75

TRANSVERSE BARS

1.5" CLR
COVERTO
TIES, TYP.

S'E
5"
No. 4 SINGLE TIES— |

5"
1 2"
L

[

2", TYP.\L

TRANSVERSE BARS
WELDED TO
LONGITUDINAL BARS
(EQUAL DIAMETERS),

), TYP.

+—20.7"¢
[ N

WELDED TO
LONGITUDINAL BARS
(EQUAL DIAMETERS

57"
Jl\ —

10d,

28.5" 168" 28.6"

] |

57"

TYP.

(10) No. 11, Gr. 60
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(b) cross-section
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Figure C.16 Details of reinforcement layout for No. 14 headed bar specimen 14-6: (a) elevation,

(b) cross-section
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(b) cross-section
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Figure C.19 Details of reinforcement layout for No. 14 headed bar specimen 14-9: (a) elevation,

(b) cross-section
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(b) cross-section
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Figure C.22 Details of reinforcement layout for No. 18 headed bar specimen 18-2: (a) elevation,

(b) cross-section
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Figure C.23 Details of reinforcement layout for No. 18 headed bar specimen 18-3: (a) elevation,

(b) cross-section
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Figure C.24 Details of reinforcement layout for No. 18 headed bar specimen 18-4: (a) elevation,

(b) cross-section
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Figure C.25 Details of reinforcement layout for No. 18 headed bar specimen 18-5: (a) elevation,

(b) cross-section
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Figure C.27 Details of reinforcement layout for No. 18 headed bar specimen 18-7: (a) elevation,

(b) cross-section
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351



C.2 DETAILED PROPERTIES AND TEST RESULTS FOR NO. 14 AND NO. 18 BAR
SPECIMENS TESTED IN CURRENT STUDY

Table C.1 Detailed properties and test results for No. 14 and No. 18 bar specimens tested in

current study

«eeh «eeh,avg _fcm Age db Ab
1D Designation n | Head Abrg
in. | in. psi | Days | in. | in.

, A 18.5

11-1 (2@10)11-15-04.5-i- 3.5-3.5-18.25 2 B 185 18.5 | 16,210 | 265 | 1.41 | 1.56| 4.5
. A 18.5

1122 | C@10)11-15-04.5-7#3-i- 3.5-3.5-18.25 | 2 B 185 18.5 | 15,850 | 275 | 141 | 1.56 | 4.5
. A 20.5

14-2 | C@10.6)14-15-B4.2-5#4-i-3.5-3.5-20.5 | 2 B 205 20.5 | 12,830 | 69 | 1.693 | 2.25| 4.2
. A 32.1

14-3 2@10.6)14-7-L4.2-1-3.5-3.5-31.9 2 B 314 31.8 | 8,510 | 170 | 1.693 | 2.25 | 4.2
. A 32.0

14-4 2@10.6)14-7-L4.2-5#4-1-3.5-3.5-31.9 | 2 B 32.0 32.0 | 7,700 16 | 1.693|2.25]| 4.2
. A 22.6

14-15 2@10.6)14-7-L4.2-1-3.5-3.5-22.7 2 B 31 22.8 | 6,190 | 21 | 1.693|2.25| 4.2
) A 23.1

14-16 | 2@10.6)14-7-1L.4.2-3#4-1-3.5-3.5-22.7 | 2 B 2.0 22.6 | 5,390 8 1.693 | 2.25 | 4.2
. A 22.6

14-16A | (2@10.6)14-7-L4.2-3#4-1-3.5-3.5-22.7 | 2 B 23 22.4 | 8,350 14 | 1.693 | 2.25| 4.2
. A 22.3

14-1A (2@10.6)14-15-14.2-1-3.5-3.5-22.7 2 B 26 224 112,030 | 122 | 1.693 | 2.25 | 4.2
. A 23.1

14-2A | 2@10.6)14-15-L4.2-5#4-1-3.5-3.5-22.7 | 2 B 29 23.0 | 13,750 | 136 | 1.693 | 2.25 | 4.2
. A 22.5

14-16B | (2@10.6)14-7-1L.4.2-3#4-i-3.5-3.5-22.7 | 2 B 218 22.1 | 7,500 | 28 | 1.693|2.25| 4.2
. A 22.8

14-16C | (2@10.6)14-7-L4.2-7#4-1-3.5-3.5-22.7 | 2 B oy 22.6 | 6,470 7 1.693 | 2.25 | 4.2
, A 22.8

14-16D | 2@10.6)14-7-1L.4.2-10#5-1-3.5-3.5-22.7 | 2 B 3.0 229 | 6,900 32 11.693 1225]| 4.2
. A 22.3

14-16E | 2@10.6)14-7-L4.2-6#5-1-3.5-3.5-22.7 | 2 B 25 224 | 6,170 16 | 1.693 | 2.25| 4.2
. A 22.1

14-16F | (2@10.6)14-7-L4.2-6#5-1-3.5-3.5-22.7 | 2 B 1 22.1 | 5,640 8 1.693 | 2.25 | 4.2
. A 22.5

14-17 2@7.1)14-7-L4.2-6#5-1-6.5-3.5-22.7 | 2 B 23 22.4 | 6,540 16 | 1.693 225 4.2
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

b h he bgp dejf Cso Co Che s Bar
ID def)?/'eeh S/db
in. in. in. | in. in. in. | in. | in. | in.

spacing

11-1 22512451205 6 |22.12| 120 (35|23 (35|14.1| 10.0 Wide

11-2 22512451205 6 |2274| 123 |35|23|35|14.1| 10.0 Wide

14-2 1267 286|255 | 6 |27.55| 134 |35|24 (35| 18 10.6 Wide

14-3 | 26.7378|255| 6 |3037| 095 |35|24 (35| 18 10.6 Wide

14-4 267378255 6 |3128| 098 |35|24 35| 18 10.6 Wide

14-15 | 26.7 {286 |255| 6 |2948| 129 35|24 35| 18 10.6 Wide

14-16 |26.7 |28.6|255| 6 |28.13| 124 35|24 (35| 18 10.6 Wide

14-16A | 26.7 | 28.6 | 255 | 6 | 2856 | 1.28 |3.5|24 (35| 18 10.6 Wide

14-1A | 26.7 1286|255 6 |2734| 122 35|24 35| 18 10.6 Wide

14-2A 1267 1286|255 6 |2799| 122 |35|24 35| 18 10.6 Wide

14-16B | 26.7 | 28.6 | 25.5| 6 |28.88 | 131 [35]24 |35 18 10.6 Wide

14-16C | 26.7 | 28.6 | 25.5| 6 [29.45| 130 [35]24 (35| 18 10.6 Wide

14-16D | 26.7 | 28.6 | 255 | 6 |30.79 | 134 |35|24|35]| 18 10.6 Wide

14-16E | 26.7 | 28.6 | 255 | 6 [29.75| 133 3524 |35 18 10.6 Wide

14-16F | 26.7 | 28.6 | 255 | 6 |29.56| 134 |35]24|35]| 18 10.6 Wide

14-17 |26.7 |28.6255| 6 |2939| 131 65|54 (35| 12 7.1 Close
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

dto dtp Atp Att Ahs
1D th Ry ny Att/Ahs L. C.
in. in. | in? | in? | in.?
11-1 0.38] 0 010 0 0 0 |3.12 0 B

112 | 038 7 | 4 | 8 |0375|0.11 | 0.88 | 3.12 | 0.282 B

14-2 05| 5 3 16| 05 02| 12450 0.267 A

14-3 05101010 0 0 0 |4.50 0 B

14-4 051 5 316 05 02| 12450 0.267 A

14-15 {05 | 0 | 0| O 0 0 0 |4.50 0 B

14-16 | 05 | 3 | 2 | 4| 05 | 02| 0.8 |450]| 0.178 A

14-16A | 05 | 3 | 2 | 4| 05 | 02| 0.8 |450]| 0.178 A

14-1A | 05 0 | 0| O 0 0 0 |4.50 0 B

14-2A | 05 | 5 3 16| 05 02| 12450 0.267 B

14-16B | 05 | 3 | 2 | 4| 05 | 02 | 08 | 450 0.178 B

14-16C | 05 | 7 | 4 | &8 | 05 | 02 | 1.6 | 450 | 0356 B

14-16D | 0.5 | 5 3 11210.625|0.31|3.72 | 450 | 0.827 A

14-16E | 0.5 | 5 | 2 | 8 |0.625|0.31 |248|4.50 | 0.551 A

14-16F | 0.5 | 3 | 2 | 8 |0.625]0.31 |2.48|4.50 | 0.551 A

14-17 | 05 | 3 | 2 | 8 |0.625]0.31|2.48|4.50| 0.551 A
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

Dmax | Dind Tonax ﬁ,max Tina Tiou T ‘f; Failure

ID T
in. | in. kips ksi kips | kips | Kips ksi ype

222 [0.84 | 1652 | 105.91 [ 165.1
i : : : +
M o2 (076 | 1602 | 10271 | 1602 | 2200 | 1030 | 1043 1 CBSS

112 0.61 | 0.26 | 229.7 | 147.23 | 229.7 4120 | 2210 | 1417 sS
2351030 | 212.8 | 1364 | 212.8

149 1481025 | 194 86.2 | 193.5 3812 | 1906 | 847 SF
148021 | 188.1 83.6 | 187.8 ' ' '

14.3* - 1026 289.9 | 128.8 | 289.5 606.0 | 303.0 | 134.7 sS
0.90 | 0.24 | 316.1 | 140.5 | 273.5 ' ' '

0.17 [ 0.08 | 331.1 | 1472 | 3285
14-4 2 6 | 148.
033 | 0.14| 3301 | 1507 | 339.1 | 007-%| 3336 | 1983 85

1.07 1 0.52 | 217.2 | 96.5 |217.2
- . . . +
115 1.39 1026 | 1924 | 855 | 1924 409.61204.8 | 91.0 ) CBHSS

1.2 |1 0.08 | 127.8 | 56.8 | 127.8
14-16 1.3 {0.05| 1194 | 53.1 | 1194 247.2 1 123.6 | 549 SF

L4-16A 0.71 1 0.26 | 190.8 | 84.8 | 190.8 3720 | 186.0 | 827 SF
0.70 | 0.15| 181.5 | 80.7 | 181.1

L41A 0.15]0.04 | 159.2 | 70.7 | 159.0 100 | 1600 | 711 SF
0.72 1042 | 163.5 | 72.6 | 163.5 ' ' '

L49A 0.41]036| 2582 | 114.8 | 258.1 4962 | 2481 | 110.3 CB
0.63 | 0.20 | 238.0 | 105.8 | 237.8 ' ' '

1.91 | 1.60 | 201.1 | 89.4 [200.9
14-16B 411917 852 | CB+
B 096 [067 ] 1824 | 811 1824 | o0t PIT] 832 | CBTSS

0.26 [ 0.11 | 192.1 854 | 191.1
t-lec 0.51]0.41 | 225.8 | 1004 | 225.7 4169 | 208.4 1 92.6 58

. 10671025 3044 | 1353 | 2735
14-16D 0.21]0.18 | 2753 | 1224 | 275.1 379.6| 289.8 | 128.8 58

14-16E 1.28 | 021] 219 973 | 2190 437.2 | 218.6 | 97.2 SS
1.10 | 0.05 | 227.4 | 101.1 | 218.2

14-16F 0.93]0.13 | 198.09 | 88.0 | 198.1 3056 | 1978 | 879 sS
120 0.14 | 1975 | 87.8 | 1975 ' ' '

14-17 0.81]0.19 | 203.5 | 90.5 |203.5 4134 | 2067 | 91.9 CB
0.90 | 0.25 | 210.1 93.4 | 2099 ' ' '

* Bars failed independently, so T is the average of the maximum force on individual bar
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested

in current study

ID

Designation

Head

Z eh

Z eh,avg

Sem

Age

dp

Ap

in.

in.

psi

Days

in.

in.?

A brg

14-5

(3@3.5)14-7-L4.2-544-i-3.5-3.5-22.7

223

223

22.4

223

6,830

31

1.693

2.25

4.2

14-6

(3@3.5)14-7-L4.2-545-i-3.5-3.5-22.7

223
22.5
22.5

22.4

6,890

51

1.693

2.25

4.2

14-7

(3@3.5)14-7-L4.2-1-3.5-3.5-31.9

32.0

32.1

323

32.1

7,080

102

1.693

2.25

4.2

14-8

(3@3.5)14-7-L4.2-5#5-1-3.5-3.5-31.9

31.6

31.8

31.6

31.7

7,100

109

1.693

2.25

4.2

14-9

(3@3.5)14-12-L4.2-545-i-3.5-3.5-22.7

223

22.0

22.1

22.1

11,480

38

1.693

2.25

4.2

14-10

(3@3.5)14-7-L4.2-104#5-i-3.5-3.5-22.7

223

22.1

224

223

6,820

42

1.693

2.25

4.2

18-1

(2@8.0)18-7-L4.4-14#5-1-3.5-3.5-31.1

325

32.6

32.6

5,750

20

2.257

4.00

4.4

18-2

(2@8.0)18-15-H4.4-14#5-1-3.5-3.5-27.8

28.3

28.6

284

11,770

45

2.257

4.00

4.4

18-3

2@8.0)18-7-04.3-6#5-1-3.5-3.5-30.6

31.1

30.8

30.9

6,540

2.257

4.00

43

18-4

(2@8.0)18-7-04.3-12#5-1-3.5-3.5-30.6

30.8

31.0

30.9

7,200

15

2.257

4.00

43

18-5

(2@5.3)18-7-L4.4-14#5-i-6.5-3.5-31.1

32.0

33.0

325

5,310

23

2.257

4.00

4.4

18-6

(2@5.3)18-15-H4.4-14#5-1-6.5-3.5-27.8

28.6

28.6

28.6

10,230

53

2.257

4.00

4.4

18-7

(B@2.7)18-7-L4.4-20#5-1-6.5-3.5-31.1

32.0

32.0

323

32.1

5,890

20

2.257

4.00

4.4

18-8

(B@2.7)18-7-L4.4-20#5-1-6.5-3.5-31.1

323

32.0

QT[> QW |>|T (> T (> TP |E > T > Q|E > Q> QE|>QF > Q| > Q|E| >

32.8

323

6,380

27

2.257

4.00

4.4
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

b h hg | bep deff Cso Co Chc N Bar
1D deﬁ/geh S/db
in. in. in. | in. in. in. | in. | in. | in.

spacing

14-5 | 20.7 |28.6 240 | 9 |3045| 137 |35|24 35| 6 3.5 Close

14-6 |20.7 |28.6 240 | 9 |3034| 135 |35|24 35| 6 3.5 Close

14-7 {207 378240 9 |3276| 1.02 |35|24 35| 6 3.5 Close

14-8 |20.7 3781240 | 9 |3353| 1.06 |35|24 35| 6 3.5 Close

14-9 {207 |28.6255| 6 |2951| 134 |35|24 35| 6 3.5 Close

14-10 | 20.7 |1 28.6 |24.0| 9 |3133| 140 |35]24|35]| 6 3.5 Close

18-1 (273 (378337 9 3999 123 |[35|21|35]| 18 8.0 Wide

18-2 (273 (378352 | 6 |39.74| 140 [35]21|35]| 18 8.0 Wide

18-3 | 273378337 9 |4034| 131 |35]|17|35]| 18 8.0 Wide

18-4 | 2733781337 9 |4025| 130 |35]|17|35]| 18 8.0 Wide

18-5 (273378337 9 |3988| 123 |65|51 35| 12 53 Close

18-6 273 (378352 | 6 |40.60| 142 |65|51 35| 12 53 Close

18-7 273 |37.8 322 |12 |3949| 123 |65|51 35| 6 2.7 Close

18-8 | 273 |37.8 322 | 12 |4035| 125 |65|51 35| 6 2.7 Close
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

dm dtp Atp Att Ahs
1D th Ry Ry Att/Ahs L.C.
in. in. | in.? | in.?2 | in.?

14-5 | 05| 5 316 0.5 02 | 1.2 | 675 | 0.178 B

14-6 | 05| 5 3 16 (0625]031]|186]| 6.75 | 0.276 B

14-7 {05 0 | 0| O 0 0 0 6.75 0 B

14-8 [ 05| 5 3 16 (0625]031|186]| 6.75 | 0.276 B

149 05| 5 3 16 (0625|031 |186| 6.75 | 0.276 B

14-10 | 05| 5 3 11210625031 |3.72| 6.75 | 0.551 A

18-1 | 05|14 | 7 | 14]0.625|0.31 | 434 | 800 | 0.543 A

182 |05 | 14 | 7 |14 |0.625| 031|434 | 8.00 | 0.543 A

183 | 05| 6 3 16 (0625|031 ]1.86]| 800 | 0.233 B

18-4 | 05|12 | 6 | 12 ]0.625|0.31 |3.72 | 800 | 0.465 B

18-5 | 05|14 | 7 | 14]0.625|0.31 | 434 | 800 | 0.543 A

18-6 |05 | 14 | 7 |14 |0.625| 031 |4.34| 8.00 | 0.543 A

18-7 {05 |10 | 5 |200.625|0.31| 6.2 | 12.00 | 0.517 A

18-8 | 05|10 | 5 |20]0.625|0.31| 6.2 | 12.00 | 0.517 A
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Table C.1 Cont. Detailed properties and test results for No. 14 and No. 18 bar specimens tested
in current study

Dmax | Dind Toax ﬁ,max Tina Tiou T ‘f“; Failure

ID T
in. | in. | Kips ksi | kips | kips | Kkips ksi ype
0.71]0.11 | 188.0 | 83.6 | 188.0
14-5 | 1.01 | 024 | 1745 | 77.5 | 174.5 | 5454 | 181.8 | 80.8 CB
0.9210.08 | 1829 | 81.3 | 1829
0.66 | 0.06 | 179.7 | 79.9 | 179.5
14-6 | 0.78 | 0.25 | 1763 | 78.4 | 176.3 | 538.5 | 179.5 | 79.8 CB
0.7310.20 | 182.7 | 81.2 | 182.6
1.22 | 0.11 | 254.7 | 113.2 | 254.7
14-7 | 2.03 | 0.27 | 248.8 | 110.6 | 248.6 | 756.3 | 252.1 | 112.0 | CB+SS
1.73 | 0.28 | 253.2 | 112.5 | 253.2
0.64 | 0.10 | 279.1 | 124.1 | 279.1
14-8 | 0.57]0.13 | 266.0 | 118.2 | 266.0 | 823.8 | 274.6 | 122.0 | CB+SS
0.34 1 0.02 | 278.7 | 1239 | 278.7
09410321788 | 79.4 | 178.8
14-9 | 0.87|0.40 | 1655 | 73.6 | 1654 | 521.7 | 173.9 | 77.3 CB
1.00 | 0.45 | 177.8 | 79.0 | 1774
0.60 | 0.26 | 208.1 | 92.5 | 207.9
14-10 | 0.81 ] 0.30 | 205.3 | 91.3 | 2053 | 619.8 | 206.6 | 91.8 CB
0.73 1 0.28 | 206.4 | 91.7 | 206.4
0.90 | 0.24 | 366.7 | 91.7 | 323.8
18-1 644.0 | 322.0 | 80.5 SS
0.74 | 0.31 | 320.1 | 80.0 | 320.1
18-2 274 1 1.35 ] 4063 | 1016 | 4047 813.2 | 406.6 | 101.7 | CB+SS
1.86 | 1.38 | 408.5 | 102.1 | 408.5
1.07 | 0.34 | 366.0 | 91.5 | 364.8
18-3 733.0 | 366.5 | 91.6 CB
1.07 | 0.34 | 368.3 | 92.1 | 368.3
0.99 | 0.13 | 382.1 | 95.5 | 382.1
18-4 760.0 | 380.0 | 95.0 SS
1.08 | 0.04 | 378.4 | 94.6 | 378.0
1.20 | 0.98 | 300.5 | 75.1 | 300.5
18-5 601.6 | 300.8 | 75.2 CB
1.16 | 0.02 | 301.1 | 75.3 | 301.1
18-6 1.64 | 1.33 | 418.4 | 104.6 | 4184 239.6 | 419.8 | 105.0 sS
1.73 | 1.41 | 421.3 | 105.3 | 421.3
0.49 1 0.13 | 256.4 | 64.1 | 256.2
18-7 | 0.54 | 030 | 241.6 | 60.4 | 241.6 | 756.3 | 252.1 | 63.0 | CB+SS
0.46 | 0.20 | 258.5 | 64.6 | 258.5
2321048 |291.7 | 72.9 | 291.7
18-8 | 1.98|0.28 | 303.6 | 75.9 | 303.6 | 885.9 | 2953 | 73.8 | CB+SS

2.07 1 0.23 | 290.8 | 72.7 | 290.5
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C.3 SPECIMENS TESTED AT THE UNIVERSITY OF KANSAS

This section presents the specimens tested at the University of Kansas, including No. 5,
No. 8, and No. 11 bar specimens tested by Shao et al. (2016), and No. 14 and No. 18 bar specimens
tested in this study. Specimens are tabulated in four categories: widely-spaced bars without parallel
ties (Table C2), closely-spaced bars without parallel ties (Table C3), widely-spaced bars with
parallel ties (Table C4), and closely-spaced bars with parallel ties (Table C5). In each category,
specimens not used to develop descriptive equations, Eq. (5.5) and (5.7), are identified, if any.

Table C.2 Detailed properties and test results for headed bar specimens having widely-spaced
bars without parallel ties tested at the University of Kansas

SN 1D b - benavg | Jom b A * s/dp
in. in. in. psi in. | in2 | in.
1 5-5-F4.0-0-1-2.5-5-4 129 | 9.6 4.1 4810 | 0.625 (031 | 7.3 11.7
2 5-5-F4.0-0-i-2.5-3-6 149 | 9.5 6.0 4690 | 0.625 031 | 7.3 11.7
3 5-12-F4.0-0-1-2.5-5-4 129 | 9.6 4.1 | 11030 | 0.625|031| 7.3 11.7
4 5-12-F4.0-0-1-2.5-3-6 15.0 | 9.5 6.0 | 11030 | 0.625|031| 74 11.8
5 8-5g-T4.0-0-1-2.5-3-12.5 16.8 | 17.1 | 12.6 | 5910 1 0.79 | 10.8 | 10.8
6 8-5g-T4.0-0-1-3.5-3-12.5 17.1 | 17.0 | 12.5 | 6320 1 0.79 | 11.1 11.1
7 8-5-T4.0-0-i-2.5-3-12.5 16.8 | 17.1 | 12.6 | 6210 1 0.79 | 10.8 | 10.8
8 8-5-T4.0-0-1-3.5-3-12.5 164 | 17.2 | 12.7 | 6440 1 079 | 104 | 104
9 8-8-F4.1-0-i-2.5-3-10.5 16.9 | 14.5 | 10.5 | 8450 1 0.79 | 109 | 109
10 8-12-F4.1-0-1-2.5-3-10 16.9 | 13.7 | 9.7 | 11760 1 0.79 | 109 | 109
11 8-5-S56.5-0-1-2.5-3-11.25 16.8 | 158 | 11.1 | 5500 1 0.79 | 10.8 | 10.8
12 8-5-56.5-0-1-2.5-3-14.25 16.6 | 19.0 | 14.3 | 5500 1 0.79 | 10.6 | 10.6
13 8-5-04.5-0-1-2.5-3-11.25 16.9 | 19.5 | 11.3 | 5500 1 0.79 | 109 | 109
14 8-5-04.5-0-1-2.5-3-14.25 17.0 | 22.4 | 14.1 | 5500 1 079 11.0 | 11.0
15 8-5-T9.5-0-1-2.5-3-14.5 16.9 | 189 | 144 | 4970 1 0.79 | 109 | 109
16 8-5-09.1-0-1-2.5-3-14.5 17.0 | 22.6 | 14.4 | 4970 1 079 11.0 | 11.0
17 8-15-T4.0-0-1-2.5-4.5-9.5 17.0 | 15.5 9.5 | 16030 1 079 | 11.0 | 11.0
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Table C.2 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars without parallel ties tested at the University of Kansas

T I i R PP W e 0 PO

in.? | in.2 in. in. in. °
1 (2] 0 [062] 0 |525] 944 | 640 | 158 | 66.7
2 2] 0 [062] 0 525|944 | 660 | 1.10 | 576
3 2] 0 |062] 0 |525| 944|597 | 147 | 667
4 2] 0 [062] 0 525|944 616 | 1.03 |576
5 2] 0 [158] 0 |100]|14.19|13.07| 1.04 | 485
6 |2] 0 |158] 0 |100|14.19|12.77| 1.02 | 4856
7 2] 0 [158] 0 |100|14.19|1254| 1.00 | 43.4
8 |2] 0 |158] 0 |100]|14.19|1281| 1.01 |483
9O |2] 0 [158] 0 |100|14.19|11.95| 1.14 | 535
10 (2] 0 [158] 0 1001419 1131 ] 1.17 | 557
11 (2] 0 [158] 0 1001419 1248 1.13 | 52.1
12 (2] 0 [158] 0 |100]14.19]12.92] 091 | 449
13 (2] 0 [158] 0 |100]1419]1220] 1.08 | 516
14 (2] 0 [158] 0 |100]14.19]12.76 | 090 | 45.1
15 [2] 0 [158] 0 |10.0]14.19]1320] 092 | 446
16 |2] 0 [158] 0 |100]14.19]1329] 092 | 446
17 (2] 0 [158] 0 10014191111 1.17 | 562
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Table C.2 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars without parallel ties tested at the University of Kansas

SN d T T/T), S Salfsca™ | foulfscac®
b b ksi
1 24500 22194 1.10 79.0 1.48 1.48
2 32700 31887 1.03 105.5 1.35 1.35
3 28300 26355 1.07 91.3 1.39 1.39
4 41700 38065 1.10 134.5 1.39 1.39
5 97700 84758 1.15 123.7 1.44 1.44
6 93400 85541 1.09 118.2 1.36 1.36
7 83300 85808 0.97 105.4 1.21 1.21
8 91900 86910 1.06 116.3 1.32 1.32
9 77100 77095 1.00 97.6 1.24 1.24
10 71800 76548 0.94 90.9 1.15 1.15
11 75555 74071 1.02 95.6 1.29 1.29
12 87720 94024 0.93 111.0 1.16 1.16
13 67390 75268 0.90 85.3 1.13 1.13
14 85000 93279 0.91 107.6 1.13 1.13
15 91650 92862 0.99 116.0 1.23 1.23
16 94800 92862 1.02 120.0 1.27 1.27
17 83300 80113 1.04 105.4 1.26 1.26

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
(31 Based on proposed design equation, Eq. (6.32), using simplified expression for v, Eq. (6.30)
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Table C.2 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars without parallel ties tested at the University of Kansas

b h L eh,avg ﬁm db Ab N

SN ID s/dy
in. in. in. psi in. | in? | in.
18 8-15-89.5-0-i-2.5-3-9.5 170 | 153 | 95 [16030] 1 |079] 11.0 | 11.0
19 8-8-T9.5-0-i-2.5-3-9.5 170 | 139 | 94 [ 9040 | 1 [079] 11.0 | 11.0
20 | Q@9)8-12-F4.1-0-i-2.53-12 | 15.0 | 16.1 | 12.1 | 12080 1 |0.79| 9.0 | 9.0
21 | Q@9)8-12-F9.1-0-i-2.5-3-12 | 149 | 159 | 11.9 | 12080 1 |0.79] 89 | 8.9
22 8-8-04.5-0-i-2.5-3-9.5 171 | 174 | 92 | 6710 | 1 |09 11.1 | 11.1
23 | C@9)8-8-04.5-0-i-2.53-95 | 15.1 | 173 | 90 | 6710 | 1 |0.79] 9.1 | 9.1

24 (2@9)8-8-T4.0-0-1-2.5-3-9.5 | 15.1 | 139 | 94 | 6790 1 0.79 | 9.1 9.1

25 11-5a-F3.8-0-1-2.5-3-17 219 | 209 | 16.6 | 4050 | 1.41 |1.56| 155 | 11.0

26 11-5-F3.8-0-1-2.5-3-17 214 | 216 | 17.3 | 5760 | 1.41 | 1.56 | 15.0 | 10.6

27 11-12-04.5-0-1-2.5-3-16.75 | 21.4 | 26.9 | 17.1 | 10860 | 1.41 | 1.56 | 15.0 | 10.6

28 11-12-S5.5-0-1-2.5-3-16.75 | 21.7 | 22.7 | 169 | 10120 | 1.41 | 1.56 | 153 | 10.9

29 11-5-04.5-0-1-2.5-3-19.25 215 | 292 | 194 | 5430 | 141 | 1.56| 15.1 | 10.7

30 11-5-S5.5-0-1-2.5-3-19.25 215 | 25.1 | 194 | 6320 | 141 | 1.56| 15.1 | 10.7

31 11-1 225 | 245 | 185 | 16210 | 1.41 | 1.56 | 14.1 | 10.0
32 14-3 26.7 | 37.8 | 31.8 | 8510 | 1.693 | 2.25| 18.0 | 10.6
33 14-15 26.7 | 28.6 | 22.8 | 6190 | 1.693 | 2.25 | 18.0 | 10.6
34 14-1A* 26.7 | 28.6 | 22.4 | 12030 | 1.693 | 2.25| 18.0 | 10.6

* Specimen failed in shear, not used to develop descriptive equations, Eq. (5.5) and (5.7)
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Table C.2 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars without parallel ties tested at the University of Kansas

T I i R PP W e 0 PO

in.? | in.2 in. in. in. °
18 [2] 0 [158] 0 1001419 11.08] 1.17 | 562
19 (2] 0 [158] 0 |100]14.19]11.54| 123 | 565
20 |2] 0 [158] 0 |100|14.19|11.58| 096 | 496
21 |2] 0 [158] 0 |100|14.19|11.54| 097 |50.1
2 2] 0 [158] 0 |100|1419|11.67| 127 |57.1
23 2] 0 [158] 0 |100|1419[1191| 132 |576
24 |2] 0 [158] 0 |100|14.19]1200]| 128 |565
25 2] 0 |312] 0 |195]23.69|2255| 136 |55.0
26 | 2] 0 |312] 0 |195]|23.69|2282| 132 |53.9
27 121 0 [312] 0 |195]|23.69|22.14| 129 | 541
28 2] 0 |3.12] 0 |195]|23.69|2240]| 132 | 544
29 [2] 0 [312] 0 |195]|23.69|2359| 121 |506
30 2] 0 |312] 0 |195|23.69|23.67| 122 | 507
31 |2] 0 [312] 0 |205|2350]| 2212 120 | 518
32 2] 0 | 45| 0 |255|2854|3033| 095 |41.9
33 2] 0 | 45| 0 |255|2854 2944 129 | 514
34 2] 0 | 45| 0 |255|2854|2730]| 122 | 519
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Table C.2 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars without parallel ties tested at the University of Kansas

SN d T T/T) S Soulfs.cai® Seulfs,carc™
b b ksi
18 81650 80113 1.02 | 1034 1.24 1.24
19 65200 70305 0.93 82.5 1.16 1.16
20 79050 94579 0.84 | 100.1 1.01 1.01
21 76500 93249 0.82 96.8 1.00 1.00
22 58350 64836 0.90 73.9 1.14 1.14
23 58800 63573 0.92 74.4 1.17 1.17
24 61800 66259 0.93 78.2 1.18 1.18
25 97500 120635 | 0.81 62.5 1.02 1.02
26 132700 134846 | 0.98 85.1 1.22 1.22
27 169600 152764 1.11 108.7 1.33 1.33
28 175900 148975 1.18 112.8 1.42 1.42
29 157900 149070 1.06 | 101.2 1.30 1.30
30 176800 153383 1.15 113.3 1.41 1.41
31 163000 178441 0.91 104.5 1.07 1.07
32 303000 284810 1.06 | 1347 1.25 1.25
33 204800 194950 1.05 91.0 1.27 1.27
34 160000 220013 | 0.73 71.1 0.86 0.86

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
(31 Based on proposed design equation, Eq. (6.32), using simplified expression for v, Eq. (6.30)
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Table C.3 Detailed properties and test results for headed bar specimens having closely-spaced
bars without parallel ties tested at the University of Kansas

1. 1. 1. psi 1. 1. 1.
35 (B@5.9)5-12-F4.0-0-1-2.5-4-5 1321 95 | 50 |11030|0.625|0.31| 3.8 | 6.1
36 (4@3.9)5-12-F4.0-0-1-2.5-4-5 1281 9.7 | 52 | 11030 0.625|0.31 | 24 | 3.8
37 (3@3)8-8-F4.1-0-1-2.5-3-10.5 12.0 | 14.6 | 10.6 | 8450 1 0.79 | 3.0 | 3.0
38 | (3@3)8-8-F4.1-0-i-2.5-3-10.5-HP | 11.8 | 14.3 | 10.3 | 8450 1 079129 | 29
39 (3@4)8-8-F4.1-0-1-2.5-3-10.5 14.0 | 14.8 | 10.8 | 8450 1 0.79 | 4.0 | 4.0
40 (3@5)8-8-F4.1-0-1-2.5-3-10.5 16.0 | 144 | 10.4 | 8050 1 079 50 | 5.0
41 (B@5)8-8-F4.1-0-1-2.5-3-10.5-HP | 16.1 | 14.3 | 10.3 | 8260 1 07951 | 5.1
42 (3@3)8-12-F4.1-0-i-2.5-3-10 120 | 139 | 9.9 | 11040 1 0.79 | 3.0 | 3.0
43 (3@4)8-12-F4.1-0-i-2.5-3-10 14.0 | 13.9 | 9.9 | 11440 1 0.79 | 4.0 | 4.0
44 (3@5)8-12-F4.1-0-1-2.5-3-10 16.0 | 139 | 99 | 11460 1 079 50 | 5.0
45 (B3@5.5)8-5-T9.5-0-1-2.5-3-14.5 16.5 | 18.8 | 143 | 4960 1 07953 | 53
46 (B@5.5)8-5-09.1-0-1-2.5-3-14.5 165 22.6 | 144 | 4960 1 07953 | 53
47 (4@3.7)8-5-T9.5-0-1-2.5-3-14.5 17.4 | 18.8 | 143 | 5570 1 079 | 3.8 | 3.8
48 (4@3.7)8-5-09.1-0-1-2.5-3-14.5 16.8 1223 | 14.1 | 5570 1 0.79 | 3.6 | 3.6
49 (3@4)8-8-T9.5-0-1-2.5-3-9.5 14.0 | 13.8 | 9.3 | 9040 1 0.79 | 4.0 | 4.0
50 B@5)8-8-T9.5-0-1-2.5-3-9.5 16.0 | 140 | 9.5 | 9940 1 079 50 | 5.0

366



Table C.3 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars without parallel ties tested at the University of Kansas

SN | n ,A”z ,A”; Aul Ans ,h”’ i f’”’f doglen (3
1. . 1. . 1.
35 [3] 0 |093| 0 |525|944 | 629 | 125 |61.9
36 | 4| 0 |124| 0 |525| 944 | 656 | 1.26 | 612
37 (3] 0 [237] 0 |100]1419]1293| 122 | 533
38 3] 0 |237] 0 |100]1419]1275| 123 | 53.9
39 [3] 0 |237] 0 |100]|14.19]1269]| 1.17 | 52.6
40 [3] 0 |237] 0 |100]1419[1270] 123 | 53.9
41 [3] 0 |237] 0 [100]1419|1245| 121 | 542
2 [3] 0 [237] 0 [100]1419[11.73] 1.18 | 55.1
43 [3] 0 [237] 0 [100]1419|11.66| 1.18 | 55.0
44 3] 0 |237] 0 |100]1419|11.63| 1.17 | 55.0
45 (3] 0 |237] 0 |100]1419|13.95| 098 | 449
46 | 3| 0 |237] 0 |100]1419|14.07| 098 | 447
47 (4] 0 [316] 0 |100]1419|13.83| 097 | 448
48 | 4| 0 [316] 0 |100]1419|13.99| 1.00 | 453
49 (3] 0 |237] 0 |100]1419|11.73| 127 | 569
50 [3] 0 [237] o0 |100|1419]1152] 121 | 562
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Table C.3 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars without parallel ties tested at the University of Kansas

T T fou , \
SN " " T/T, ” Foulficar? Foulfocar®
35 28033 27686 1.01 904 1.38 1.38
36 25633 22569 1.14 82.7 1.50 1.50
37 54800 47606 1.15 69.4 1.42 1.40
38 50500 45945 1.10 63.9 1.35 1.32
39 58700 54950 1.07 74.3 1.38 1.38
40 64000 58092 1.10 81.0 1.46 1.46
41 59900 58169 1.03 75.8 1.36 1.36
42 42200 47266 0.89 534 1.10 1.08
43 48900 53869 091 61.9 1.16 1.16
44 55100 60053 0.92 69.7 1.20 1.20
45 73400 72826 1.01 92.9 1.34 1.34
46 75700 73307 1.03 95.8 1.37 1.37
47 60800 63981 0.95 77.0 1.22 1.22
48 61225 61495 1.00 77.5 1.27 1.27
49 40300 48037 0.84 51.0 1.09 1.09
50 44500 55983 0.79 56.3 1.05 1.05

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
(31 Based on proposed design equation, Eq. (6.32), using simplified expression for v, Eq. (6.30)
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Table C.3 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars without parallel ties tested at the University of Kansas

1mn. 1. 1mn. ps1 1. 1. 1mn.
51 B@7)8-8-T9.5-0-1-2.5-3-9.5 199140 | 95 | 10180 1 0791 7.0 | 7.0
52 (B@4)8-8-T9.5-0-1-2.5-3-14.5 14.0 | 19.1 | 14.6 | 9040 1 0.79 | 4.0 | 4.0
53 (B@5)8-8-T9.5-0-1-2.5-3-14.5 15.8 | 19.1 | 14.6 | 9940 1 079 | 49 | 49
54 (B@7)8-8-T9.5-0-i-2.5-3-14.5 20.0 | 19.0 | 14.5 | 10180 1 0791 7.0 | 7.0
55 (B@4.5)8-12-F4.1-0-1-2.5-3-12 14.8 | 16.2 | 12.2 | 12040 1 079 | 44 | 4.4
56 (B@4.5)8-12-F9.1-0-1-2.5-3-12 15.0 | 16.0 | 12.0 | 12040 1 0.79 | 45 | 45
57 (4@3)8-12-F4.1-0-1-2.5-3-12 15.0 | 16.0 | 12.0 | 12040 1 0.79 | 3.0 | 3.0
58 (4@3)8-12-F9.1-0-i-2.5-3-12 150 | 16.2 | 12.2 | 12360 1 0.79 | 3.0 | 3.0
59 2@7)8-8-04.5-0-1-2.5-3-9.5 13.0|17.5| 93 | 6710 1 0791 7.0 | 7.0
60 (2@5)8-8-04.5-0-1-2.5-3-9.5 113173 | 9.0 | 6710 1 0791 53| 53
61 (2@3)8-8-04.5-0-1-2.5-3-9.5 9.1 | 173 ] 9.0 | 6710 1 079 3.1 | 3.1
62 (3@4.5)8-8-T4.0-0-1-2.5-3-9.5 15.0 | 13.8| 93 | 6790 1 0.79 | 45 | 45
63 (4@3)8-8-T4.0-0-1-2.5-3-9.5 150|140 | 9.5 | 6650 1 0.79 | 3.0 | 3.0
64 (3@3)8-8-T4.0-0-1-2.5-3-9.5 1221140 | 95 | 6790 1 0.79 | 3.1 | 3.1
65 | B@5.35)11-12-04.5-0-1-2.5-3-16.75 | 21.3 | 26.7 | 16.9 | 10860 | 1.41 | 1.56 | 7.5 | 5.3
66 | 3@5.35)11-12-85.5-0-1-2.5-3-16.75 | 21.4 | 22.7| 16.9 | 10120 | 1.41 | 1.56 | 7.5 | 53
67 | (B3@5.35)11-5-04.5-0-1-2.5-3-19.25 | 21.5 293 | 19.5 | 5430 | 141 | 156 | 7.6 | 54
68 | (B@5.35)11-5-S5.5-0-1-2.5-3-19.25 | 21.4 | 25.0| 193 | 6320 | 1.41 | 1.56| 75| 53
69 14-7 20.7137.8 | 32.1 | 7080 | 1.693 | 2.25| 6.0 | 3.5
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Table C.3 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars without parallel ties tested at the University of Kansas

SN | n ,A”z ,A”; Aul Ans ,h”’ i f’”’f doglen (3
1. . 1. . 1.
51 3] 0 |237] 0 |100]1419]11.84| 125 | 562
52 (3] 0 [237] 0 |100]14.19]1329| 091 | 442
53 3] 0 |237] 0 |100]14.19]1322] 091 | 442
54 [3] 0 [237] 0 |100]|1419]1277] 0.88 | 443
55 13| 0 |237| 0 |100]|1419]1229| 1.01 | 493
56 |3 0 |237] 0 |100]14.19]1227] 1.02 | 497
57 4| 0 |316] 0 |100]|14.19|11.98| 1.00 | 49.8
5§ |4 0 |316] 0 |100]|1419]11.97| 098 | 494
59 [2] 0 [158] 0 |100]1419]1206| 130 | 56.9
60 | 2| 0 |158| 0 |100]1419]1222] 136 |57.6
61 |2 0 |158| 0 |100]|1419]1257| 1.40 | 57.6
62 |3 0 |237| 0 |100]|14.19]11.99| 128 |56.7
63 | 4| 0 |316| 0 |100]|1419]11.72] 124 | 563
64 |3 0 |237| 0 |100]1419]1236| 131 | 563
65 | 3| 0 |468| 0 |195]|23.69|2201| 1.30 | 545
66 | 3| 0 |468| 0 |195|23.69|2223| 131 | 545
67 | 3| 0 |468| 0 |195]|23.69|2450| 1.26 | 50.5
68 | 3| 0 |468| 0 |195|23.69|2438| 1.26 |50.8
69 | 3| 0 |675| 0 |240)2854|3273| 1.02 |41.6
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Table C.3 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars without parallel ties tested at the University of Kansas

T T, fou ) .
SN b b /T, i Soulfscarc™® Soulfscarc™
51 68700 67522 1.02 87.0 1.32 1.32
52 76600 73720 1.04 97.0 1.31 1.31
53 93200 82924 1.12 118.0 1.44 1.44
54 104000 101224 1.03 131.6 1.30 1.30
55 75233 69227 1.09 95.2 1.38 1.38
56 75400 69067 1.09 954 1.39 1.39
57 49300 57675 0.85 62.4 1.03 1.02
58 50325 58762 0.86 63.7 1.03 1.02
59 54500 60661 0.90 69.0 1.19 1.19
60 51200 50557 1.01 64.8 1.36 1.36
61 47700 39480 1.21 60.4 1.53 1.52
62 40700 48252 0.84 51.5 1.12 1.12
63 26150 40814 0.64 33.1 0.81 0.79
64 39367 41479 0.95 49.8 1.20 1.19
65 106800 119889 0.89 68.5 1.14 1.14
66 109000 118568 0.92 69.9 1.18 1.18
67 128700 119541 1.08 82.5 1.41 1.41
68 137400 121678 1.13 88.1 1.47 1.47
69 252100 181632 1.39 112.0 1.67 1.67

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)
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Table C.4 Detailed properties and test results for headed bar specimens having widely-spaced
bars with parallel ties tested at the University of Kansas

b h L eh,avg _fcm db Ab s

SN ID - - - - - T s/dp
1. 1. 1mn. psi 1. 1mn. 1.
70 5-5-F4.0-2#3-i-2.5-5-4 130 93 | 3.8 | 4810 | 0.625|031 | 7.4 | 11.8
71 5-5-F4.0-5#3-i-2.5-5-4 130 97 | 42 | 4810 | 0.625|031 | 7.4 | 11.8
72 5-5-F4.0-2#3-i-2.5-3-6 130 95 | 6.0 | 4690 | 0.625|031 | 7.4 | 11.8
73 5-5-F4.0-5#3-i-2.5-3-6 130 96 | 6.1 | 4690 | 0.625|031 | 7.4 | 11.8
74 5-12-F4.0-2#3-1-2.5-5-4 129 9.6 | 41 |11030|0.625|031| 7.3 | 11.7
75 5-12-F4.0-5#3-1-2.5-5-4 130 9.7 | 42 |11030|0.625|031 | 7.4 | 11.8
76 8-5-T4.0-4#3-1-3-3-12.5 179 | 16.9 | 12.4 | 5070 1 0.79 | 10.9 | 10.9
77 8-5-T4.0-4#3-1-4-3-12.5 20.0 | 16.6 | 12.1 | 5380 1 0.79 | 11.0 | 11.0
78 8-5-T4.0-4#4-1-3-3-12.5 17.6 | 16.9 | 12.4 | 5070 1 0.79 | 10.6 | 10.6
79 8-5-T4.0-4#4-1-4-3-12.5 20.1 | 16.7 | 12.2 | 4850 1 0.79 | 11.1 | 11.1
80 8-5g-T4.0-5#3-1-2.5-3-9.5 16.8 | 14.1 | 9.6 | 5090 1 0.79 | 10.8 | 10.8
81 8-5g-T4.0-5#3-i-3.5-3-9.5 193 | 14.1| 9.6 | 5910 1 079 | 11.3 | 11.3
82 8-5g-T4.0-4#4-1-2.5-3-9.5 16.5 | 13.7 | 9.2 | 5180 1 0.79 | 10.5 | 10.5
83 8-5g-T4.0-4#4-1-3.5-3-9.5 163 | 14.0 | 9.5 | 5910 1 0.79 | 10.3 | 10.3
84 8-5-T4.0-5#3-1-2.5-3-9.5 16.5 | 13.8 | 9.3 | 5960 1 0.79 | 10.5 | 10.5
85 8-5-T4.0-5#3-1-3.5-3-9.5 18.8 | 13.6 | 9.1 | 6440 1 0.79 | 10.8 | 10.8
86 8-5-T4.0-4#4-1-2.5-3-9.5 16.5 | 13.8 | 9.3 | 6440 1 0.79 | 10.5 | 10.5
87 8-5-T4.0-4#4-1-3.5-3-9.5 18.8 | 13.8 | 93 | 6210 1 0.79 | 10.8 | 10.8
88 8-8-F4.1-2#3-i-2.5-3-10 17.1 | 139 | 9.9 | 8450 1 0.79 | 11.1 | 11.1
89 8-12-F4.1-5#3-1-2.5-3-10 17.0 | 14.0 | 10.0 | 11760 1 0.79 | 11.0 | 11.0
90 8-5-S6.5-2#3-1-2.5-3-9.25 173 | 139 | 9.1 | 5750 1 0.79 | 11.3 | 11.3
91 8-5-S6.5-2#3-i-2.5-3-12.25 17.0 | 17.1 | 12.3 | 5750 1 0.79 | 11.0 | 11.0
92 8-5-04.5-2#3-1-2.5-3-9.25 17.0 | 17.6 | 9.4 | 5750 1 0.79 | 11.0 | 11.0
93 8-5-04.5-2#3-1-2.5-3-12.25 16.8 | 20.3 | 12.0 | 5750 1 0.79 | 10.8 | 10.8
94 8-5-S6.5-5#3-1-2.5-3-8.25 17.0 | 13.1 | 83 | 5900 1 0.79 | 11.0 | 11.0
95 8-5-S6.5-5#3-i-2.5-3-11.25 17.8 | 15.7 | 10.9 | 5900 1 0.79 | 11.8 | 11.8
96 8-5-04.5-5#3-1-2.5-3-8.25 17.0 | 16.3 | 8.0 | 5900 1 0.79 | 11.0 | 11.0
97 8-5-04.5-5#3-1-2.5-3-11.25 16.8 | 19.4 | 11.1 | 5900 1 0.79 | 10.8 | 10.8
98 8-5-T9.5-5#3-1-2.5-3-14.5 17.0 | 18.9 | 14.4 | 5420 1 0.79 | 11.0 | 11.0
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Table C.4 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars with parallel ties tested at the University of Kansas

SN | n A”z A”; Ay || Xmia | o | O
in. in. in. in. in. °

70 2 10.2210.62| 0.355 525 | 944 | 6.16 1.62 | 68.0
71 2 10.660.62| 1.065 525 | 944 | 648 1.56 | 66.2
72 2 10.2210.62 | 0.355 525 | 944 | 7.04 1.17 | 57.6
73 2 10.66 062 1.065 525 | 944 | 7.30 1.21 | 57.3
74 2 10.2210.62 | 0.355 525 | 944 | 6.08 1.47 | 66.4
75 2 10.660.62| 1.065 525 | 944 | 6.23 148 | 65.9
76 2 1066|158 | 0418 10.0 | 14.19 | 12.85 1.04 | 48.9
77 2 1066|158 | 0418 10.0 | 14.19 | 12.69 | 1.05 |49.6
78 2108 | 1.58] 0.506 10.0 | 14.19 | 13.61 1.09 | 48.8
79 2108 | 1.58 ] 0.506 10.0 | 14.19 | 13.03 1.07 |49.3
80 2 1066|158 | 0418 10.0 | 14.19 | 12.72 | 1.33 | 56.0
81 2 1066|158 | 0418 10.0 | 14.19 | 12.17 | 1.27 | 56.0
82 2108 | 1.58] 0.506 10.0 | 14.19 | 13.16 | 143 | 57.1
83 2108 | 1.58 ] 0.506 10.0 | 14.19 | 13.13 1.38 | 56.2
84 2 1066|158 | 0418 10.0 | 14.19 | 12.36 | 1.33 | 56.7
85 2 1066|158 | 0418 10.0 | 14.19 | 12.15 1.34 | 574
86 2108 [ 1.58 ] 0.506 10.0 | 14.19 | 12.75 1.38 | 56.9
87 2108 | 1.58] 0.506 10.0 | 14.19 | 12.33 1.33 | 56.9
88 210221158 0.139 10.0 | 14.19 | 11.84 | 1.20 | 55.1
89 2 1066|158 | 0418 10.0 | 14.19 | 11.58 | 1.16 | 54.8
90 21022158 0.139 10.0 | 14.19 | 11.97 | 1.31 | 57.2
91 210221158 0.139 10.0 | 14.19 | 12.71 1.03 |49.1
92 21022158 0.139 10.0 | 14.19 | 12.14 | 1.29 | 56.5
93 210221158 0.139 10.0 | 14.19 | 12.51 1.04 | 49.8
94 2 1066|158 | 0418 10.0 | 14.19 | 11.93 1.44 | 59.6
95 2 1066|158 | 0418 10.0 | 14.19 | 12.51 1.14 | 524
96 2 1066|158 0418 10.0 | 14.19 | 12.12 | 1.52 | 60.6
97 2 1066|158 | 0418 10.0 | 14.19 | 12.59 | 1.13 | 519
98 2 1066|158 | 0418 10.0 | 14.19 | 13.97 | 0.97 | 44.6
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Table C.4 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars with parallel ties tested at the University of Kansas

T M Sou ) 3
SN b b T/Tw si Soulfscai® Ssulfscai?
70 19700 26065 0.76 63.5 1.08 1.13
71 26500 28524 0.93 85.5 1.33 1.33
72 37900 37047 1.02 122.3 1.33 1.39
73 43500 38004 1.14 140.3 1.51 1.51
74 32700 31943 1.02 105.5 1.34 1.41
75 38900 33148 1.17 125.5 1.56 1.56
76 87509 96598 0.91 110.8 1.16 1.16
77 96172 95603 1.01 121.7 1.28 1.28
78 109032 96967 1.12 138.0 1.43 1.43
79 101480 94697 1.07 128.5 1.38 1.38
80 78700 79159 0.99 99.6 1.34 1.34
81 79500 81155 0.98 100.6 1.31 1.31
82 90700 77064 1.18 114.8 1.60 1.60
83 96700 80768 1.20 122.4 1.60 1.60
84 74200 79652 0.93 93.9 1.25 1.25
85 80600 79041 1.02 102.0 1.37 1.37
86 90500 80293 1.13 114.6 1.51 1.51
87 85600 79807 1.07 108.4 1.44 1.44
88 73400 78237 0.94 92.9 1.07 1.26
89 87200 94462 0.92 110.4 1.16 1.16
90 63350 67844 0.93 80.2 1.10 1.29
91 85960 88117 0.98 108.8 1.11 1.30
92 67910 69451 0.98 86.0 1.15 1.35
93 78510 86156 0.91 99.4 1.04 1.22
94 62040 73036 0.85 78.5 1.18 1.18
95 84480 89999 0.94 106.9 1.22 1.22
96 68390 71017 0.96 86.6 1.35 1.35
97 82230 91214 0.90 104.1 1.16 1.16
98 121000 110155 1.10 153.2 1.35 1.35

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)
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Table C.4 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars with parallel ties tested at the University of Kansas

b h L eh,avg _fcm db Ab s

SN ID - - - - - T s/dp
1. 1. 1mn. psi 1. 1. 1.

99 8-15-T4.0-2#3-1-2.5-4.5-7 17.0 | 13.1 | 7.1 | 16030 0.79 | 11.0 | 11.0

100 8-15-89.5-2#3-i-2.5-3-7 169 | 12.8 | 7.1 | 16030 0.79 | 10.9 | 10.9

0.79 | 11.0 | 11.0
0.79 | 11.0 | 11.0

101 8-15-T4.0-5#3-1-2.5-4.5-5.5 17.0 | 11.5 | 5.5 | 16030
102 8-15-S9.5-5#3-1-2.5-3-5.5 17.0 | 114 | 5.6 | 16030
103 8-8-T9.5-2#3-1-2.5-3-9.5 16.8 | 13.7 | 9.2 | 9040 0.79 | 10.8 | 10.8
104 | (2@9)8-12-F4.1-5#3-1-2.5-3-12 | 15.0 | 16.0 | 12.0 | 12080 0791 9.0 | 9.0
105 | (2@9)8-8-T4.0-5#3-1-2.5-3-9.5 | 15.1 | 14.0| 9.5 | 6790 1 079 9.1 | 9.1
106 11-5a-F3.8-2#3-1-2.5-3-17 215 | 21.8| 17.4 | 4050 | 1.41 | 1.56 | 15.1 | 10.7
107 11-5a-F3.8-6#3-1-2.5-3-17 214 | 21.1| 16.7 | 4050 | 1.41 | 1.56 | 15.0| 10.6
108 11-5-F3.8-6#3-1-2.5-3-17 214|213 | 169 | 5970 | 1.41 | 1.56 | 15.0| 10.6
109 | 11-12-04.5-6#3-1-2.5-3-16.75 | 21.4 | 26.6 | 16.8 | 10860 | 1.41 | 1.56 | 15.0 | 10.6
110 | 11-12-S5.5-6#3-1-2.5-3-16.75 | 21.8 | 22.6 | 16.8 | 10120 | 1.41 | 1.56 | 15.4 | 10.9
111 11-5-04.5-6#3-1-2.5-3-19.25 | 21.4 | 294 | 19.6 | 5430 | 1.41 | 1.56 | 15.0 | 10.6
112 11-5-S5.5-6#3-1-2.5-3-19.25 | 21.7 | 249 | 19.1 | 6320 | 1.41 | 1.56 | 153 | 10.9

—t = | = | = [ = | =

113 11-2 2251245 185 | 15850 | 1.41 | 1.56 | 14.1 | 10.0
114 14-4 26.7 | 37.8 | 32.0 | 7700 | 1.693 | 2.25 | 18.0 | 10.6
115 14-2A 26.7 | 28.6 | 23.0 | 13750 | 1.693 | 2.25 | 18.0 | 10.6
116 14-16B 26.7 | 28.6 | 22.1 | 7500 | 1.693 | 2.25 | 18.0 | 10.6
117 14-16C 26.7 | 28.6 | 22.6 | 6470 | 1.693 | 2.25 | 18.0 | 10.6
118 14-16D 26.7 | 28.6 | 22.9 | 6900 | 1.693 | 2.25 | 18.0 | 10.6
119 14-16E 26.7 | 28.6 | 22.4 | 6170 | 1.693 | 2.25 | 18.0 | 10.6
120 14-16F 26.7 | 28.6 | 22.4 | 5640 | 1.693 | 2.25 | 18.0 | 10.6
121 14-2%* 26.7 | 28.6 | 20.5 | 12830 | 1.693 | 2.25 | 18.0 | 10.6
122 14-16%* 26.7 | 28.6 | 22.6 | 5390 | 1.693 | 2.25 | 18.0 | 10.6
123 14-16A* 26.7 | 28.6 | 22.4 | 8350 | 1.693 | 2.25 | 18.0 | 10.6
124 18-1 273 | 37.8| 32.6 | 5750 | 2.257| 4 |18.0| 8.0
125 18-2 273 |37.8| 28.4 | 11770 | 2.257| 4 |18.0| 8.0
126 18-3 273 | 37.8| 309 | 6540 | 2.257| 4 |18.0| 8.0
127 18-4 273 |37.8| 30.9 | 7200 |2.257| 4 |18.0| 8.0

" Specimen failed in shear, not used to develop descriptive equations, Eq. (5.5) and (5.7)
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Table C.4 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars with parallel ties tested at the University of Kansas

SN | n A”z A”; Ay || Xmia | o | O
in. in. in. in. in. °

99 21022158 0.139 10.0 | 14.19 | 10.78 | 1.53 | 63.5
100 | 2 [ 0.22]1.58] 0.139 10.0 | 14.19 | 1090 | 1.54 | 63.5
101 | 2 [ 0.66 | 1.58| 0418 10.0 | 14.19 | 10.84 | 1.97 | 68.8
102 | 2 | 0.66 | 1.58 | 0418 10.0 | 14.19 | 11.01 1.96 | 684
103 | 2 1 0.22]1.58] 0.139 10.0 | 14.19 | 11.64 | 1.27 | 57.1
104 | 2 | 0.66 | 1.58 | 0418 10.0 | 14.19 | 12.24 | 1.02 | 49.8
105 | 2 [ 0.66 | 1.58| 0418 10.0 | 14.19 | 1248 | 1.31 |56.2
106 | 2 [ 0.22|3.12| 0.071 19.5 | 23.69 | 23.27 | 1.33 | 53.6
107 | 2 [ 0.66 | 3.12 | 0.212 19.5 | 23.69 | 23.22 | 1.39 | 54.8
108 | 2 [ 0.66 |3.12 | 0.212 19.5 | 23.69 | 23.22 | 1.37 | 544
109 | 2 | 0.66 | 3.12| 0.212 19.5 | 23.69 | 22.64 | 135 | 54.6
110 | 2 [ 0.66 | 3.12 | 0.212 19.5 | 23.69 | 22.74 | 1.35 |54.6
111 | 2 [ 0.66 | 3.12 | 0.212 19.5 | 23.69 (2422 | 123 |504
112 | 2 1 0.66 | 3.12 | 0.212 19.5 | 23.69 | 23.93 1.25 | 51.1
113 | 2 1 0.88 | 3.12 | 0.282 20.5 [23.50 12274 123 |51.8
114 | 2 | 1.2 | 45 0.267 255 | 2854 | 31.24 | 098 |41.7
115 | 2 | 1.2 | 45 0.267 25.5 | 28.54 | 27.95 1.22 | 51.1
116 | 2 | 0.8 | 4.5 0.178 255 | 2854 | 28.84 | 1.30 | 52.2
117 | 2 | 1.6 | 4.5 0.356 25.5 | 28.54 | 2941 1.30 | 51.7
118 | 2 [ 3.72 | 4.5 0.827 255 | 28.54 | 30.75 1.34 | 51.3
119 | 2 | 248 | 4.5 0.551 25.5 | 28.54 | 29.71 1.33 | 51.9
120 | 2 | 248 | 4.5 0.551 255 [ 285412952 | 132 |519
121 | 2 | 1.24 | 4.5 0.276 25.5 | 28.54 | 27.51 1.34 | 54.3
122 | 2| 0.8 | 45 0.178 255 [ 2854 |128.09| 1.24 |51.6
123 | 2 | 0.8 | 4.5 0.178 255 | 2854|2852 | 1.27 |519
124 | 2 | 4.34 8 0.543 337 | 38.15]40.04 | 1.23 |49.5
125 | 2 | 4.34 8 0.543 352 | 38.15]39.79 | 1.40 |53.3
126 | 2 | 1.86 8 0.233 337 | 38.15140.39| 1.31 |51.0
127 | 2 | 3.72 8 0.465 337 | 38.15]1 4030 | 1.31 |51.0
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Table C.4 Cont. Detailed properties and test results for headed bar specimens having widely-
spaced bars with parallel ties tested at the University of Kansas

T T, fou ) .
SN b b /T, i Soulfscarc™® Soulfcarc™
99 59000 66018 0.89 74.7 1.02 1.21
100 67100 66018 1.02 84.9 1.17 1.37
101 63300 63505 1.00 80.1 1.41 1.41
102 75800 64570 1.17 95.9 1.65 1.65
103 68700 74398 0.92 87.0 1.06 1.24
104 111900 109525 1.02 141.6 1.23 1.23
105 76700 82668 0.93 97.1 1.23 1.23
106 118200 132304 0.89 75.8 1.07 1.17
107 116200 138665 0.84 74.5 1.02 1.20
108 151900 150483 1.01 97.4 1.19 1.40
109 201500 167009 1.21 129.2 1.37 1.62
110 197400 164831 1.20 126.5 1.37 1.61
111 181400 167374 1.08 116.3 1.26 1.48
112 189600 168453 1.13 121.5 1.30 1.53
113 221100 200186 1.10 141.7 1.25 1.47
114 333600 312075 1.07 148.3 1.33 1.40
115 248100 263338 0.94 110.3 1.19 1.25
116 191700 218167 0.88 85.2 1.11 1.17
117 208400 236732 0.88 92.6 1.23 1.23
118 289800 247121 1.17 128.8 1.66 1.66
119 218600 238520 0.92 97.2 1.31 1.31
120 197800 234993 0.84 87.9 1.22 1.22
121 190600 237632 0.80 84.7 1.04 1.10
122 123600 208846 0.59 54.9 0.76 0.80
123 186000 224958 0.83 82.7 1.04 1.09
124 322000 396331 0.81 80.5 1.17 1.17
125 406600 402909 1.01 101.7 1.42 1.42
126 366500 353676 1.04 91.6 1.36 1.44
127 380000 395312 0.96 95.0 1.38 1.38

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)
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Table C.5 Detailed properties and test results for headed bar specimens having closely-spaced
bars with parallel ties tested at the University of Kansas

b h L eh,avg _fcm db Ab s

SN ID - - - - - -~ ; s/dp
1mn. 1mn. 1mn. psi 1mn. 1. 1.

128 (3@5.9)5-12-F4.0-2#3-i-2.5-4-5 13.2 9.7 5.2 11030 | 0.625 | 031 | 3.8 | 6.1

129 (3@5.9)5-12-F4.0-5#3-i-2.5-4-5 13.0 9.5 5.0 11030 | 0.625 | 031 | 3.7 | 59

130 (4@3.9)5-12-F4.0-2#3-i-2.5-4-5 13.1 9.5 5.0 11030 | 0.625 | 031 | 2.5 | 4.0

131 (3@3)8-8-F4.1-2#3-i-2.5-3-10 11.9 14.1 10.1 8260 1 0.79 | 3.0 | 3.0

144 (B@7)8-8-T9.5-2#3-1-2.5-3-9.5 20.1 14.1 9.6 10180 079 | 7.1 7.1

145 (3@4)8-8-T9.5-2#3-1-2.5-3-14.5 14.0 18.9 14.4 9040 079 | 40 | 4.0

146 (B@5)8-8-T9.5-2#3-1-2.5-3-14.5 16.0 18.6 14.1 9940 0.79 | 5.0 5.0

132 | (3@3)8-8-F4.1-2#3-1-2.5-3-10-HP 12.0 14.3 10.3 8260 1 0.79 | 3.0 3.0
133 (B@4)8-8-F4.1-2#3-1-2.5-3-10 14.0 13.9 9.9 8050 1 079 | 40 | 4.0
134 | (3@4)8-8-F4.1-2#3-1-2.5-3-10-HP 14.3 14.3 10.3 8050 1 079 | 42 | 42
135 (B@5)8-8-F4.1-2#3-1-2.5-3-10.5 15.6 13.8 9.8 8260 1 0.79 | 4.8 4.8
136 | (3@5)8-8-F4.1-2#3-1-2.5-3-10.5-HP | 16.1 14.0 10.0 8260 1 0.79 | 5.1 5.1
137 (3@3)8-12-F4.1-5#3-1-2.5-3-10 12.1 14.0 10.0 11040 1 0.79 | 3.1 3.1
138 (B@A4)8-12-F4.1-5#3-1-2.5-3-10 13.9 13.8 9.8 11440 1 079 | 40 | 4.0
139 (B@5)8-12-F4.1-5#3-1-2.5-3-10 16.3 13.6 9.6 11460 1 0.79 | 5.2 52
140 | (3@5.5)8-5-T9.5-5#3-1-2.5-3-14.5 17.1 18.9 14.4 5370 1 0.79 | 5.6 5.6
141 | (4@3.7)8-5-T9.5-5#3-1-2.5-3-14.5 17.4 19.0 14.5 5570 1 0.79 | 3.8 3.8
142 (B@4)8-8-T9.5-2#3-1-2.5-3-9.5 14.0 14.1 9.6 9040 1 0.79 | 4.0 | 4.0
143 (B@5)8-8-T9.5-2#3-1-2.5-3-9.5 16.0 13.9 94 9940 1 0.79 | 5.0 5.0

1

1

1

1

079 | 7.0 7.0

147 B@7)8-8-T9.5-2#3-1-2.5-3-14.5 20.0 19.0 14.5 10180
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Table C.5 Cont. Detailed properties and test results for headed bar specimens having closely-

spaced bars with parallel ties tested at the University of Kansas

SN | n A”z A"Z Ay |2 alll G\ st 0
in. in. in. in. in. °

128 | 3 0.22 0.93 0.237 5.25 9.44 6.56 1.27 614
129 | 3 0.66 0.93 0.710 5.25 9.44 6.71 1.34 62.0
130 | 4 0.22 1.24 0.177 5.25 9.44 6.80 1.35 61.9
131 3 0.22 2.37 0.093 10.0 14.19 13.42 1.33 54.6
132 | 3 0.22 2.37 0.093 10.0 14.19 13.11 1.27 54.0
133 | 3 0.22 2.37 0.093 10.0 14.19 12.67 1.28 55.1
134 | 3 0.22 2.37 0.093 10.0 14.19 13.29 1.29 53.9
135 | 3 0.22 2.37 0.093 10.0 14.19 12.36 1.26 554
136 | 3 0.22 2.37 0.093 10.0 14.19 12.67 1.27 54.8
137 | 3 0.66 2.37 0.278 10.0 14.19 12.50 1.25 54.8
138 | 3 0.66 2.37 0.278 10.0 14.19 12.24 1.25 554
139 | 3 0.66 2.37 0.278 10.0 14.19 12.03 1.25 55.9
140 | 3 0.66 2.37 0.278 10.0 14.19 14.65 1.02 44.5
141 4 0.66 3.16 0.209 10.0 14.19 14.84 1.02 44 .4
142 | 3 0.22 2.37 0.093 10.0 14.19 12.22 1.28 56.0
143 | 3 0.22 2.37 0.093 10.0 14.19 11.91 1.26 56.4
144 | 3 0.22 2.37 0.093 10.0 14.19 11.79 1.23 56.0
145 | 3 0.22 2.37 0.093 10.0 14.19 13.66 0.95 445
146 | 3 0.22 2.37 0.093 10.0 14.19 13.59 0.97 452
147 | 3 0.22 2.37 0.093 10.0 14.19 13.02 0.90 443
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Table C.5 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars with parallel ties tested at the University of Kansas

T M Sou 2 3
SN b b T/Tw si Soulfscai® Soulfscai?
128 35133 33584 1.05 113.3 1.21 1.53
129 38633 34700 1.11 124.6 1.30 1.30
130 30900 27915 1.11 99.7 1.44 1.53
131 61900 57369 1.08 78.4 1.51 1.48
132 56700 58670 0.97 71.8 1.35 1.33
133 55500 60679 0.91 70.3 1.28 1.36
134 69800 63840 1.09 88.4 1.52 1.64
135 56100 63998 0.88 71.0 1.21 1.37
136 65500 66344 0.99 82.9 1.35 1.53
137 61600 66202 0.93 78.0 1.04 1.02
138 65700 69943 0.94 83.2 1.05 1.10
139 69700 74981 0.93 88.2 1.02 1.19
140 94600 94050 1.01 119.7 1.08 1.30
141 76867 82141 0.94 97.3 1.13 1.18
142 51800 60391 0.86 65.6 1.20 1.27
143 55900 65003 0.86 70.8 1.18 1.33
144 67600 75489 0.90 85.6 1.14 1.28
145 85400 87381 0.98 108.1 1.31 1.39
146 105200 93460 1.13 133.2 1.48 1.67
147 113400 109767 1.03 143.5 1.26 1.42

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
(31 Based on proposed design equation, Eq. (6.32), using simplified expression for v, Eq. (6.30)
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Table C.5 Cont. Detailed properties and test results for headed bar specimens having closely-

spaced bars with parallel ties tested at the University of Kansas

SN D _b .h Ke_h’"vg fcm. .db .Abz _s s/d,
1. 1mn. 1. psi m. 1m. .
148 | (3@45)8-12-F4.1-5#352.53-12 | 149 | 162 | 122 | 12040 | 1 079 | 45 | 45
149 | (3@45)8-12-F9.1-543--2.53-12 | 150 | 159 | 119 | 12040 | 1 079 | 45 | 45
150 | (4@3)8-12-F4.1-543-1-2.5-3-12 150 | 160 | 120 | 12360 | 1 079 | 3.0 | 3.0
151 | (4@3)8-12-F9.1-5#3-1-2.5-3-12 150 | 160 | 120 | 12360 | 1 079 | 3.0 | 3.0
152 | (3@4.5)8-8-T4.0-5#3-1-2.53-9.5 154 | 137 | 92 | 6650 1 079 | 47 | 47
153 | (4@3)8-8-T4.0-5#3-1-2.53-9.5 150 | 142 | 97 | 6650 1 079 | 3.0 | 3.0
154 | (3@3)8-8-T4.0-5#3-1-2.5-3-9.5 121 | 138 | 93 | 6650 1 079 | 31 | 3.1
155 | (@351 1'1?'697“5'5'6#3'1'2'5'3' 214 | 268 | 170 | 10860 | 141 | 156 | 75 | 53
156 | (3@5.35)11-12-85.5-6431-2.5-3-16.75 | 213 | 225 | 168 | 10120 | 141 | 156 | 7.5 | 53
157 | (3@5.35)11-5-04.5-6#3-1-2.5-3-1925 | 21.6 | 29.1 | 194 | 5430 | 141 | 156 | 7.6 | 54
158 | (3@5.35)11-5-S5.5-6#3-12.5-3-1925 | 215 | 250 | 193 | 6320 | 141 | 156 | 7.6 | 54
159 14-17 267 | 286 | 224 | 6540 | 1.693 | 225 |120] 71
160 14-5 207 | 286 | 223 | 6830 | 1.693 | 225 | 60 | 35
161 14-6 207 | 286 | 224 | 6890 | 1.693 | 225 | 60 | 35
162 14-8 207 | 378 | 317 | 7100 | 1.693 | 225 | 60 | 35
163 149 207 | 286 | 221 | 11480 | 1.693 | 225 | 60 | 35
164 14-10 207 | 286 | 223 | 6820 | 1.693 | 225 | 60 | 35
165 18-5 273 | 378 | 325 | 5310 | 2257 | 4 | 120 53
166 18-6 273 | 378 | 286 | 10230 | 2257 | 4 | 120 53
167 18-7 273 | 378 | 321 | 5890 | 2257 | 4 | 60 | 27
168 18-8 273 | 378 | 323 | 6380 | 2257 | 4 | 60 | 27
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Table C.5 Cont. Detailed properties and test results for headed bar specimens having closely-

spaced bars with parallel ties tested at the University of Kansas

SN | n f4”2 ,A"; Aul Ans _hc’ i fleff deglen f
1. 1. . . .

148 | 3| 066 | 237 | 0278 | 100 | 1419 | 1265 | 1.04 | 494
149 | 3| 066 | 237 | 0278 | 100 | 1419 | 1326 | 1.11 50.0
150 | 4| 066 | 316 | 0209 | 100 | 1419 | 1251 | 1.04 | 497
151 | 4| 066 | 316 | 0209 | 100 | 1419 | 1343 | 1.12 | 499
152 | 3| 066 | 237 | 0278 | 100 | 1419 | 13.00 | 142 | 57.1
153 | 4| 066 | 316 | 0209 | 100 | 1419 | 1320 | 137 | 557
154 | 3| 066 | 237 | 0278 | 100 | 1419 | 1346 | 144 | 567
155 | 3| 066 | 468 | 0.141 | 195 | 2369 | 2267 | 133 | 543
156 | 3| 066 | 468 | 0.141 | 195 | 2369 | 2337 | 140 | 547
157 | 3| 066 | 468 | 0.141 | 195 | 23.69 | 2497 | 129 | 507
158 | 3| 066 | 468 | 0.141 | 195 | 2369 | 2491 | 129 | 509
159 | 2 | 248 45 | 0551 | 255 | 2854 | 2935 | 131 51.9
160 | 3| 120 | 675 | 0.178 | 240 | 2854 | 3041 | 136 | 520
161 | 3| 186 | 675 | 0276 | 240 | 2854 | 3030 | 135 | 518
162 | 3| 186 | 675 | 0276 | 240 | 2854 | 3349 | 106 | 42.0
163 | 3| 186 | 675 | 0276 | 255 | 2854 | 2947 | 133 | 522
164 | 3| 372 | 675 | 0551 | 240 | 2854 | 3129 | 141 52.1
165 | 2 | 4344 8 0543 | 337 | 3815 | 3988 | 123 | 496
166 | 2 | 4.344 8 0543 | 352 | 38.15 | 40.60 | 142 | 53.1
167 | 3| 6516 12 0543 | 322 | 3815 | 734 | 023 | 499
168 | 3| 6516 12 0543 | 322 | 3815 | 820 | 025 | 497
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Table C.5 Cont. Detailed properties and test results for headed bar specimens having closely-
spaced bars with parallel ties tested at the University of Kansas

T M Sou 2 3
SN b b T/Tw si Seulfs,carc™ Soulfscai?
148 87700 87901 1.00 111.0 1.07 1.16
149 108567 86555 1.25 137.4 1.34 1.47
150 64175 76549 0.84 81.2 0.99 0.97
151 87800 76107 1.15 111.1 1.37 1.34
152 62467 63550 0.98 79.1 1.14 1.28
153 48600 56489 0.86 61.5 1.09 1.07
154 56533 57108 0.99 71.6 1.16 1.14
155 135800 143119 0.95 87.1 1.19 1.42
156 153800 139041 1.11 98.6 1.40 1.66
157 141700 141112 1.00 90.8 1.29 1.54
158 152900 144108 1.06 98.0 1.35 1.62
159 206700 236469 0.87 91.9 1.22 1.22
160 181800 167221 1.09 80.8 1.37 1.40
161 179500 177273 1.01 79.8 1.14 1.16
162 274600 237013 1.16 122.0 1.22 1.24
163 173900 192173 0.90 77.3 0.98 1.00
164 206600 187191 1.10 91.8 1.22 1.22
165 300800 343107 0.88 75.2 1.12 1.12
166 419800 347541 1.21 105.0 1.51 1.51
167 252100 284797 0.89 63.0 0.93 0.93
168 295300 290162 1.02 73.8 1.06 1.06

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)

C.4 SPECIMENS TESTED IN OTHER STUDIES

This section presents the specimens tested outside the University of Kansas, including
those by Bashandy (1996), Chun et al. (2017a), and Sim and Chun (2022a, 2022b), as tabulated in
Table C.6. None of these specimens were used in developing descriptive equations, Eq. (5.5) and

(5.7).
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Table C.6 Detailed properties and test results for hooked bar specimens tested outside the

University of Kansas

Study | SN | ID b h et Jom @ _A”z 2 o/dy
1. 1. 1. ps1 1. . .
169 | 19 15.0 12.0 11.0 5000 1.41 1.56 47 | 33
170 | T10™ 15.0 12.0 125 5000 1.41 1.56 76 | 54
171 | TI2” 12.0 12.0 9.8 5110 1 0.79 80 | 8.0
172 | TI3” 15.0 12.0 12.8 5560 1 0.79 80 | 8.0
173 | T4 15.0 12.0 11.0 5400 1.41 1.56 47 | 33
174 | TI6 18.0 12.0 14.0 5740 141 1.56 47 | 33
e [175 | 120 12.0 12.0 8.2 5110 1.41 1.56 47 | 33
S [176 | T2 12.0 12.0 83 5110 1 0.79 50 | 50
= [ m 12.0 12.0 83 5110 1 0.79 50 | 50
E | 15.0 12.0 112 4820 1.41 1.56 47 | 33
2 [179| 724 15.0 12.0 1.2 4690 141 1.56 47 | 33
A Mgo | 125 15.0 12.0 11.0 4690 1.41 1.56 47 | 33
181 | T26 21.0 12.0 17.0 4550 141 1.56 47 | 33
182 | T27 12.0 12.0 8.0 4550 1.41 1.56 47 | 33
183 | T28 15.0 12.0 112 4830 1.41 1.56 47 | 33
184 | T29 15.0 12.0 11.0 4830 141 1.56 47 | 33
185 | T30 15.0 12.0 113 3210 1 0.79 50 | 50
186 | T32 12.0 12.0 8.0 4830 1 0.79 50 | 50

** Specimens with bars outside column core and parallel ties, therefore Att/Ahs = 0 when calculating v,
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

SN | n A”z A”; Ay |2 alll A P
in. in. in. in. in. °

169 | 2 2.00 3.12 0.641 11.0 14.0 14.02 1.27 51.9
170 | 2 1.86 3.12 0.596 11.0 14.0 13.41 1.07 48.3
171 2 0.88 1.58 0.557 11.0 14.0 12.95 1.32 55.0
172 | 2 1.24 1.58 0.785 11.0 14.0 13.27 1.04 47.6
173 | 2 0.66 3.12 0.212 11.0 14.0 14.51 1.32 51.9
174 | 2 3.20 3.12 1.026 11.0 14.0 13.88 0.99 45.0
175 | 2 3.20 3.12 1.026 11.0 14.0 14.81 1.81 59.7
176 | 2 3.20 1.58 2.025 11.0 14.0 13.39 1.61 59.4
177 | 2 3.20 1.58 2.025 11.0 14.0 13.01 1.57 59.4
178 | 2 3.20 3.12 1.026 11.0 14.0 13.79 1.23 514
179 | 2 3.20 3.12 1.026 11.0 14.0 14.32 1.28 51.4
180 | 2 6.12 3.12 1.962 11.0 14.0 14.95 1.36 51.9
181 2 3.20 3.12 1.026 11.0 14.0 14.36 0.84 39.5
182 | 2 3.20 3.12 1.026 11.0 14.0 13.35 1.67 60.3
183 | 2 3.20 3.12 1.026 11.0 14.0 14.92 1.33 514
184 | 2 3.20 3.12 1.026 11.0 14.0 14.50 1.32 51.9
185 | 2 3.20 1.58 2.025 11.0 14.0 14.47 1.28 51.1
186 | 2 3.20 1.58 2.025 11.0 14.0 13.46 1.68 60.3
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

T T, fou ) .
SN b b iy i Soulfscarc™® Soulfcarc™
169 76400 89600 0.85 49.0 0.97 0.97
170 60900 77800 0.92 39.0 1.21 1.21
171 40000 65100 0.72 50.6 0.90 0.90
172 61400 85100 0.84 71.7 1.04 1.04
173 93500 79100 1.18 59.9 1.60 1.60
174 95800 108500 0.88 61.4 0.92 0.92
175 78500 74100 1.06 50.3 1.32 1.32
176 49000 61400 0.8 62.0 0.96 0.96
177 41100 61400 0.67 52.0 0.81 0.81
178 68800 90100 0.76 44.1 0.86 0.86
179 80300 89800 0.89 51.5 1.01 1.01
180 95800 88700 1.08 61.4 1.23 1.23
181 111300 120600 0.92 71.3 0.93 0.93
182 44500 71800 0.62 28.5 0.79 0.79
183 97100 90200 1.08 62.2 1.22 1.22
184 86600 89100 0.97 55.5 1.10 1.10
185 62700 71600 0.88 79.4 1.02 1.02
186 48600 59400 0.82 61.5 1.01 1.01

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN DI b h | Lo | Jon & i = s/dy
m. m. . psi . m. .
187 D43-L7-C1-S42 213 | 148 | 119 | 6950 | 1693 | 225 | 163 | 96
188 | D43-L7-CI-S42-HPO5 | 213 | 148 | 119 | 6950 | 1.693 | 225 | 163 | 96
189 D43-L7-C1-S70 213 | 148 | 119 | 9890 | 1.693 | 225 | 163 | 96
190 D43-L10-C1-542 213 | 198 | 169 | 7570 | 1693 | 225 | 163 | 96
191 | D43-L10-CI-S42-HPO.5 | 213 | 198 | 169 | 7570 | 1.693 | 225 | 163 | 96
192 D43-L10-C1-S70 213 | 198 | 169 | 11,770 | 1693 | 225 | 163 | 96
193 D43-L13-C1-542 135 | 249 | 22 | 6640 | 1693 | 225 | 85 5
194 D43-L13-C2-542 169 | 249 | 22 | 6420 | 1693 | 225 | 85 5
195 | D43-LI3-CI-S42-TL5 | 135 | 249 | 22 | 5870 | 1.693 | 225 | 85 5
196 | D43-L13-C2-.842-T1S" | 169 | 249 | 22 | 6060 | 1.693 | 225 | 85 5
197 D43-L16-C1-542 135 | 300 | 271 | 6640 | 1.693 | 225 | 85 5
2 | 198 D43-L16-C2-542° 169 | 300 | 271 | 6640 | 1693 | 225 | 85 5
S [ 19| D43-L16-C1-842-T15 | 135 | 300 | 271 | 6060 | 1693 | 225 | 85 5
= 200 | D43-L16-C2-S42-T15° | 169 | 300 | 271 | 6420 | 1693 | 225 | 85 5
5 | 201 D57-L7-C1-542 230 | 189 | 158 | 7450 | 2257 | 4 163 | 72
2 [202] DS7L7-CI-S42-HPOS | 230 | 189 | 158 | 7450 | 2257 | 4 163 | 72
203 D57-L7-C1-S70 230 | 189 | 158 | 11,150 | 2257 | 4 163 | 72
204 D57-L10-C1-542 230 | 257 | 226 | 7450 | 2257 | 4 163 | 12
205 | D57-L10-CI-S42-HPO.S | 23.0 | 257 | 226 | 7450 | 2257 | 4 163 | 72
206 D57-L10-C1-870 230 | 257 | 226 | 11,150 | 2257 | 4 163 | 72
207 D57-L13-C1-542 230 | 324 | 293 | 5870 | 2257 | 4 163 | 72
208 | DS7-L13-CI-S42-HPO.S" | 230 | 324 | 203 | 5870 | 2257 | 4 163 | 72
209 | D57-L13-CI1-S42-HP1.0a’ | 23.0 | 324 | 203 | 5870 | 2257 | 4 163 | 72
210 | DS7-LI3-C1-S42-HP1.0b | 23.0 | 324 | 203 | 5870 | 2257 | 4 163 | 72
211 D57-L13-C2-542 275 | 324 | 293 | 5870 | 2257 | 4 163 | 72
212 D57-L16-C1-542 230 | 392 | 361 | 6060 | 2257 | 4 163 | 72
213 D57-L16-C2-842° 275 | 392 | 361 | 6060 | 2257 | 4 163 | 72

[ No specimen used in developing descriptive equations, Eq. (5.5) and 95.7)
(2] Bars outside column core in all specimens
BIHP and T at the end of the designations denote a "confined" specimen. In all other cases, bars are outside parallel ties, therefore Au/Ans = 0
when calculating ,,.

" Bars yielded
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

SN | n ,A”z f4h; Ad Ans’ ,h”’ i fl“” doglen f
. . 1. 1. .

187 | 2 | 18 45 0.4 55 7.9 779 | 065 | 337
188 | 2 | 18 45 0.4 55 7.9 856 | 072 | 337
189 | 2 | 18 45 0.4 55 7.9 829 | 070 | 337
9 | 2 | 18 45 0.4 8.8 113 1191 | 070 | 337
91 | 2 | 18 45 0.4 8.8 113 1231 | 073 | 337
192 | 2 | 18 45 0.4 8.8 113 1161 | 069 | 337
193 | 2 | 18 45 0.4 10.7 147 1636 | 0.74 | 337
194 | 2 | 18 45 0.4 10.7 14.7 1595 | 0.72 | 337
195 | 2 | 18 45 0.4 10.7 147 1669 | 0.76 | 337
96 | 2 | 18 45 0.4 10.7 14.7 17.17 | 078 | 337
197 | 2 | 18 45 0.4 14.1 18.1 2092 | 077 | 337
98 | 2 | 18 45 0.4 14.1 18.1 1989 | 0.73 | 337
199 | 2 | 18 45 0.4 14.1 18.1 1943 | 072 | 337
200 2| 18 45 0.4 14.1 18.1 2020 | 075 | 337
201 | 2 | 32 8 0.4 6.9 10.5 1081 | 0.68 | 337
202 2 | 32 8 0.4 6.9 10.5 11.86 | 0.75 | 337
203 | 2 | 32 8 0.4 6.9 10.5 10.13 | 0.64 | 337
204 | 2 | 32 8 0.4 11.4 15.1 1573 | 070 | 337
205 | 2 | 32 8 0.4 11.4 15.1 1697 | 075 | 337
206 | 2 | 32 8 0.4 11.4 15.1 1506 | 067 | 337
207 2 | 32 8 0.4 14.8 195 | 2070 | 071 | 337
208 | 2 | 32 8 0.4 14.8 195 | 2266 | 077 | 337
200 2 | 32 8 0.4 14.8 195 | 2266 | 077 | 337
200 2 | 32 8 0.4 14.8 195 | 2269 | 077 | 337
201 2 | 32 8 0.4 14.8 195 | 2098 | 0.72 | 337
22 | 2 | 32 8 0.4 19.4 24.1 2605 | 072 | 337
23] 2 | 32 8 0.4 19.4 24.1 2581 | 071 | 337

* Cap of 0.4 applied to all specimens
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

T T, fou ) .
SN " 0 T/T, > foul o cad® foulfocad™
187 102000 91892 1.11 45.3 1.36 1.36
188 136000 132039 1.03 60.4 1.72 1.72
189 163600 99152 1.65 72.7 1.99 1.99
190 142700 130917 1.09 63.4 1.31 1.31
191 161000 171277 0.94 71.6 1.40 1.40
192 193400 144328 1.34 86.0 1.59 1.59
193 155000 126016 1.23 68.9 1.55 1.55
194 176200 124965 1.41 78.3 1.78 1.78
195 152800 171685 0.89 67.9 1.09 1.09
196 | 210200 172295 1.22 93.4 1.48 1.48
197 186800 153115 1.22 83.0 1.52 1.52
198 198000 153488 1.29 88.0 1.61 1.61
199 138400 203529 0.68 61.5 0.79 0.79
200 | 205000 205000 1.00 91.1 1.16 1.16
201 193800 133655 1.45 485 1.82 1.82
202 | 246000 212069 1.16 61.5 1.99 1.99
203 | 230000 145570 1.58 57.5 1.95 1.95
204 | 212800 186667 1.14 53.2 1.39 1.39
205 | 274200 268824 1.02 68.6 1.55 1.55
206 | 258000 203150 1.27 64.5 1.53 1.53
207 | 254800 227500 112 63.7 1.37 1.37
208 | 340000 311927 1.09 85.0 1.57 1.57
209 | 340000 311927 1.09 85.0 1.57 1.57
210 | 341200 310182 1.10 85.3 1.58 1.58
211 319200 228000 1.40 79.8 1.71 1.71
212 | 296000 279245 1.06 74.0 1.28 1.28
213 341200 279672 1.22 85.3 1.47 1.47

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
(31 Based on proposed design equation, Eq. (6.32), using simplified expression for v, Eq. (6.30)
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

Study | SN D O LB e | S LB | A LS
m. . m. psi m. m. m.
214 D43-L13-C1-42 214 | 252 | 220 | 6260 | 1693 | 225 | 17 | 1
215 D43-L13-C2-42 248 | 252 | 220 | 6260 | 1693 | 225 | 34 | 2
= | 216 D43-L13-C2-70 248 | 252 | 220 | 12590 | 1.693 | 225 | 34 | 2
S |217| Da3LI3-C2-42C 248 | 252 | 220 | 6260 | 1.693 | 225 | 34 | 2
= | 218 D43-L16-C1-42 214 | 302 | 27.1 | 6850 | 1693 | 225 | 17 | 1
=
S a1 D43-L16-C2-42 248 [ 302 | 271 | 6850 | 1.693 | 225 | 34 | 2
§ 220 D43-L16-C2-70 248 [ 302 | 271 | 11450 | 1.693 | 225 | 34 | 2
& | 221 | D43Li6C242CC | 248 | 302 | 270 | 6850 | 1.693 | 225 | 34 | 2
222 D43-L20-C1-42 214 370 | 339 | 6260 | 1693 | 225 | 17 | 1
223 D43-L20-C2-42 248 [ 370 | 339 | 6260 | 1.693 | 225 | 34 | 2
224 D22-L6-C1 144 | 69 | 53 | 12020 | 0875 | 06 | 118 | 135
225 D22-L6-CL.5 153 | 69 | 53 | 12020 | 0.875 | 06 | 118 | 135
226 D22-L6-C1-TR 144 | 69 | 53 | 12020 | 0875 | 06 | 118 | 135
227 D22-L9-CI 144 | 95 | 79 | 12020 | 0875 | 06 | 118 | 135
R D32-L6-Cl 156 | 101 | 7.6 | 12020 | 127 | 127 | 118 | 9.3
8 [ 22 D32-L6-CL.5 169 | 101 | 7.6 | 12020 | 127 | 127 [ 118 | 93
S [ 230 D32-L6-C1-TR 156 | 101 | 7.6 | 12020 | 127 | 127 | 118 | 9.3
£ |23 D32-L9-C1 156 | 139 | 114 | 12020 | 127 | 127 [ 118 | 93
S |23 D22-L6-Cl 144 | 69 | 53 | 16680 | 0.875 | 06 | 118 | 135
g [ 233 D22-L6-C1.5 153 | 69 | 53 | 16680 | 0.875 | 06 | 118 | 135
E | 234 D22-L6-C1-TR 144 | 69 | 53 | 16680 | 0875 | 06 | 118 | 135
235 D22-L9-CI 144 | 95 | 79 | 16680 | 0.875 | 06 | 118 | 135
236 D32-L6-Cl 156 | 101 | 7.6 | 16680 | 127 | 127 [ 118 | 9.3
237 D32-L6-CL.5 169 | 101 | 7.6 | 16680 | 127 | 127 | 118 | 9.3
238 D32-L6-C1-TR 156 | 101 | 7.6 | 16680 | 127 | 127 [ 118 | 9.3
239 D32-L9-CI 156 | 139 | 114 | 16680 | 127 | 127 | 118 | 9.3

(11 No specimen used in developing descriptive equations, Eq. (5.5) and 95.7)

(21 Bars outside column core in all specimens

BB1C and TR at the end of the designations denote a "confined" specimen. In all other cases, bars are outside parallel ties,
therefore 4,/Axs = 0 when calculating .

" Bars yielded

** Center-to-center spacing between the two layers of headed bars was taken as s for Sim and Chun (2022a)
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

A A S w hc Xmi de 0

SN\ n inft2 in’j2 Ad A inf in.d inf.f dogben °

214 | 4 3.6 9 04 ok 22.0 *k ok 45.0
215 4 3.6 9 04 ok 22.0 *k ok 45.0
216 | 4 3.6 9 04 ok 22.0 *k ok 45.0
217 | 4 3.6 9 04 ok 22.0 *k ok 45.0
218 4 3.6 9 04 ok 27.1 *k ok 45.0
219 | 4 3.6 9 04 *k 27.1 **® *k 45.0
220 | 4 3.6 9 04 *k 27.1 **® *k 45.0
221 4 3.6 9 04 *k 27.1 **® *k 45.0
222 4 3.6 9 04 *k 33.9 **® *k 45.0
223 4 3.6 9 04 *k 33.9 **® *k 45.0
224 | 2 0.48 1.2 04 *k 3.5 ** *k 33.7
225 2 0.48 1.2 04 ok 3.5 *k wk 33.7
226 | 2 048 1.2 04 *k 3.5 ** *k 33.7
227 2 0.48 1.2 04 wk 5.3 *k wk 33.7
228 2 1.016 2.54 04 wk 5.1 *k wk 33.7
229 | 2 1.016 2.54 04 *k 5.1 ** *k 33.7
230 2 1.016 2.54 04 ok 5.1 *k wk 33.7
231 2 1.016 2.54 04 *k 7.6 **® *k 33.7
232 2 0.48 1.2 04 ok 3.5 *k wk 33.7
233 2 0.48 1.2 04 *k 3.5 ** *k 33.7
234 | 2 0.48 1.2 04 *k 3.5 ** *k 33.7
235 2 0.48 1.2 04 ok 5.3 *k wk 33.7
236 | 2 1.016 2.54 04 *k 5.1 ** *k 33.7
237 2 1.016 2.54 04 ok 5.1 *k wk 33.7
238 2 1.016 2.54 04 *k 5.1 **® *k 33.7
239 2 1.016 2.54 04 wk 7.6 *k wk 33.7

* Cap of 0.4 applied to all specimens

" Information not provided
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Table C.6 Cont. Detailed properties and test results for hooked bar specimens tested outside the
University of Kansas

T M Sou
SN T/T Su/ §,cai C[Z] Su/ s,ca 6[3]

1b 1b g ksi Julfcat Julfcat
214 88900 73471 121 395 N/A N/A
215° | 103400 86167 1.20 46.0 N/A N/A
216° | 143200 99444 1 44 63.6 N/A N/A
217° | 145600 138667 1.05 64.7 N/A N/A
218" | 114600 90952 1.26 50.9 N/A N/A
219" | 134100 106429 1.26 59.6 N/A N/A
220° | 156200 119237 131 69.4 N/A N/A
21° | 164300 164300 1.00 73.0 N/A N/A
222" | 123100 109911 1.12 547 N/A N/A
223* | 135600 129143 1.05 60.3 N/A N/A
224 41400 34500 1.20 69.0 1.50 1.50
225 33700 34388 0.98 56.2 1.22 1.22
226 47900 44766 1.07 798 1.48 1.48
227 44000 50575 0.87 733 1.07 1.07
228 104700 59153 1.77 824 2.19 2.19
229 | 102900 59138 1.74 81.0 2.15 2.15
230 91300 80796 1.13 719 1.62 1.62
231 92600 86542 1.07 729 1.29 1.29
232 38700 36857 1.05 64.5 1.29 1.29
233 31500 37059 0.85 525 1.05 1.05
234 39000 46988 0.83 65.0 111 1.11
235 35900 54394 0.66 59.8 0.80 0.80
236 | 108100 63216 171 85.1 2.08 2.08
237 | 108500 63081 1.72 854 2.09 2.09
238 101500 85294 1.19 799 1.66 1.66
239 | 103200 92143 1.12 813 132 132

(11 Based on descriptive equations, Eq. (5.5) and (5.7)
(21 Based on proposed design equation, Eq. (6.32), using full expression for y,, Eq. (6.29)
131 Based on proposed design equation, Eq. (6.32), using simplified expression for y,, Eq. (6.30)

* Proposed design provisions do not apply since s < 3d},
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