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Design codes (ACI 318-08, 2008; ACI Committee 352-02, 2010) place restrictions on the use of reinforced
concrete (RC) wide-beam framing systems in regions of seismic hazard because there are little or
insufficient information about their behavior under the effects of earthquake loads. The current study
constitutes the second part of an experimental investigation carried out for (i) evaluating the seismic
response of RC wide and shallow beam-narrow column joints when designed and detailed under gravity
load; and (ii) for exploring the potential of improving the seismic performance of the same joints without

f;?rl‘ ‘/CvfertiS: introducing significant changes in the design and construction practices. The first part of the investigation
Connection concentrated on exterior joints, the results of which were reported elsewhere (Elsouri, 2013). This study
Earthquake concentrates on interior joints, in which four full-scale beam-column sub-assemblages were tested under
Joint quasi-static cyclic loading. Two of the joints, referred to as “as-built”, were designed and detailed for
Reinforced gravity load in accordance with local design and construction practices. The other two joints, referred
Cyclic to as “earthquake-resistant”, were also designed assuming gravity load but their reinforcement detailing
Seismic

were improved to satisfy part of the ACI 318-08 requirements and ACI-ASCE 352-02 recommendations
for seismic-resistant structures. The as-built joints experienced shear failure within the joint core at early
lateral drift. With a slight improvement of the reinforcement detailing, despite violating the limits of joint
dimensions and some detailing requirements of ACI 318-08, the earthquake-resistant joints acquired
considerably improved seismic performance by preventing or delaying joint shear failure; and by
developing higher lateral load, deformation, and energy dissipation capacities when compared with
the as-built joints.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction Unfortunately, because of the absence of sufficient information
about their behavior under large drift reversals, design codes such

Wide and shallow beam-narrow column reinforced concrete as ACI 318-08 [1] and ACI Committee 352-02 [2] place restrictions

framing system offers several advantages over other and conven-
tional framing systems. That is, they are easy to construct, more
economical, and are preferred by architects and interior designers
as they are less obstructing and provide more flexible space. One
such system, which is the subject of this investigation, and which
is predominant in Middle Eastern countries, consists of monolithic
one-way flexible ribbed slab, supported over wide and concealed
beams, i.e., beams that have a depth equal to that of the slab
(Fig. 1). In this system, in addition to the shallow beams, the col-
umns are narrow with an aspect ratio in excess of 2.0 or less than
0.5 which allows architects to embed the columns into infill
masonry walls thus gaining more usable space.
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on the use of wide beam framing systems in regions of seismic haz-
ard. A limited number of experimental studies have been carried
out on wide and shallow beam-column joints [3,4,6,9-18,21,23].
However, these joints differ from the current joints under investi-
gation in two main aspects: (i) the studied joints satisfy to a large
extent the dimensions limits and reinforcement detailing require-
ments set forth in recognized codes of practice (ACI 318-08 [1]),
and (ii) most of the studies were carried out using rectangular col-
umns with aspect ratio less than 2.0 or greater than 0.5.
Consequently, the experimental observations and conclusions
reported in these studies as well as the ACI Committee 352-02
[2] guidelines for seismic design may not be applicable to the joints
under investigation. Furthermore, several of the joints under inves-
tigation were designed and constructed assuming gravity load,
which makes evaluation of their response when subjected to
strong earthquakes important.
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Fig. 1. Typical RC ribbed slab-wide concealed beam systems.

This paper presents the test results of the second part of an
experimental program carried out for evaluating the seismic behav-
ior of reinforced concrete as-built interior wide beam-narrow col-
umn joints, i.e., joints designed for gravity load, and for exploring
the potential of improving their seismic performance without
imposing significant changes in their design and construction prac-
tices [7]. The first part focused on exterior joints, the test results of
which were reported elsewhere [8]. In this study, two “as-built”
and two companion “earthquake-resistant” interior beam-column
joints were tested under quasi-static cyclic loading. The as-built
joints were designed for gravity load and the reinforcement was
detailed accordingly. The two earthquake-resistant joints were also
designed for gravity load, but their reinforcement detailing was
improved to satisfy part of ACI 318-08 [1]| provisions and ACI
352-02 [2] recommendations for earthquake-resistant structures
in regions of moderate and high seismic hazard.

2. Experimental program
2.1. Test specimens

The specimens simulated the joints of full-scale building frame
systems F1 and F2 shown in Fig. 2, representing the type of
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Fig. 2. Building frame system for joints of type F1 and F2.

construction in which the column larger side is parallel or perpen-
dicular to the beam axis, respectively. The as-built joints are
denoted IJ-F1 and IJ-F2, while the earthquake-resistant joints are
denoted UIJ-F1 and UIJ-F2, respectively. Both the as-built and the
earthquake-resistant ~ joints  represent  typical  interior
beam-column joints in the first floor of a 5 story building. The steel
reinforcement in the joints was determined assuming uniformly
distributed superimposed dead load of 10 kPa and live load of
2.5 kPa. It is worth mentioning that in this hollow block slab build-
ing system under investigation, secondary transverse beams are
only provided in some situations to support transverse block walls.
However these transverse beams have small dimensions and little
amount of reinforcement that, despite their significant role in con-
trolling the torsional demand in the joint region [5,12,22], it was
decided, as a conservative approach, to eliminate from the
beam-column joint setup. In addition, and because of their minimal
impact on the overall results, the gravity loads effects were
neglected.

2.1.1. As-built joints (IJ-F1, IJ-F2)

The actual dimensions, areas and detailing of longitudinal and
transverse steel reinforcement in the beams and columns of the
as-built joints (IJ-F1 and IJ-F2) are presented in Fig. 3, and
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Fig. 3. Dimensions and reinforcement details of the as-built joints.

summarized in Table 1. The longitudinal beam and column rein-
forcement consisted of Grade 60 steel bars (design yield strength
of 415 MPa) having 14 mm and 16 mm diameter. Transverse steel
reinforcement consisting of plain 8 mm diameter stirrups was pro-
vided in the beam and column outside the joint core at a spacing of
200 mm. The concrete cover to the longitudinal reinforcement in
the beams and columns was maintained at 30 mm for all speci-
mens. Note that the reinforcement details were selected to satisfy
local construction practice. Some of the pertinent reinforcement
details include splicing of column reinforcement at the base; the
length in which the beam bottom reinforcement is embedded
inside the core of the joints; and the distance in which the beam
top reinforcement is extended on either side of the interior joint
beyond the beam-column interface sections which leads to dou-
bling of the beam top reinforcement at the beam-column interface
sections.

2.1.2. Earthquake-resistant joints (UIJ-F1, UlJ-F2)

The areas of longitudinal and transverse steel reinforcement in
the beams and columns, and reinforcement detailing of the
earthquake-resistant joints (UIJ-F1 and UIJ-F2) are presented in
Fig. 4 and Table 1. These joints were also designed for gravity load
and consequently their dimension, and areas of the beam and col-
umn reinforcement were practically similar to those of the
as-built joints. However, the reinforcement detailing were slightly
modified to comply with the detailing requirements of ACI318-08
[1] for building structures in regions of moderate and high seismic
hazard. The most notable reinforcement aspects of the
earthquake-resistant joints, which distinguish them from the
as-built joints, include: (i) increasing the amount of transverse rein-
forcement in the end zones of the beams and columns for better
concrete confinement to satisfy Sections 21.3.4 and 21.3.5 of the
ACI 318-08 [1] for Intermediate Moment Resisting Frame (IMRF);
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Table 1
Summary of specimens dimensions and steel reinforcement.
Joint component  Dimension and steel reinforcement IJ-F1 IJ-F2 UIJ-F1 UlJ-F2
Column be x he (mm) 250 x 700 700 x 250 250 x 700 700 x 250
Reinforcement & reinforcement ratio 12416 (1.37%) 12416 (1.37%) 12416 (1.37%) 18¢16 (2.0%)
(%)
Transverse reinforcement 4 legs 8¢ @200 4 legs 8¢ @200 Fig. 4 Fig. 4
Beam by x hp (mm) 800 x 250 800 x 250 800 x 250 800 x 250
Top reinforcement & reinforcement 2 x 9914 (1.65%) 2 x 9¢14 (1.65%) 2 x 8¢14 (1.43%) 2 x 8414 (1.43%)
ratio
Bottom reinforcement & 9416 (1.08%) 9¢16 (1.08%) 8416 (0.8%) 8¢16 (0.8%)
reinforcement ratio (%)
Transverse reinforcement 4 legs 8¢ @200 4 legs 8¢ @200 Fig. 4 Fig. 4
Joint core Shear reinforcement None None 2 legsp10@50 + 4 legsp8 @50 2 legs¢10 @50 + 4 legs¢p8 @50

b and h are the column dimensions perpendicular and parallel to the direction of lateral load respectively.

by and hj, are the beam width and depth dimensions respectively.
¢ denotes diameter of deformed bars.
84 denotes 8 mm diameter plain bars.

(ii) providing transverse reinforcement within the joint core to sat-
isfy Section 21.7.3 of the ACI 318-08 for Special Moment Resisting
Frame (SMREF); (iii) adding a slightly more reinforcement in the col-
umns of the joints of type F2 to avoid the development of a weak
column-strong beam failure (sum of moment capacities of the col-
umns above and below the joint is larger than the sum of moment
capacities of the beams on either side of the joint in any drift direc-
tion); and (iv) improving the development lengths of the beam bot-
tom reinforcement by extending the reinforcement a distance equal
to 650 mm beyond the face of the joint, which satisfies the develop-
ment length requirement of Section 21.7.5 of ACI 318-08 for
straight bars in tension in regions of high seismic hazard. Also,
the target design concrete compressive strength was increased
from 20.0 MPa for the as-built joint specimens to 35 MPa for the
earthquake-resistant joints for improving the shear resistance
within the joint core. The selection of the 35 MPa concrete com-
pressive strength was based on a design approach in which the
nominal joint shear strength specified by the ACI Building code
exceeds the expected joint shear demand calculated based on the
joint developing beam flexural hinge mechanism.

The measured mechanical properties of the steel reinforcement
in the various specimens are summarized in Table 2. Note that the
yield and ultimate tensile strengths of the steel bars violate
Section 21.1.5.2 of the ACI 318 [2]. The specimens were cast using
Ready Mix concrete consisting of Type I Portland cement, coarse
aggregate with maximum size of 19 mm (34 in.) and natural sand.
The actual compressive strength, measured using three standard
150 x 300 mm cylinders, was 22.5MPa for Specimens IJ-F1,
21.0 MPa for Specimens IJ-F2, 40.0 MPa for UIJ-F1 and 37.0 MPa
for UlIJ-F2, respectively.

2.2. Assessment of earthquake design parameters

The ACI 318-08 [2] and the ACI Committee 352R-02 [2] allow,
with some restrictions, the use of beams that are wider than the
column in Special Moment Resisting Frames (SMRF) in regions of
high seismic hazard. In order to satisfy the ACI earthquake require-
ments, the maximum width of the beam b, framing into the col-
umn shall be < the smaller of 3b. and (b.+ 1.5h;), in which h,
and b, are the column dimensions parallel and perpendicular to
direction of lateral load, respectively. In addition, in order to avoid
bond deterioration of the steel bars inside the joint core, the ACI
Committee 352-02 recommends that (h, or h.)/d, > 20 for column
bars and beam bars inside the joint core and h./d, > 24 for beam
bars outside the joint core, respectively, where h;, is the overall
depth of the beam and d, is the diameter of the steel bars.

Furthermore, in order to reduce the likelihood of yielding of col-
umns under the effect of earthquake load which may result in a
column failure mechanism that can lead to collapse, ACI318-08
provisions in regions of high seismic hazard require that the ratio
M, of the sum of the nominal flexural strengths of the columns
>~ M, (taking into account the column axial load) to the sum of
the nominal flexural strengths of the beams Y M, framing into
the joint, evaluated at the joint interfaces, must be >1.2 (referred
to as strong column-weak beam design philosophy). Note that rel-
atively more recently, Kuntz and Browning [15] reported that a full
strong column-weak beam mechanism can only be achieved if this
ratio is of the order of 4.0.

The main design parameters, the nominal flexural strengths,
and expected maximum lateral load capacities Hy,qx for both the
as-built as well as the earthquake-resistant joints are summarized
in Tables 3 and 4. The column and beam nominal moment
strengths at the beam-column interface sections are calculated in
accordance with ACI 318-08 [1] using the actual materials strength
of the specimens. In Table 4, M, is the column nominal moment
strength; and M, and M, are the beam nominal positive and neg-
ative moment strengths, respectively. The lateral load capacity
Hpax is computed, using force and moment equilibrium of the
whole joint sub-assemblage, as the smallest lateral force in either
direction required to develop nominal moment capacities of the
beam or column at the joint interface sections as follows (Fig. 5).

Based on developing column nominal flexural strength:

M;OCP‘I_MZ? (1)
Lv - hb '

Based on developing beam nominal flexural strength:

Hmax =

2(Smaller of M,, and M;,)L,

Hmux = Lv(Lh — h[) . (2)

In addition to the serious absence of shear reinforcement within
the joint core and the inadequate development lengths of the beam
bottom reinforcement, it can be observed in Table 3 that the
dimensions of the as-built joints violate the dimension limits
required by ACI318-08 or recommended by ACI 352-02 for
earthquake-resistant shallow and wide beam-column joints. Also,
while the ACI requirement for strong column-weak beam design
philosophy (i.e., M, > 1.2) is satisfied in Joint IJ-F1, it is violated
in Joint IJ-F2 (Table 4). In addition, the column longitudinal rein-
forcement is spliced at the column base, which is in violation of
the ACI Code provision for splicing column reinforcement at col-
umn mid-height in regions of high seismic hazard. The
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Fig. 4. Dimensions and reinforcement details of the earthquake-resistant joints.
Table 2

Mechanical properties of reinforcing bars.

Bar diameter d, (mm) Specimen Yield stress f, (MPa) Ultimate strength f;, (MPa) Ultimate strain &g, (%) Modulus of elasticity E; (MPa)
14 1J-F1& 1J-F2 627 726 15.0 216,000
UIJ-F1 566 669 15.5 199,400
UlJ-F2 584 715 19.5 204,000
16 IJ-F1 & [J-F2 545 662 18 205,000
UIJ-F1 590 701 12.5 183,500
UlJ-F2 527 667 15.7 207,000
8 J-F1 & IJ-F2 284 361 21 -
UlJ-F1 596 741 12.8 -
UIJ-F2 623 714 12.0 -

corresponding provision is intended to safeguard against splice
bond failure or cyclic bond degradation at the potential hinging
regions of the column.

Despite the improvements in reinforcement detailing that were
introduced, and due to limitations imposed by local construction

practice and architectural needs, the earthquake-resistant joints
still suffer the same dimensions violations as for the as-built joints
(see Table 3), and the column reinforcement is still spliced at the
column base. Also, M, for Joint UIJ-F2 is less than the minimum
of 1.2 required in regions of high seismic hazard (Table 4).
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Table 3
ACI dimension parameters.

Specimen ACI 318-08 (he or hy)/dy(ACI 352-02)

(SMRF) and ACI

352-02

by by Beam bars Col. bars

3b. be+1.5h -

Bottom Top

1J-F1 1.06 0.61 43.8% 50.0 15.6
1J-F2 0.39 0.74 15.6° 17.9 15.6
UIJ-F1 1.06 0.61 43.8 50.0 15.6
UlJ-F2 0.39 0.74 15.6 17.9 15.6

¢ Development lengths of the beam bottom reinforcement are violated.

Table 4
Calculated nominal flexural strengths and estimated lateral load capacities.
Specimen  Column M, Beams M; Hmax
kN m — kN)
(kN m) v " (
(kN m) (kN m)
J-F1 410 173 278 1.82 160
1J-F2 156 173 278 0.69 122
UlJ-F1 500 180 248 234 167
UlJ-F2 213 162 256 1.02 127
H,
------- —_—
h.
—_— |~
top
L M hy

Fig. 5. Equivalent applied forces in a typical interior joint.

2.3. Testing procedure

The four specimens were tested using a reaction wall-strong
floor system in accordance with the setup shown in Fig. 6. The lat-
eral load was applied using a 500 kN capacity hydraulic actuator
with a maximum stroke of 127 mm. According to Masi et al.
[19], the column axial load is important in influencing the failure
mechanism of beam-column joints. Also according to recent stud-
ies [18,21], moderate column axial loads enhance the shear
strength behavior of beam-column joints. In this study, as a conser-
vative measure, the applied column axial load was selected at
0.1f.A;, where f. is the 28-day concrete compressive strength
and A, is the gross area of the column section. The axial force
was applied using a hydraulic jack, and transferred to the column
through four steel rods tied to steel plates at the top and bottom of
the column (Fig. 6).

All specimens were subjected to the cyclic loading protocol
shown in Fig. 7, expressed in percent of drift ratio. The drift ratio
is defined as the ratio of the lateral drift at the point of application

of lateral load to the height of the column measured from the point
where the lateral load is applied to the bottom hinge support of the
column, which is equal to 2.8 m for all tested specimens (Fig. 6).
The loading protocol used by Parra Montesinos and Wight [20]
was adopted in this study, which is composed of a series of two
cycles applied at each drift ratio which varied between 0.5% and
4.5% which corresponds to the maximum drift capacity of the actu-
ator. Note that Specimens IJ-F2 and UIJ-F2 were tested beyond 4.5%
in a half-cycle mode up to a drift ratio of 8.5% by readjusting and
fully retracting the position of the actuator for utilizing its full
stroke capacity in one direction.

In addition to the lateral applied load and lateral drift, test mea-
surements covered strain in the column and beam reinforcement
at the beam-column interface sections, and beam and column rota-
tion over a gage length of 200 mm within the critical end zones of
the columns and beams (Fig. 6). The strains were measured using
electric strain gauges, while rotation was measured using Linear
Variable Differential Transducers (LVDTs). The test data were
recorded using a data acquisition and control unit. No shear defor-
mation within the joint region was measured in this investigation.

3. Test results

Photos of the specimens taken at the end of the tests are shown
in Figs. 8 and 9. Variations of the applied lateral load (column shear
force) versus drift ratio are presented in Figs. 10 and 11 for the
as-built joints and earthquake-resistant joints of type F1 and F2,
respectively. A schematic comparison between the estimated and
test lateral load capacities Hq of the specimens is shown in
Fig. 12. Note that positive drift ratios and lateral loads correspond
to the compression (push) cycle, i.e., when the specimen is pushed
away from the reaction wall, and vice versa for the tension cycle.

3.1. Mode of failure and load-drift response

3.1.1. As-built Specimen IJ-F1

At a drift ratio between +0.75% and +1.0%, a flexural crack devel-
oped in the beam at the beam-column interface section. With
increase in drift ratio, the specimen developed diagonal cracks
inside the joint core at a drift ratio between +1.25% and *1.5%,
causing reduction in flexural stiffness until the development of
complete shear failure at a drift ratio between +1.75% and +2.0%.
The width of the diagonal cracks at this stage reached between 2
to 3 mm. Beyond a drift of +2.0%, the specimen experienced pro-
gressive strength degradation toward the end of the test. At the
maximum drift ratio of +4.0%, the width of the shear cracks
increased considerably to about 15 mm, leading to a substantial
concrete damage, particularly within the joint core (Fig. 8).

While the diagonal cracks concentrated mainly within the joint
core, beyond a drift ratio of +2.0% the cracks tended to propagate
outside the core a distance equal approximately a beam depth
away from the beam-column interface section. Although few flex-
ural cracks developed in the beam close to the beam-column inter-
face, the number and width of these cracks stabilized as soon as the
diagonal cracks in the joint core started to prevail.

In addition to the diagonal shear cracks forming within the joint
core, at a drift ratio of about +3.0% the specimen developed bond
splitting cracks along the beam unconfined bottom longitudinal
reinforcement located outside the column core (the two outer bars
from each side). These cracks initiated at the beam-column inter-
face and then propagated along the full development length of
400 mm.

Because of premature joint shear failure, none of the column or
beam reinforcement yielded and hence the specimen was unable
to mobilize its full flexural strength. The peak load attained for this
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specimen was measured at about 105 kN (average between the
push and pull cycles). The corresponding load is approximately
66% of the maximum estimated static lateral load capacity Hpax
of the specimen of 160 kN (Figs. 10 and 12). As shown in Fig. 10,
beyond a drift ratio of 2.5%, as a result of the propagation and
widening of the joint shear cracks, the lateral load resistance of
the specimen degraded gradually at a small rate, reaching at a drift
ratio of 4.0% a lateral load resistance equal to about 58% of the peak
load. Also, as a result of joint shear strength degradation, the spec-
imen experienced significant pinching in the hysteretic response.

3.1.2. As-built Specimen [J-F2

The first flexural crack in this specimen developed in the beam
at the joint interface section at a drift ratio of £1.0%. As the lateral
drift increased to somewhere between +1.5% and +2.0%, diagonal
shear cracks started to develop mainly in the joint core. These diag-
onal cracks continued to fork out and to widen as the lateral drift
increased and to propagate outside the joint core, similar to
Specimen IJ-F1 (Fig. 8). However, at the end of Stage 1 of the test,
corresponding to a maximum drift ratio of +4.5%, despite the
development of shear cracks, the specimen did not show signs of
strength degradation (Fig. 11). In fact, during Stage 2 of the test,
the specimen continued to resist lateral load steadily until a drift
ratio of +7.0%, beyond which the specimen started experiencing
gradual strength degradation. The width of the shear cracks at

the maximum drift ratio in Stage 2 of +8.5% reached 6 mm, causing
concrete damage within the joint core similar to Joint IJ-F1.

During Stage 1 of test load, bond splitting cracks appeared along
one of the outermost beam bottom bars on one side of the beam at
a drift ratio of about +4.0%. Splitting cracks developed as well dur-
ing Stage 2 of the test along the outermost bottom bar on the other
side of the beam. At the end of the test in Stage 2, these splitting
cracks widened leading to concrete spalling at the bottom beam
corners.

The peak lateral load developed by the specimen was measured
at 72.0 kN at a drift ratio of 4.5% (end of the test in Stage 1). The
corresponding lateral load resistance is 59% of the estimated static
lateral load capacity H;,qx of the specimen of 122 kN (Figs. 11 and
12). It is also about 69% of the peak load capacity attained in
Specimen [J-F1. It is interesting to observe in Fig. 11 that even sub-
jecting the specimen to 8.5% lateral drift in a half-cycle mode, it did
not lead to significant strength degradation. This stable hysteresis
response may be attributed to the relatively low lateral load at
which the joint failed in shear (of about 56 kN), combined with a
relatively low shear decay associated with stabilization of the
shear cracks within the joint core.

Based on the current test results, because the as-built joints suf-
fered premature combined bond splitting and joint shear failure, it
is clear that these joints are too weak for resisting lateral earth-
quake load. Consequently, the joints cannot be considered as part
of the lateral earthquake load resisting structural system.

3.1.3. Earthquake-resistant Specimen UIJ-F1

Similar to the as-built joint specimens, the first flexural crack
appeared on the side of the beam close to the beam-column inter-
face at a drift ratio of +1.0%. As the drift increased between +1.0%
and *2.0%, additional flexural cracks developed at the beam sides
and spread beyond the face of the column for a distance of approx-
imately 600-700 mm. At a drift ratio of +2.0%, tension yielding
developed in the beam bottom reinforcement. Beyond a drift ratio
of +2.0%, flexural yielding progressed until the formation of com-
plete beam plastic hinges at a drift ratio of +3.0%. These plastic
hinges were evident by the formation of two major flexural cracks
within 180 mm or 0.8d, where d is the effective depth of beam ten-
sion reinforcement, away from the beam-column interface section
(Fig. 9). The two cracks developed approximately 100 mm apart
and propagated across the full depth of the beam section. The
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Fig. 8. Failure mode of the as-built joints.

width of these flexural cracks at the end of the test varied between
1.0 and 1.5 mm.

It should be noted that diagonal shear cracks did develop in
Specimen UIJ-F1 at a drift ratio of +2.0%, but these cracks did not
indicate any sign of joint shear failure as their size remained signif-
icantly small until the end of the test.

Tension yielding of the beam bottom reinforcement developed
at a drift ratio of +2.0%. As shown in Fig. 10, the lateral load resis-
tance increased gradually with lateral drift until reaching peak at a
drift ratio of about *3.0%, when the beam top reinforcement
yielded. Beyond a drift ratio of +3.0%, the load stabilized until the
end of the test or a drift ratio of +4.0%. Because the bottom rein-
forcement developed a large post-yield strain, the measured lateral
load capacity Hp,q of this specimen of 205 kN was sizably larger
than the estimated capacity of 167 kN (Figs. 10 and 12). Due to
the formation of plastic hinging in the beam as mentioned earlier,
the specimen did not experience considerable strength degrada-
tion throughout response. Note that the slight pinching in the hys-
teresis response as observed in Fig. 10 may be attributed to the
possibility of some local and minor slip of the beam bottom steel

%
N
Shear Cracks at
DR =4.0%

Shear Deterioration
at DR=8.5%

Fig. 9. Failure mode of the earthquake-resistant joints.

reinforcement due to the very large tensile strains that developed
in this reinforcement at the face of the column.

3.1.4. Earthquake-resistant Specimen UIJ-F2

Similar to the other specimens, the first flexural crack devel-
oped in the beam at the joint interface section at a drift ratio of
+1.0%. As the lateral drift increased, more hairline flexural cracks
appeared in the top and bottom sides of the beam until a drift ratio
of +2.0%. At this drift ratio, hairline diagonal shear cracks started to
develop within the joint core and continued to spread until a drift
ratio of +3.0%, at which a few hairline flexural cracks appeared also
in the column above and below the joint core. At drift ratios
between *3.5% and 4.0%, the diagonal shear cracks tended to
widen and to reach between 1.0 and 2 mm in size. However, at
the end of Stage 1 of the test, corresponding to a drift ratio of
+4.0%, despite the development of diagonal cracks, the specimen
did not experience loss in lateral load resistance.
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Fig. 10. Lateral load-drift response of the as-built joint and earthquake-resistant
joints of type F1.

During Stage 2 of the test, at a drift ratio of +6.0%, a major flex-
ural crack appeared in the bottom of the beam at 400 mm away
from the face of the column. The location of this crack coincided
with the location where the overlapped bottom steel bars in the
beam are terminated (see Fig. 4). As shown in Fig. 11, the lateral
load resistance of the specimen continued to increase at a slow rate
until a sizably large drift ratio of +7.0% (in a half-cycle mode),
beyond which the specimen suffered considerable concrete dam-
age within the joint core and gradual strength degradation associ-
ated with shear decay within the joint core (Fig. 9).

Notice that, because of the additional flexural strength provided
by the overlapped beam bottom reinforcement at the joint face
(see Fig. 4), this specimen did not experience yielding of the beam
bottom reinforcement at the beam-column interface section dur-
ing Stage 1 of load application. This overlapping of the beam bot-
tom reinforcement was necessitated by providing adequate
development length of the steel bars beyond the beam-column
interface section to safeguard against bond failure. In fact this addi-
tional flexural strength provided by the overlapped reinforcement
caused the main flexural crack to be relocated away from the face
of the column as indicated earlier to coincide with the location
where the bottom overlapped bars were cut-off, i.e., 400 mm away
from the face of the column. It is believed that, had the bottom bars
not been overlapped, the specimen would have developed flexural
yielding and plastic hinging in the beam close to the beam-column
interface zone.
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Fig. 11. Lateral load-drift response of the as-built joint and earthquake-resistant
joints of type F2.
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Fig. 12. Comparison between estimated lateral load capacity and test results.

At the end of Stage 1 or a drift ratio of +4.0%, the lateral load
resistance of the specimen reached its maximum of 141 kN. This
load was increased to 162.3 kN at a drift ratio of +7.0% during
the second loading stage, which corresponds to 128% of the static
lateral load capacity H,,qx of the specimen of 127 kN.

It can be observed from the response of the various specimens
in Figs. 10 and 11 that, as a result of the different column
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orientations, the envelope initial stiffness against lateral load for
the joints of type F1 was approximately double that for the joints
of type F2. The corresponding initial stiffness, defined as the slope
of the load displacement hysteresis loop, per one unit % drift ratio
(1 unit % drift ratio=0.028 m) varied between approximately 90
for Joint IJ-F1, 35 for IJ-F2, 100 for UIJ-F1, and 42.5 for UIJ-F2.
These correspond to actual lateral stiffness of approximately
3200 kN/m, 1250 kN/m, 3570 kN/m, and 1520 for IJ-F1, IJ-F2,
UIJ-F1 and UIJ-F2, respectively.

3.2. Reinforcement strains/stresses

3.2.1. Beam reinforcement

Typical responses of strain in the beam reinforcement versus
drift ratio are presented in Fig. 13. Because of early joint failure,
none of the beam reinforcement in the as-built specimens yielded
during the response. The maximum tension strains of the bottom
and top beam bars attained at peak lateral load were respectively
1125 pe and 1529 pe for Specimen IJ-F1; and 1536 ue and 1847
ue for J-F2, respectively.

For Specimen UIJ-F1, the maximum tension strain of the beam
bottom bars attained 6800 p at a drift ratio of + 2.0%, and the max-
imum tension strain of the beam top bars attained 15,600 pe¢ at a
drift ratio of —3.5%. However, because of the shear deterioration
in the joint core, the beam top and bottom reinforcement of
Specimen UIJ-F2 did not yield. It was only at the end of the second
loading stage (drift ratio of +8.0%) that the strain in the beam top
reinforcement reached 2845 ue thereby exceeding slightly the
yield strain. The main reason for the low measured steel strain in
the beam bottom reinforcement is attributed to the excess steel
area provided at the face of the joint due the overlapped reinforce-
ment as discussed earlier.
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3.2.2. Column reinforcement

Typical variations of measured strains of the column reinforce-
ment with drift ratios are shown in Fig. 14. The maximum strain
developed in the column reinforcement for Specimens IJ-F1 was
1315 pe, which is well below yield. During the second stage of
loading, the outermost left column bar in Specimen IJ-F2 did
indeed develop yielding and attained a measured strain of 4545
e at a drift ratio of +5.0%.

It should be mentioned that, based on test observations, the col-
umn reinforcement for Specimens IJ-F1 did not exhibit bond dete-
rioration associated with bond splitting and/or excessive bond slip.
However, during the second stage of loading for Specimen IJ-F2, a
bond splitting crack was observed along one of the corner column
bars, but it was not critical as it did not influence the overall spec-
imen behavior.

The maximum tensile strains developed in the column rein-
forcement for Specimens UIJ-F1, was 2372 ue, which is slightly
below yield. For Specimen UIJ-F2, the strain in the column rein-
forcement reached yield at the end of the first loading stage and
continued to increase slightly beyond yield to reach 3530 ue at
the end of the test in the second loading stage. However, yielding
of the column bars did not affect the overall response of this
specimen.

It should be noted that despite violating the ACI 318-08 require-
ment for splicing column reinforcement at column mid-height, the
earthquake-resistant interior joints tested in this investigation did
not experience signs of serious bond degradation of the spliced col-
umn bars. This observation is similar to the one reported earlier for
the exterior joints tested in the first part of this investigation [8].
One of the main reasons behind this favorable seismic performance
is attributed to the strong column-weak beam behavior of the
joints which resulted in the development of beam collapse
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Fig. 13. Representative variation of beam reinforcement strain with drift ratio.
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mechanism associated with the formation of beam plastic hinges
long before the development of large column splice strains. This
prevented bond degradation of the spliced bars associated with
large steel stress reversals. Consequently, provided that additional
transverse confining reinforcement is supplied at the base of the
column, the results of this study as well as the study on exterior
joints reported earlier [8] suggest possibly relinquishing of the
ACI requirements for splicing column reinforcement at column
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Fig. 15. Comparison of energy dissipation capacity of the various joint specimens.

mid-height for wide and shallow beam-narrow column connec-
tions of the type under investigation. More research is needed
however to support this recommendation.

3.3. Energy dissipation capacity

Fig. 15 shows the cumulative energy absorbed and dissipated
with increase in the number of cycles for the four specimens tested
in this investigation. The energy dissipation capacity is calculated
from the area under the lateral load-drift response at various cycle
numbers.

At low drift ratios between 2% and 3%, before reaching the peak
load of the as-built specimens, the energy dissipated by the
as-built and the earthquake-resistant specimens were almost iden-
tical. However with increase in drift ratio beyond +3%, the energy
dissipated by the earthquake-resistant specimens grew larger
reaching at drift ratios of +4.0% an increase relative to the
as-built specimens of 54% for the interior joint of type F1 and about
43% for the joint of type F2, respectively.

3.4. Load-rotation response

Figs. 16 and 17 show variation of the measured rotation within
a gage length of 200 mm at the end zones of the beams and
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Fig. 16. Measured load versus beam and column rotation for Joint UIJ-F1.
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Fig. 17. Measured load versus beam and column rotation for Joint UIJ-F2.

columns for Specimens UIJ-F1 and UIJ-F2, respectively. Specimens
I[J-F1 and IJ-F2 displayed a similar variation but are not shown
herein for brevity.

In theory, referring to Fig. 18, the lateral drift §, and the drift
ratio DR(%) = 6,/L, x 100 at any load level during the response is
obtained from the contribution of different sources of deformation
as follows:

0c = (Op-br + Oe-br)Lo + Op-co(Lep —&/2) + Opce(Lee — 8/2)
+ Ge—cb (ch - g) + Qe—ct(LCf - g) (3)

where 0, is the measured rotation within a gage length g of 200 mm
in the beams and columns at the beam-column interface zones
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Fig. 18. Schematic for calculating lateral drift.

(Fig. 6); and 6, is the additional elastic rotation in the remaining
zones of the beams and columns, i.e., between the end of the gage
length to the far ends of the columns and beams. The added terms
“br”, “cb” and “ct” refer to the right beam (or left beam), bottom col-
umn, and top column, respectively. Notice that the rotation 0,
includes the rotation within the gage length g=200 mm as well
as the “fixed end rotation” at the beam-column interface sections
associated with reinforcement slip within the joint core, particu-
larly when the reinforcement yields. The elastic rotations in the
beams and columns outside the gage length are estimated using
the basic principles of mechanics.

It can be seen in Figs. 16 and 17 that for the joints of type F1
(IJ-F1 and UIlJ-F1), because the flexural stiffness of the column is
excessively larger than that of the beam, the contribution of beam
rotations 6, to the lateral drift are considerably larger than those of
the column. On the other hand for the joints of type F2 (IJ-F2 and
UIJ-F2), as the flexural stiffness of the column and beam are prac-
tically similar, the contribution of the beam deformation to the lat-
eral drift is approximately of the same order of magnitude as that
of the column.

The envelope applied lateral load versus drift ratio response,
estimated in accordance with Eq. (3), is plotted against the hys-
teretic load-drift response for the four specimens in Figs. 10 and
11. Except for little discrepancy associated with slight inaccuracies
in LVDT measurements (due to concrete damage), shear deforma-
tions and possibly joint core distortions, which are not accounted
for, the agreement between Eq. (3) and the envelope load-drift
responses of the four joints is reasonably accurate.

3.5. Nominal shear strength

Results of measured joint shear force for the various specimens
are presented in Table 5 in comparison with the appropriate lim-
its of the nominal shear strength V,, specified in the ACI Building

Code. Those limits are 1.25\/EAj for all Joints. Note that although

Table 5

Nominal shear force of the joints versus ACI limits.
Specimen fe (MPa) A (mm?) fs (MPa) Column shear at first yield Vo (kN) Aj=(bc x h¢) (mm?) V; (kN) Test \/‘%A] ACI \/‘%A]

(Top) (Bot.) (Top) (Bot.)

IJ-F1 225 2700 1800 286 195 105 250 x 700 1018 1.22 1.25
UlJ-F1 40.0 2400 1600 566 590 208.45 250 x 700 2094 1.89 1.25
IJ-F2 21.0 2700 1800 316 315 72.7 700 x 250 1347 1.67 1.25
UIJ-F2 37.0 2400 1600 342 295 139.3 700 x 250 1625 1.52 1.25
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the ACI code limits are exceeded for the earthquake-resistant joints
(UIJ-F1 and UIJ-F2), these joints performed adequately as the diag-
onal shear cracks within the joint core were either prevented or
controlled.

4. Summary and conclusions

This study concentrated on an experimental evaluation of the
behavior of gravity load-designed interior reinforced concrete wide
and shallow beam-narrow column joints when subjected to earth-
quake loading, and the potential of improving their seismic resis-
tance, using some of the ACI seismic provisions, without
introducing significant modifications in their design and construc-
tion practices. Two full-scale interior “as-built” joints and two
companion full-scale “earthquake-resistant” joints were tested
under drift reversals simulating strong earthquake ground shaking.
The as-built joints (IJ-F1 and IJ-F2) were designed for gravity load
and their reinforcement was detailed accordingly. The
earthquake-resistant joints (UIJ-F1 and UIJ-F2) were also designed
for gravity load, but their reinforcement detailing was slightly
improved to satisfy part of ACI 318-08 [1]| provisions and ACI
352-02 [2] recommendations for earthquake-resistant structures
in regions of high and moderate seismic hazard. Two types of joint
construction were investigated, namely F1 and F2, in which the
long dimension of the column is constructed parallel and perpen-
dicular to the direction of lateral load, respectively. Based on the
results of this investigation, the following conclusions and obser-
vations are drawn:

1. The as-built joints developed considerably low drift capacity by
acquiring premature joint failure. Sizable diagonal cracks,
which formed within the joint core at low drift ratio between
+1.0 and 12.0%, prevented the joints from developing their full
flexural capacities and caused them to experience quick stiff-
ness and load degradation. Consequently the as-built joints can-
not be considered as part of the earthquake lateral load
resisting system.

2. Because of joint shear failure, the beam and column reinforce-
ment of the as-built joints did not yield. The lateral load capac-
ities attained by the specimens in percent of the estimated
capacities should the beams or columns acquire their nominal
flexural strength were 66%, and 59% for joint specimens IJ-F1,
and IJ-F2, respectively.

3. With a slight improvement of the reinforcement detailing of
the as-built joints in accordance with ACI Code [1], despite
violating the dimension limitations and some of the
reinforcement detailing requirements of the same code, the
earthquake-resistant  joints performed adequately and
considerably better than the as-built joints. This improved per-
formance is manifested by controlling or preventing diagonal
shear cracking within the joint core, stable overall hysteretic
response, and considerably larger load, deformation, and
energy dissipation capacities.

4. Joints UIJ-F1 experienced yielding of the beam reinforcement at
early drift ratio of about +2.0% thus forming complete beam
plastic hinges at the beam end zones within a distance equal
to 0.8d from face of column (d = beam depth). Because of the
development of diagonal shear cracks within the joint core,
the beam reinforcement of Joint UIJ-F2 did not yield, but this
joint performed satisfactorily until a reasonably high drift ratio
of +4.0%.

5. The lateral load capacities of the earthquake-resistant joints
exceeded their estimated capacities by 23% (Joint UIJ-F1), and
11% (UIJ-F2), respectively, and acquired about 95% increase in
lateral load capacity relative to the as-built joints.

6. Because of the shallow nature of the beams on either side of the
column, the earthquake-resistant joints developed weak
beam-strong column behavior, particularly for the joints of type
F1, by forming plastic hinges in the beam instead of the columns.
Consequently, the strains and stresses in the spliced column
reinforcement remained well below yield, which prevented
bond degradation of the spliced column reinforcement that
would have occurred under large stress reversals in conventional
beam-column joints. This behavior calls for possible relinquish-
ing of the ACI requirements for splicing column reinforcement at
column mid-height for the type of joints under investigation.
More research is needed however to support this conclusion.
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