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With the growing use of headed bars in the RC beam-column joints to reduce reinforcement congestion in
the joint region, more tests are needed to gain further insight into the behavior of these joints and perfect
the related design codes. Given the limitations imposed in ACI318-14 on the type of concrete and the rel-
ative head area, which is the net bearing area of the head divided by the bar area, this study investigated
the effect of these parameters by testing four interstory exterior joint specimens constructed at the 2

3scale
under cyclic loading. These tests investigated the compliance of the joints with the seismic criteria when:
(1) the joint was made with the self-consolidating concrete instead of the normal one, and (2) the joint
was designed with the relative head area set to 3 instead of 4. The results showed that the use of the self-
consolidating concrete improved the seismic behavior of the joint and reducing the relative head area to 3
did not render the joint performance unacceptable.

� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Joints are among the major determinants of the performance of
RC structures under cyclic loads. Seismic behavior of joints in
building frames has been investigated by many researchers [1–
3]. Given the congestion of reinforcements in and around the
joints, especially the exterior ones, which can undermine the
placement and consolidation of concrete, any solution for reducing
the reinforcement congestion in the joint region could be of high
practical value. There are some solutions to the congestion prob-
lem, with the most notable ones being the use of headed bars
instead of hook bars and the replacement of the normal concrete
(NC) with the self-consolidating concrete (SCC). The pullout and
anchorage capacity of headed bars has been extensively studied
at the universities of Calgary [4], Kansas [5], and Texas at Austin
[6–8]. Research on factors such as anchorage length, clear spacing,
rebar placement, geometry, head dimensions, and the details of the
anchorage region has proved that the anchorage capacity strongly
depends on the relative head area, or Abrg=Ab where Abrg is the net
bearing area of the head and Ab is the bar area. Overall, these stud-
ies have found that the greater the relative head area, the higher
the tensile stress capacity of the head. Pullout tests have also
shown that the heads with Abrg=Ab of more than 2.6 can have a
notable impact on load bearing, even after significant bond failure
[9]. It has also been proved that regardless of the geometric shape
and the attachment technique used, the heads provide acceptable
anchorage and can fully transfer the design forces. In the experi-
ments conducted in the early 1990s by Wallace et al. [10], beam-
column joint specimens with headed bars were subjected to cyclic
loading to investigate the application of these bars in the seismic
areas. These experiments were performed on two specimens of
exterior joints and three specimens of roof knee joints with
tapered-threaded and friction-welded headed bars. The results
suggested that the specimens with headed bars behaved at least
as well as and sometimes better than hooks. Based on the experi-
mental results, this research recommended an anchorage length of
at least 12db and a relative head area of at least 4 for the studied
joints [8]. In another study, Kang et al. [11] studied the beam-
column joints with header bars, paying close attention to the spac-
ing between beam bars. These researchers applied cyclic loading
on two large-scale specimens of the exterior beam-column joint,
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one with a single horizontal row of headed bars with the clear
spacing of 2:11db and the other with two horizontal rows of
headed bars at the top and bottom of the beam with the vertical
spacing of 1:33db. The results showed that both specimens largely
met the seismic requirements specified in ACI 374.1-05 [12]. This
study concluded that, for the exterior beam-column joints, using
headed bars with the clear spacing of 2db, where db is the bar diam-
eter, or two layers of headed bars was permissible.

Tests were also conducted on tensile and flexural specimens
having splices 25 mm in diameter and headed bars with
70� 70� 16 mm friction welded heads. The net head bearing area
was 9 times more than the bar diameter, which would be sufficient
to develop the full bar yield strength by bearing, without any con-
tribution from the bond along the bar [13,14].

Chien-Kuo Chiu et al. [15] studied the seismic anchorage behav-
ior of headed bars using 12 groups of the full-size specimens of
exterior and interior beam–column joints. They suggested design
requirements for headed bars in such joints. Additionally, the
application of headed bars with spliced and butted types on the
interior beam–column joints was also studied in this work. Based
on the obtained results, the minimal required net spacing of the
headed bars could be set at 2:2db.

Hung-Jen Lee et al. [16] investigated alternative reinforcing
details for the bottom bars of precast concrete beams at the cast-
in-place beam–column joints to achieve the behavior for mono-
lithic reinforced concrete beam–column connections. To relieve
steel congestion and fabrication difficulties, it was proposed to
use headed bars for the bottom bars protruded from precast beams
and anchored in the middle of the beam–column joint.

In another study, Jean Paul Vella et al. [17] suggested design
recommendations and practical applications for headed bar con-
nections between precast concrete elements. Design recommenda-
tions were made for narrow cast in–situ joints between the precast
concrete slabs in which the continuity of reinforcement was
achieved through overlapping headed bars.

Sung Chul Chun [18] used twenty-four beams reinforced with
lap-spliced headed bars and tested them with 550 MPa headed
bars, 62 MPa concrete strength, the small bar spacing of db, and
transverse reinforcement. All specimens showed splitting failure
with bottom cover spalling, which was in contradiction to the Sec-
tion R12.6 of ACI318-11; transverse reinforcement was shown to
be effective on improving the anchorage of the headed bars.

Lungui Li and Zhengxuan Jiang [19] studied five beam speci-
mens with various headed bar details and a continuous reinforced
specimen under flexure loadings were tested. A headed bar detail
with 152 mm lap length was recommended.

In a series of tests by Yang [20], the use of commercially avail-
able headed deformed bars in beams with the depths of 460, 610,
and 915 mm. was investigated. The results indicated that headed
deformed bars could be used as the shear reinforcement, even
when the net bearing area of the heads approached the ACI 318-
14 lower limit of 4Ab. Their specimens had concrete compressive
strengths near 35 MPa and heads engaging the longitudinal
reinforcement.

Lequesne, R et al. [21] tested thirty-nine beams with a shear
span-to-depth ratio of 3 to determine whether headed deformed
bars could be used in the reinforced concrete members in place
of the stirrups as the shear reinforcement and whether shear rein-
forcement with yield strengths up to 550 MPa could be used with-
out the problems related to the strength or serviceability. The
results showed that the members with adequately anchored
headed deformed bars had shear strengths equivalent to those of
members with stirrups.

Mitchell, D et al. [22] built five large-scale reinforced concrete
columns and wall boundary elements to observe the confinement
performance provided by the headed transverse reinforcement.
The results of the experiment showed that the specimens with
the headed bar as the confinement reinforcement provided a per-
formance similar to that of the specimens using hoop and crossties.

Kim, Y.H et al. [23] conducted an experimental test on speci-
mens representing a heavily reinforced concrete portion of a wall
structure. Specimens with 900 stirrup could not acquire strain
above yielding due to the anchorage loss caused by splitting and
concrete crushing. Interestingly, specimens with double headed
stirrup could reach strain hardening.

A significant amount of research on the self-consolidating con-
crete (SCC) technology has been devoted to evaluating the suitabil-
ity of the material for its use in structural applications. However,
more research is required to confirm the adequacy of SCC struc-
tural members for resisting gravity and seismic loads. Mobin, J.S
et al. [24] experimentally investigated the seismic performance
of interior reinforced concrete beam-column connections with
SCC. Four beam-column connection specimens, three with SCC
and one with the normally vibrated concrete (NC), were designed
for this experimental study. The performance of SCC specimens
was comparable with that of NC specimens in terms of strength,
displacement and ductility, but SCC specimens showed a lower
energy dissipation capacity.

SCC is characterized by its high filling capacity due to its high
viscoplastic deformability and also, its ability to maintain a stable
composition throughout transportation and placing. SCC is a highly
fluid concrete that can be easily placed and consolidated under its
own weight to fill formwork, even in sections with highly con-
gested reinforcement. Faster pouring and construction, better sur-
face finishes, and a low noise level on the construction site are
some of the advantages of SCC [25].

In a series of experiments conducted by Dhakal et al. [26] at the
University of Canterbury, New Zealand, the seismic behavior of
beam-column joints with the self-consolidating concrete under
reversed cyclic load was investigated. This study reported that
the specimens with the normal concrete and those with the self-
consolidating one generally had an identical seismic behavior,
and using the latter did not compromise any critical parameters
of the seismic performance. Hence, they suggested that the self-
consolidating concrete could be a better option for areas with the
highly congested reinforcement such as columns and joints in
the reinforced concrete frame structures. Chien et al. [27] investi-
gated the behavior of the self-consolidating concrete in two groups
of columns, one consisting of 16 columns made with normal
concrete and the other including 16 columns made with the self-
consolidating concrete. This study reported that self-
consolidating concrete specimens had about 15% higher stiffness
and 32% higher ductility than the normal concrete ones, and that
using this concrete resulted in 18% reduction in the width of the
cracks.

According to the research conducted in the area of beam-
column joints with headed bars and the limitations imposed in
the part 25.4.4.1 of ACI318-14 [28] on the type of concrete, con-
crete shall be of the normal weight, and the relative head area,
the net bearing area of head Abrg shall be at least 4Ab; the present
study, therefore, investigated the compliance of these types of
joints with the seismic criteria given by ACI 318-14 [28] when
(a) the joint was made with the self-consolidating concrete, and
(b) the joint was designed with the relative head area (the ratio
of net head area to the nominal bar area) of 3 instead of 4.

2. Experimental program

The tests were carried out on four interstory exterior beam-
column connections: two connections made with the normal
www.manaraa.com
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concrete and the other two made with the self-consolidating con-
crete. The first specimen (JH1-NC) was built exactly as instructed
in ACI318-14 [28]; the second specimen (JH2-SCC) was made with
the self-consolidating concrete instead of the normal one; the third
specimen (JH3-NC) was made with the normal concrete, but with
the relative head area (Abrg=Ab) being reduced to 3, that is, 25%
lower than that specified in ACI318-14; and finally, the fourth
specimen (JH4-SCC) was made with the self-consolidating con-
crete, with Abrg=Ab being reduced to 3. These joint specimens were
designed for a 4-story structure with the story height of 3.15 m, the
span length of 5.00 m at both direction of the plan, the dead load of
6 kN/m2, and the live load of 2 kN/m2, with the assumption of
being located in an area of moderate seismicity. All specimens
were built at the 2

3 scale.
3. Design of joint specimens

The specimens were designed in accordance with the seismic
design requirements of ACI318-14 and the criteria specified in
the section 25.4.4 of ACI318-14 [28], except when design parame-
ter was the subject of study. The studied parameters were: (1) the
type of concrete, which was changed from normal to self-
consolidating (in the specimens JH2-SCC and JH4-SCC), and (2)
the relative head area, which was reduced from the minimum
value specified in the code, that is, Abrg=AS ¼ 4 to Abrg=AS ¼ 3 (in
the specimens JH3-NC and JH4-SCC). The full details of the speci-
mens are presented in Fig. 1. The specimens JH1-NC and JH2-SCC
were designed in accordance with ACI 318-14 [28], and the speci-
mens JH3-NC and JH4-SCC were designed with the reduced Abrg=Ab.
All joint specimens consisted of a continuous column with a beam
connected on one side.

In all specimens, the column had a length of 2.10 m and a
350 � 320 mm cross-section. The beam was 1.65 m long and had
a rectangular cross-section with the width of 320 mm and the
depth of 350 mm. The beams and columns of specimens were
given reinforcements of identical size and pattern, except when a
change was necessitated by the experimental design. In all joints,
the compressive and tensile reinforcements were provided by
three rebars 20 mm in diameter. All columns were reinforced by
eight rebars 18 mm in diameter. In all specimens, the spacing of
the longitudinal reinforcement in the beam and the column was
not less than twice that of the bar diameter.
Fig. 1. Dimensions and details of the specime
The flexural and shear strength requirements of the beams were
satisfied according to ACI318-14 [28]. The nominal flexural
strength of the cross section, after applying the overstrength factor
of a ¼ 1:25 on f y, Mn was calculated to be 146.93 kN�m.

To prevent shear failure in the joint before a hinge appeared at
the beam, the nominal shear capacity, Vnon the horizontal plane
within the joint was checked to be higher than the maximum joint
shear demand, Vu:

To prevent the formation of flexural hinges in the column and
provide the conditions for hinge formation in the beam, the flexu-
ral strength of the beams and columns connected to the joint need
to satisfy the following condition:

XMn-column0s

Mn-beam0s
> 1:2 ð1Þ

After performing the calculations for the considered beam and
column cross sections, the moment of resistance of the beam in
the specimens with one row of reinforcement was obtained to be
Mr ¼ 109:0 kN �m; and the moment of resistance of each column
connected to the joint was calculated to be Mr ¼ 126:30 kN �m.
Thus, the joint was found to satisfy the above condition.

According to the Section 25.4.4.2 of ACI318-14 [28], the anchor-
age length of the headed bars, Ldt, shall not be less than maximum

of 0.19fydbxe/
ffiffiffiffi
fc

p
, 8db and 150 mm.

For steel bars without epoxy coating,xe ¼ 1. Therefore, by hav-
ing the size of the bars and the measured compressive strength of
the normal and self-consolidating concretes and the measured
yield strength of steel bars, the minimum required anchorage
length and the final anchorage length used in the specimens were
obtained, as shown in the following table ( Table 1).
4. Materials of the joint specimens

The steel bars used in the specimens were of the same type.
Both normal and self-consolidating concretes were designed to

gain the strength of f
0
c ¼ 40 MPa. At the time of casting specimens,

the standard cylindrical samples were taken in three instances.
These samples were subjected to the 28-day compression strength
test and the average result was recorded as the characteristic
strength of concrete. The actual strength of normal and self-
consolidating concretes was found to be 40 MPa and 41 MPa,
respectively. Table 2 shows the mix design of each type of concrete.
www.manaraa.com
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Table 1
Anchorage length of the headed bars in the beam-column joint specimens.

Sample umber Diameter of rebar (mm) f
0
c (MPa) fy (MPa) Min Ldt (mm) Using Ldt (mm)

JH1-NC 20 40 442 265 280
JH2-SCC 20 41 442 262 280
JH3-NC 20 40 442 265 280
JH4-SCC 20 41 442 262 280

Table 2
Mix design of concretes used in the joint specimens.

Materials and
parameters

Unit Normal
concrete

Self-consolidating
concrete

Cement Kg
m3

360 355

Sand Kg
m3

1050 1084

Gravel Kg
m3

810 610
w
c – 0.45 0.45
Superplasticizer L

m3 1.5 3.50

Microsilica Kg
m3

– 65

Slump mm 80 –
Slump flow diameter mm – 640
V-Funnel test Sec – 6
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Tensile strength of the steel bars was determined based on
ASTM A-370 [29] guidelines. The average mechanical properties
obtained from these tests are presented in Table 3.
5. Test apparatus

Joint specimens were constructed at the 2
3 scale. Beams had a

length of 1.65 m, and columns had a total height of 2.10 m. The
specimens were tested in the horizontal orientation with the two
ends of the column being considered to have the roller support
with free rotation and the constrained lateral displacement. The
horizontal displacement of the upper end of the beam, which
was needed for plotting the force-displacement curve, was mea-
sured by attaching Linear Variable Displacement Transducers
(LVDTs) to this section. Figs. 2 and 3 display the images of the test
apparatus, the placement of the specimens, equipment, strain
gauges and the loading frame.

The pseudo-static cyclic lateral load was applied (Fig. 4),
according to a previously defined loading history to the upper
end of the beam based on ACI 374-2005 guidelines [12]. The test
apparatus had a loading capacity of 600 kN and could apply
90 mm displacement (in both directions) to the upper end of the
beam by the displacement-control technique. By using a hydraulic
jack, the column head was subjected to a constant axial load with a
magnitude of 140 kN and was controlled to remain constant in all
loading cycles; when needed, corrections were made to compen-
sate for the effect of deformations on the force.

The displacement transducer used in this study was able to
measure the displacements of up to 200 mm in each directions.
The device was installed so that it could measure the displacement
of the beam in both directions, and it was connected to a data log-
ger via a cable. The data obtained from the transducer was used to
Table 3
Measured Mechanical properties of the longitudinal and transverse reinforcement bars us

Rebar diameter (mm) f yðMPaÞ f uðMPaÞ

10 436 674
18 466 665
20 442 653

* From the rebar tension test diagram.
plot load-displacement curves. The load applied to the specimen
was measured by an S-shaped force meter capable of measuring
tensile and compressive forces of up to 200 kN. The measurements
of this force meter were also recorded in a data logger. All data
including the loads recorded by the force meter, oil pressure during
tensile and compressive loading, and displacement of the end of
the beam were recorded and then exported to a computer. In the
computer, the load-displacement curves were plotted with the
software dedicated to the processing of the above information.

6. Analysis of test results

The diagram of load versus displacement over the course of
loading cycles is the best means for the accurate evaluation of
the joint performance under cyclic loadings. This diagram allows
us to determine some key parameters such as the time of final fail-
ure, ductility capacity, and energy absorption of the specimen, as
well as judging the joint performance. The horizontal axis of the
hysteresis curve represented the displacement in millimeters and
the corresponding drift and its vertical axis showed the applied
load in kilonewtons. By having the distance between the load point
(at the beam) and the joint face (at the column), which was 1.5 m
in this study, the bending moment of the beam at the joint face
could be calculated.

6.1. Behavior of the normal and self-consolidating concrete specimens

Fig. 5 displays the load-displacement diagram of the normal
concrete (JH1-NC) and self-consolidating concrete (JH2-SCC) spec-
imens. These joints were designed according to the criteria cited in
the section 25.4.4.2 of ACI318-14 [28] to be used as the control and
ideal specimens. Having built in compliance with ACI318-14 [28]
criteria, these joint specimens were expected to fail by the forma-
tion of a plastic hinge in the beam. As shown in the hysteresis dia-
grams (Fig. 5), with the increase in the displacement of both
positive and negative directions, the applied load was raised, and
the load drop was not observed until the drift of 5.5%. In the spec-
imen JH1-NC, the first crack, which was of the bending type,
appeared in the beam at the beam-column interface with 0.58%
drift and 31.20Having built in compliance kN force. After reversing
the loading direction, similar cracks appeared on the other face of
the beam. These cracks, which were also of the bending type, were
formed before the reinforcements yield. According to the hystere-
sis curve of this specimen, the maximum bearing capacity of this
joint was Ppeak ¼ 101:75 kN, which corresponded to the relative
displacement of dpeak ¼ 34:50 mm at DR ¼ 4:05%. The correspond-
ing moment, 152.63 kN�m, was larger than the bending capacity of
www.manaraa.com
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*ey (%) *eu (%) E ¼ f y
ey MPað Þ

0.002 15.95 218,131
0.002 16.18 233,140
0.002 15.98 221,133



Fig. 2. Test apparatus.

Fig. 3. Loading frame.
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the section of the beam (MP), which, according to the principles of
analysis of beams for bending based on the nonlinear distribution
of stress and the linear distribution of strain, was 146.93 kN�m. The
displacement corresponding to the yield of longitudinal bars in the
beam was dy ¼ 11:16 mm, which occurred at DR ¼ 0:77% and cor-
responded to Py ¼ 42:25 kN. These data were obtained from the
www.manaraa.com



Fig. 4. Loading history used in the test.

Fig. 5. Load-displacement diagram of th
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strain gauges of the longitudinal bars. As the bending cracks were
appeared in the beam, the joint core started to develop diagonal
cracks. This was continued until the load of Py, above which new
cracks were mostly diagonal cracks emerging in the joint core,
and very few bending cracks were formed in the beam (Fig. 6).
Given the cyclic nature of loading, cracking in the joint core was
inevitable. In this specimen, crushing started in the beam-
column interface at the 4% drift and peaked at the 6% drift.

The specimen JH2-SCC behaved generally similarly to JH1-NC.
In this specimen too, the first crack was of the bending type and
appeared in the interface of the beam with the column at the
0.51% drift and the 40.82 kN force. With the change in the loading
direction, similar bending cracks appeared on the other face of the
beam before the reinforcements yield. The hysteresis curve of this
specimen showed that the maximum bearing capacity of the joint
was Ppeak ¼ 104:12 kN, which corresponded to the relative
www.manaraa.com
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Fig. 6. Crack propagation under loading in the specimen JH1-NC.
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displacement of dpeak ¼ 29:80 mm at DR ¼ 4:01%. As before, the
corresponding moment, 156.18 kN�m, exceeded the bending
capacity of the beam section (MP), which was 147.23 kN�m. The
displacement corresponding to the yield of the longitudinal bars
of the beam was dy ¼ 11:40 mm, which occurred at DR ¼ 0:78%
and corresponded to Py ¼ 45:82 kN. The crushing of this specimen
also started at the 4% drift and peaked at the 6% drift. This speci-
men showed 2.33% higher bending capacity and a better seismic
behavior than JH1-NC. As expected, the curve of these specimens
generally had a taller and wider extension than the previous one.
These changes could be attributed to the use of the self-
consolidating concrete (SCC) instead of the normal concrete (NC),
indicating the greater energy absorption potential of SCC rather
than NC. This is because SCC has more adhesion to the bars, result-
ing in the higher resistance to detachment. It also has a higher
amount of superplasticizer, giving better fluidity and resulting in
better placement around corners and between the reinforcement
bars. The hysteresis curves of Fig. 5 do not show any pinching
effect (narrowing of the middle part of hysteresis loops), suggest-
ing that the joint could absorb or damp the energy until the
moment of failure. This is, in fact, one of the important features
deciding how a structure performs under the seismic load.

The pattern of crack propagation in the specimens JH1-NC and
JH2-SCC during loading at different drifts is shown in Figs. 6 and
7, respectively.
6.2. Behavior of the specimens with a reduced relative head area

Fig. 8 illustrates the load-displacement diagram of the joint
specimens JH3-NC and JH4-SCC. These hysteresis diagrams show
that in the specimen made with the self-consolidating concrete,
with the increase in displacement in both positive and negative
directions, the applied load was increased, and the load drop was
not observed until the 5.75% drift. In the specimen made with
the normal concrete, a similar trend was observed in the negative
direction, but the load drop in the positive direction started at the
4.7% drift.
In the specimen JH3-NC, the first crack, which was, again, of the
bending type, emerged in the beam at the beam-column interface
at the 0.54% drift and the 40.36 kN force. Then, other bending
cracks emerged on the other face of the beam before the reinforce-
ments yield. The maximum bearing capacity of this joint specimen
was Ppeak ¼ 102:25 kN, which corresponded to the relative dis-
placement of dpeak ¼ 26:00 mm at DR ¼ 3:01%. The corresponding
moment was 153.63 kN�m, which was larger than the bending
capacity of the section, that was, 146.93 kN�m. The displacement
corresponding to the yield of the longitudinal bars of the beam
was dy ¼ 11:12 mm, which occurred at DR ¼ 0:77% and corre-
sponded to Py ¼ 39:50 kN. Before reaching the load of Py, this spec-
imen showed bending cracks in the beam as well as diagonal
cracks in the joint core. However, after Py, new cracks mostly
appeared at the side of the joint. This suggested that plastic hinge
was directed toward the length of the beam. Nevertheless, the
specimen also developed some diagonal cracks in this stage. The
crushing of this specimen started at the 4% drift and peaked at
the 6% drift.

Likewise, the first crack of the specimen JH4-SCC was of the
bending type and it was formed in the beam in the point where
it met the column at the 0.59% drift and the 44.38 kN force. Other
bending cracks then appeared on the other face of the beam before
the reinforcements yield. The maximum bearing capacity of this
specimen was Ppeak ¼ 104:79 kN, which corresponded to the rela-
tive displacement of dpeak ¼ 29:70 mm at DR ¼ 3:96%. The corre-
sponding moment was 157.19 kN�m, which was greater than the
bending capacity of the section, that was 147.23 kN�m. The dis-
placement corresponding to the yield of the longitudinal bars in
the beam was dy ¼ 10:56 mm, which occurred at DR ¼ 0:79%
and corresponded to Py ¼ 34:49 kN. After comparing the results
of these two specimens, it was found that the specimen made with
the normal concrete and a reduced relative head area had 0.50%
higher flexural capacity than the control specimen, which sug-
gested that the change made in this specimen was indeed permis-
sible. Also, the specimen made with SCC and the reduced relative
head area showed 3% higher flexural capacity than the control
specimen and 2.49% higher flexural capacity than the specimen
www.manaraa.com



Fig. 7. Crack propagation under loading in the specimen JH2-SCC.
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JH3-NC. This improvement could be attributed to the effect of
using headed bars with a lower relative head area. According to
the area below the hysteresis curve, the last specimen also had a
better seismic behavior, which, again, supported the value of using
headed bars with the lower relative head area together with the
self-consolidating concrete. Also, these hysteresis curves did not
show the pinching effect and had a greater area under the curve
in comparison to the control specimen. According to these results,
this joint could be expected to exhibit excellent capability in
absorbing or damping the energy until the moment of failure; a
capability that, as mentioned earlier, plays a key role in how a
structure behaves under a seismic load.

Figs. 9 and 10, show the pattern of crack propagation in the
specimens JH3-NC and JH4-SCC at different drifts.
6.3. Joint efficiency, load-bearing capacity and ductility

Joint efficiency is a key parameter in the analysis of joints. Joint
efficiency (Z) is defined as the ratio of the ultimate moment of the
resistance of the joint to the plastic moment of the beam or Z ¼ Mu

MP
,

where Mu is the moment endured by the entire joint including
beam and column and can be obtained from the experiment, and
MPis the moment capacity of the beam, which can be calculated
according to the principles of analysis of beams for bending based
on the nonlinear distribution of stress and the linear distribution of
strain over the section height. From a structural perspective, a joint
is called efficient when it has satisfactory rotation capacity as well
as 100% or more efficiency. By allowing stress and moment redis-
tribution at the core, such a joint is able to withstand the moment
applied on the frame even after the formation of a plastic hinge in
the beam. By having the geometric dimensions and the area of the
beam reinforcements, MP of each specimen was calculated and
then divided by the moment arm (the distance between the col-
umn and the load point) to calculatePP . The results of this calcula-
tion and the obtained efficiency values are presented in the Table 4.
As can be seen, the obtained Z values were all greater than 100%,
which suggested that the joints were permissible from the effi-
ciency perspective. In ACI 374-2005 [9], the failure criterion is
the point where the load reaches 75% of the maximum bearing
capacity, and the joint is acceptably efficient against the seismic
load when the failure occurs at the drifts of more than 3.5%. In
all of the load-displacement curves obtained in this study, the
decrease in the maximum capacity with the increase in drift was
negligible, and none of the maximum points of the curves, includ-
ing those related to the drifts of less than 3.5%, was less than
0.75Ppeak. It could, therefore, be concluded that all joint specimens
enjoyed the satisfactory efficiency.

Ductility of members is a key parameter in designing RC struc-
tures for earthquake-prone areas. In this study, ductility refers to
the displacement as expressed by the relation ld ¼ dpeak

dy ; here, dy
is the displacement at the first point where the steel yields and
dpeak is the displacement related to the maximum load-bearing
capacity of the joint [27]. The ductility values calculated based
on the columns 3 and 5 of Table 4 are presented in the column 8
of the same table.
6.4. The effect of the concrete type on the results

One of the main objectives of this study was to investigate the
effect of the replacement of the normal concrete with the self-
consolidating one in the joins with headed bars. Thus, to assess
the possibility of using the self-consolidating concrete in these
joints, this section compares the results of the specimens JH1-NC
and JH2-SCC, which were both designed according to ACI criteria,
with the second one representing the self-consolidating concrete
instead of the normal one. Here, the specimen JH1-NC, which
was made exactly as specified in ACI, was considered as the control
specimen. The results of Table 4, the hysteresis curves of Fig. 5, and
the cracks observed in these two specimens suggested that using
the self-consolidating concrete instead of the normal concrete
increased the efficiency of the joint structure. As shown in Table 4,
the joint specimen JH2-SCC had the efficiency of 1.06, which was
about 2% better than that of the specimen JH1-NC, that was 1.04.
According to the hysteresis curves of these two specimens
(Fig. 5) and the column 1 of Table 4, the specimen JH2-SCC also
had 2.33% higher capacity than JH1-NC. The joint failure mecha-
www.manaraa.com



Fig. 8. Load-displacement diagram of the specimens JH3-NC and JH4-SCC.
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nism was also investigated by examining the cracking patterns.
This investigation revealed the development of significant bending
cracks with limited damage in the beam-column interface of the
specimen JH1-NC during the 1.50% drift cycle and in the same area,
in the specimen JH2-SCC during 1.00% to 1.50% drift cycles. At
drifts of about 3.50%, the cracks of both specimens started to prop-
agate from the interface into the beam, eventually progressing as
much as half of the beam height into the specimen JH1-NC and
as much as the entire beam height into the specimen JH2-SCC. This
suggested that, in both specimens, the plastic hinge had been
formed in the beam, but in JH2-SCC, this plastic hinge was located
farther away from the joint interface. In both specimens, diagonal
cracks stopped appearing in the joint core; this is a pattern that
could be attributed to the cyclic nature of loading. After measuring
the width of the cracks at the end of the loading cycles, it was
found that the cracks formed in the self-consolidating concrete
were about 16% less wide than those in the normal one. This indi-
cated that, as expected, the self-consolidating concrete had better
adhesion to the reinforcement bars. From the push over load-
displacement curves of two specimens, it was determined that
the specimen made with the self-consolidating concrete had a
higher load-bearing capacity than the one made with the normal
concrete, while the load drop in both specimens started from about
the same drift (Fig. 11). Thus, after examining the parameters that
affected the joint performance, it was concluded that the specimen
made with the self-consolidating concrete was not weaker; in fact,
it was much better than the control specimen. It can, therefore, be
stated that the ACI criteria for the design of joints with headed bars
and normal concrete can also be used for the design with the self-
consolidating concrete.
www.manaraa.com
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Fig. 9. Crack propagation under loading in the specimen JH3-NC.

Fig. 10. Crack propagation under loading in the specimen JH4-SCC.

Table 4
Summary of the results of the experiments and the related calculations.

Sample number Ppeak ðkNÞ dpeak %)) Py ðkNÞ dy (%) PP ðkNÞ �Z ¼ Ppeak
PP

ld ¼ dpeak
dy

JH1-NC 101.75 4.05 42.25 0.77 97.95 1.04 5.26
JH2-SCC 104.12 4.01 45.82 0.78 98.15 1.06 5.14
JH3-NC 102.25 3.01 39.50 0.77 97.95 1.04 3.91
JH4-SCC 104.79 3.96 34.49 0.79 98.15 1.06 5.01

*Z = Mu/Mp = (Ppeak � lb)/(Pp � lb) = Ppeak/Pp.

760 A.H. Paknejadi, K. Behfarnia / Ain Shams Engineering Journal 11 (2020) 751–765



Fig. 11. Backbone curves of the specimens JH1-NC and JH2-SCC.
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6.5. The effect of the reduced relative head area

According to the results of Table 4, reducing the relative head
area from Abrg=AS ¼ 4 in the specimen JH1-NC to Abrg=AS ¼ 3 in
the specimen JH3-NC did not reduce the joint efficiency
(Z = 1.04). Thus, the latter specimen was permissible in terms of
efficiency. Also, according to the maximum capacity values pre-
sented in the column 2 of this table, this change led to a very slight
improvement in the load capacity (about 0.5%). The hysteresis
curve of the specimen JH3-NC (Fig. 8) did not exhibit the pinching
effect; in fact, it had a greater area under the curve than the hys-
teresis curve of the control specimen. Thus, it could be claimed that
this specimen had a desirably more ductile behavior than the con-
trol specimen. In terms of strength degradation against lateral load,
the specimen JH3-NC behaved somewhat similarly to the control
specimen, as strength degradation started at the 2.55% drift and
Fig. 12. Backbone Curves of the specimens
there was no sharp drop in drift until the end of the loading cycle.
Also, none of the maximum points of the curves, including those
related to the drifts of less than 3.5%, were less than 0.75 Ppeak, so
the joint satisfied this seismic requirement as well. The patterns
of crack development during the experiment and the final cracks
at the end of the loading (Fig. 13) pointed to the formation of a duc-
tile hinge in the beam in the area near the column and its growth
until the drift of 5.1%. However, in the final loading cycles, the
shear cracks were grown widely and the concrete near the joint
face was significantly crushed. Another observation was the
reduced bending strength in the high drifts, which was due to
the slip of the longitudinal bars of the beam. The substantial crush-
ing of concrete on the sides began at a drift of 4.25% and reached a
maximum level at the end of loading. One of the interesting obser-
vations made in this joint was the insignificant propagation of
diagonal cracks in the joint core, which only slightly grew widely
www.manaraa.com
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Fig. 13. Cracking patterns at the end of the loading.
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during the loading. This ensured that the formation of the hinge
outside the joint core was more than what was found for the con-
trol specimen. As in JH1-NC, significant bending cracks with lim-
ited damage were observed at the beam-column interface during
the 1.50% drift cycle. In the drifts of about 3.75%, these cracks were
propagated from the joint face into the beam, ultimately progress-
ing as much as half of the beam height. It should be noted that sep-
arate wider cracks appeared farther away from the joint face at a
Table 5
Assessment of the compliance of the joint specimens with the acceptance criteria of ACI 3

Sample umber Pmax ðkNÞ P3rd ðkNÞ P3r
Pma

JH1-NC + 101.75 101.55 0.9
� 94.74 90.89 0.9

JH2-SCC + 104.12 98.92 0.9
� 95.42 93.36 0.9

JH3-NC + 102.25 100.16 0.9
� 91.4 88.76 0.9

JH4-SCC + 104.79 98.97 0.9
� 86.91 83.3 0.9
distance even greater than the beam height. According to the push
over load-displacement diagrams, although the load drop in these
specimens started from about the same drift, the specimen JH3-NC
had a slightly higher maximum bearing capacity than the control
specimen (Fig. 12). Hence, given the above results and the ductile
behavior of the specimen JH3-NC, by considering the fact that it
developed a plastic hinge in the beam and did not show any signif-
icant lateral strength degradation, especially in the drifts of less
www.manaraa.com
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Fig. 14. Hysteresis curve and relationships for checking the compliance with the acceptance criteria of ACI 374-2005 [9].

A.H. Paknejadi, K. Behfarnia / Ain Shams Engineering Journal 11 (2020) 751–765 763
than 4.0%, it could be concluded that the anchorage requirements
of the joints with headed bars could be satisfied with a relative
head area of about 3.

Using the self-consolidating concrete in the joint with the
reduced relative head area (the specimen JH4-SCC) led to even bet-
ter joint efficiency (Z = 1.07) in comparison to the control specimen
(JH1-NC). This result demonstrated the permissibility of this spec-
imen in terms of efficiency. According to Table 4, this specimen
Fig. 15. The hysteresis curve is
also had about 3% better bearing capacity than the control speci-
men. The hysteresis curve of this specimen did not show the pinch-
ing effect and had a greater area under the curve, as compared with
the control specimen. Thus, it could be claimed that this specimen
exhibited a better ductility behavior than the control specimen. In
terms of the lateral strength degradation, a slight degradation
started at the 2.25% drift, but there was no load drop until final
drifts at the end of the loading cycle. Also, none of the maximum
www.manaraa.com
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points of the curves, including those related to the drifts of less
than 3.5%, were less than 0.75Ppeak, so the joint satisfied this seis-
mic requirement. From these results, it could be concluded that
the anchorage requirements of the joints with headed bars could
be satisfied with the relative head area of about 3 even when using
self-consolidating concrete instead of the normal one.
6.6. Compliance with the acceptance criteria of ACI 374-2005

In ACI 374-2005 [9], the failure criterion for a joint is the point
where the load reaches 75% of the maximum bearing capacity.
According to this code, laboratory specimens should be able to sat-
isfy the following requirements in the third cycle of the 3.5% drift:

(A) The maximum force resulting from loading shall not be less
than 75% of the maximum force obtained during the exper-
iment; in other words, P3rd � 0:75Pmax.

(B) The relative energy dissipation ratio (b), given by the equa-
tion coming below, shall not be less than 0.125.
b ¼ Ah

ðh0
1þh

0
2ÞðE2 þ E1Þ

; h
0
1 ¼ 0:35� E1

hKþ
in

and h
0
2

¼ 0:35� E2

hK�
in

ð2Þ

In the above equation, Ah is the area within the hysteresis curve
of the 3.5% drift, E1and E2 are the magnitude of the maximum pos-
itive and negative force in the 3.5% drift, and K�

in is the initial stiff-
ness along the positive and negative loading direction. The value of
h
0
and Ah can be obtained, as shown in Fig. 13, from the geometry

of the hysteresis curve. In this study, h
0
and Ah were determined by

plotting the hysteresis curve of the 3.5% drift in the software
AutoCAD.

Table 5 presents a summary of calculations performed using the
discussed results and the hysteresis curve obtained for the 3.5%
drift (Fig. 14) in order to control compliance with the above accep-
tance criteria. As indicated in this table, all joint specimens of this
study could satisfy the requirements of the relevant code.

According to the results presented in the column 4 of Table 5, in
all specimens, the maximum force resulting from the loading in the
final cycle of the 3.5% drift was less than 75% of the maximum force
obtained during the experiment (Fig. 15), implying that the condi-
tion P3rd � 0:75Pmax was satisfied. In the column 8 of this table, it
could be seen that the relative energy dissipation ratio (b) of all
specimens was greater than 0.125, which means that they all
met this requirement of the code as well.
7. Conclusions

The present study investigated the applicability of designing
interstory exterior beam-column joints with header bars and
self-consolidating concrete, using a lower relative head area (for
headed reinforcements) than that recommended in the section
25.4.4.2 of ACI318-14 [28]. For this purpose, the researchers built
four 2

3 scale experimental specimens in two groups: two specimens
with the normal concrete and the other two with the self-
consolidating concrete. In each group, one specimen was designed
with the recommended relative head area and another one was
one using a 25% lower relative head area. All specimens were sub-
jected to a pseudo-static cyclic load to investigate their compliance
with seismic requirements in two conditions: (a) when using self-
consolidating concrete instead of the normal one, and (b) when
designing the headed longitudinal bars of the beam with the
relative head area of Abrg

Ab
¼ 3 instead of 4. The results of this study

could be summarized as follows:

1. Using the self-consolidating concrete instead of the normal one
in the joints with headed bars improved the joint efficiency and
the bearing capacity. According to the crack width measure-
ment made at the end of the loading cycles, the cracks that
emerged in the self-consolidating concrete were 16% less wide
than those appeared in the normal concrete. This indicated that,
as expected, the self-consolidating concrete had better adhesion
to the reinforcement bars. The specimen made with the self-
consolidating concrete showed 2.40% higher ultimate load
capacity than that of the control one. Hence, it could be argued
that the criteria specified for the use of normal concrete in the
joints with headed bars could also be applied to the use of the
self-consolidating concrete in these joints.

2. Irrespective of using normal concrete or self-consolidating con-

crete, the joints designed with the relative head area Abrg

Ab
of 3 (in-

stead of 4) met the acceptance criteria of ACI 374-2005 [12] and
ACI 318-14 [28] in terms of the seismic performance. The plas-
tic hinge of the specimen with the self-consolidating concrete
appeared farther away from the joint region, which suggested
that it behaved better than the specimen with the normal con-
crete. In the specimen made with the self-consolidating con-
crete, this improvement was slightly more pronounced. Both
of the specimens with the reduced relative head area had more
than acceptable joint efficiency and the one with the self-
consolidating concrete even had about 3% more efficiency than
the control specimen. From these results, it could be concluded

that for these joints, the relative head area of Abrg

Ab
¼ 3 satisfied

the seismic criteria regardless of whether the joint was made
with the self-consolidating concrete or the normal one.

3. Self-consolidating concrete is not only easy to place, but also
enhances the efficiency and the loading capacity of the joint.
According to the results of this study, using the self-
consolidating concrete instead of the normal one in the joints
with headed bars improved their capacity by about 4%.

4. In both specimens made with the self-consolidating concrete,
strength degradation started from the lower drifts, probably
because of the properties of this concrete which made it suscep-
tible to early cracking. But as loading was continued and higher
drifts emerged, both of these specimens showed better ductil-
ity, efficiency, strength and generally, a better seismic behavior
in comparison to those of the specimens made with the normal
concrete.

5. Comparison of theMpeak extracted from the test results with the
MP of the joint specimens showed that they were all in compli-
ance with the strong column-weak beam principle.

6. All specimens exhibited a ductile behavior, and none of them
showed strength degradation in the drifts of less than 3.5%.
All joint specimens in both normal concrete and self-
consolidating concrete groups satisfied the acceptance criteria
specified in ACI 374-2005 [12]; therefore, they can be consid-
ered suitable for use in the seismic areas.

7. Overall, for the joints with headed bars, it is possible to achieve
a suitable seismic behavior with the reduced reinforcement
congestion by (a) replacing the normal concrete with the self-
consolidating one and (b) reducing the relative head area to

about Abrg
Ab

¼ 3.
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