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Abstract

Earthquake affected structures, mostly failure occur at beam column joints (BCJ). BCJs are categorized according to their geometrical
grouping as Interior, Exterior, and Corner joints. Exterior beam column joint (i.e., terminating the beam on one of the column faces) was
the most vulnerable one with respect to the plane of loading. The present study aims at ductility behaviour of exterior BCJ with conven-
tional reinforcement using the code IS 456-2000 and with special confining reinforcement using the Code 1S 13920-2016. Four number
of beam-column joint specimens are considered in which the first one is detailed as per IS 456-2000, the second one as per 1S 13920-
2016 and the other two with 50% and 30% reduction of shear reinforcement was provided while compared with the first specimen. It is
mainly to satisfy the strong column-weak beam concept as the main parameter. The test was carried out on the loading frame with hinged
conditions to the column both ends, and the load is applied at the tip of the beam. The experimental studies are proven with an analytical
study carried out by finite element model by using ANSYS and disparate parameters are assessed both experimentally and analytically.
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1 Introduction

In early days, the study of Beam-Column Joint (BCJ) is to only
satisfy the anchorage reinforcement. After that, a lot of research
has been recorded on parameters like detailing of reinforcement,
the strength of concrete and loading pattern etc. In limit state de-
sign, the aim of BCJ is to resist the combination of worst load to
provide enough strength. In earthquake resistant structures, the
reinforced concrete frames are to be designed based on strong
column-weak beam concept. In BCJ, yielding of beam occurred at
high displacement such that beam was designed to be failed in
shear or flexure. In this study, the effect of shear reinforcement in
the beam has been examined experimentally and analytically.
Three modes of failures in beam-column joint listed as follows:

e Joint shear failure

e  Anchorage failure

e Bond failure
When an earthquake occurs a large amount of shear force devel-
ops, so that shear stress at the joint should be reduced to eliminate
joint shear failure. To achieve that, development length of the bar
in beam should be increased but it creates a problem in the joint
because there is a pressure of existing transverse members. If de-
velopment length is not enough i.e., if it is less, anchorage failure
can also occur. As shown in Fig. 1, diagonal cracks are developed
due to the shear force acting at the joint. The bars bent away from
the joint results in poor detailing whereas bars passing through
each other results in satisfactory detailing.
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Fig. 1 Forces acting on the exterior BCJ (Courtesy: I TK-GSDMA-

EQ31-V1.0)

The specimen having less transverse reinforcement produces max-
imum shear and the deformation is more for corner and exterior
joints. Hence, the shear strength of the joint will be high for the
specimens with special confinement [1]. Using cross inclined bars
in BCJ is a feasible solution for increasing their shear capacity and
produces more strength under statically applied load. The load
carrying capacity increases by providing cross diagonal rein-
forcement. Stiffness and ductility of joint capacity also increase in
both upward and downward loading conditions [2]. The study on
the load-displacement behaviour of BCJs in ABAQUS gives real-
istic behaviour than ANSYS which is subjected to monotonic
loading and proposes the clear understanding of reinforced con-
crete subassemblies in ABAQUS [3]. The displacement and min-
imum & maximum stress vary non-linearly with the stiffness of
the structure. For fixed support condition, displacement and stress
values are minimum as compare to hinge support condition. The
behaviour of corner beam-column joint is distinct than that of the
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exterior beam-column joint [4]. Crack capacity was controlled by
X-cross bar plus U-bar which shows lesser cracks with increasing
in seismic performance. Congestion of reinforcement is also re-
duced by providing T-headed bar in the joint core area [5].To
assess the seismic behaviour of BCJ, parameters like ductility,
stiffness degradation, and energy absorption are studied [6]. Self-
compacting concrete and steel fibers are used to overcome the
congested reinforcement present in the joint core. Due to this, the
strength and ductility are improved in the joint [7]. Beam flexural
type of failure occurs with joint shear reinforcement whereas joint
shear failure occurs without joint shear reinforcement [8]. In wide
beam-column connections, if the dimension of the beam changes
then its impacts on the capacity of the structure as plastic energy
dissipation. Due to increase in the width of the beam, the re-
sistance of the beam against crack improves significantly [9]. In
case of the base shear capacity of the building, the increase in the
reinforcement in column joint has a negligible impact when com-
pared to the beam reinforcement at joint [10].

2  Research significance

A broad research has been done to study the behaviour of beam-
column joints from the past few decades. Though the behavioral
studies on the beam-column joint are predominant, the failure of
structures has been increasing day by day. The main objective of
this study is considering the strong column-weak beam concept
because the collapse of a beam is a localized failure rather than the
collapse of a column results in globalized failure. The behaviour
of ductility joint compared to conventional and reduction of shear
reinforcement is studied. The design was done as per revised code
of 1S 13920-2016 [11] and IS 456-2000 [12]. At one-third dis-
tance from joint zero moments are formed, so hinges are consid-
ered as support conditions

3 Experimental program

The dimensions of all specimens are same are shown in Table
1.0ut of four specimens one is conventional designated as control
specimen (CS), specimen provided with special confinement des-
ignated as ductility specimen (DS) and the other two are with 50%
and 30% shear reinforcement reduction designated as beam weak
in shear 1 (BWS1) and beam weak in shear 2 (BWS2).

Table 1: Dimensions of all specimens
Column dimensions(mm) Beam dimensions(mm)
Length | Width Depth Length Width Depth
1000 150 200 370 150 200

As per IS 10262-2009 [13], design mix calculations of the M25
grade was made. Ordinary Portland cement of 53 Grade, the
coarse aggregate of size 20mm and fine aggregate confirming to
zone-11 was used. The specific gravity of cement is 3.15, fine
aggregate is 2.32 and for coarse aggregate is2.78. Target mean
strength for an M25 grade is 31.6 N/mm?,

3.1  Reinforcement details of all specimens

The reinforcement detailing for four specimens is according to IS
456-2000. The reinforcement details are shown in Table 2 and
Table 3. Reinforcement details are shown in Fig. 2 to Fig.5.
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Table 2: Reinforcement detailing of beam
Longitudinal reinforcement TETSEES FE111 Bl
ment
No
S.no | Specimen | No of A of A
bars & (mri;z) P«(%) | bars (mr:;Z) Py(%)
Dia &
Dia
5-8
1 CS 251.3 | 0.0084
Top r/f mm
2 DS 8-16 002 r?]'ri 45234 | 0015
mm | 0318 | —
3 BWS-1 150.78 | 0.005
Bottom mm
r/f 2-
226.19 o
4 | Bws2 | 12mm 0.0075 rzn rf] 100.52 | 0.0035

Table 3: Reinforcement detailing of column

L e I e - Transverse reinforcement
s ment
" | Specimen | No of No of
no Ast Ag
bars & (mm?) P(%) | bars & (mm?) Py(%)
Dia Dia
1 cs 78 | 35185 | 0.018
mm
2 DS 158 1 75398 | 0.025
4-16 A
3 | BWs1 | mm | 8042400271 T8 g5 65 | 0018
7-8
4 BWS-2 T 351.85 | 0.018
—+] 15000 = nos of 16mm dia
7 nos of 8mm dia @150mme/c
[:J:zo 00 m@
le———450.0(
i
r
| -—450.00:—1
— 16{:
| 370,00 )
—200.00— 3 nes of 16mm dia
nos of 8mm dia
/@13Dmmclc
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- 15000
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Fig. 2 Conventional specimen as per IS: 456-2000
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Fig. 3 Ductility specimen as per IS: 13920-2016
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Fig. 4 Beam weak in shear-1 specimen
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Fig. 5 Beam weak in shear-2 specimen

3.2  Testsetup

Hinge supports are used as boundary conditions at both ends of
the column. They are fabricated based on loading frame setup and
specimen dimensions in which top fin plates are adjustable for any
depth of the column. For column axial load, a hydraulic jack is
kept at one end of the column. Hinge supports and jack are shown
in Fig. 6.
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ydraulic jack and Hinge support

The specimens were tested on the loading frame having a capacity
of 50 tones hydraulic jack is applied to the tip of the beam. Hinge
supports were attached to the column ends with C-clamps which
are used for tightening purpose. For column axial load, a hydraulic
jack is placed by using a plate which was anchored to the girder.
By using a hydraulic jack of capacity 75 tons, a constant axial load
of 2 tonnes was applied from the bottom of the column. The de-
flection was measured at the point of application of the load at the
bottom end of the beam by using Linear Variable Differential
Transducers (LVDTs). All the data recorded by a data logger
which is connected to a computer. Fig.7 shows the test set up of
the specimens.
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(a) Schematic diagram

(b) Actual test set up

Fig. 7 Test setup of a loading frame

4 Analysis of beam column joint

Considering the joint shear failure mode as the main parameter,
non-linear finite element analysis of RC beam-column connection
is analyzed using ANSY'S. The solid 65 is used to model the con-
crete element consists of eight nodes whereas link 188 is used to
model the reinforcement. This referred to a uniaxial tension-
compression element which is having three degrees of freedom at
each node such as translations occurred in X, y and z directions.
Real constants are not considered for solid 65 elements since there
is no rebar data. For link180, the cross-sectional area of rebar is
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considered. Linear isotropic materials are considered for concrete
and steel. The elastic modulus of concrete is 0.25e5MPa and for
steel 2e5MPa. The Poisson's ratio for concrete is 0.15 and for steel
is 0.3.The compressive strength of concrete is 25MPa and vyield
stress of steel is 500MPa.Build the geometry of the specimen in
pre-processing considering the dimensions of the BCJ and mesh-
ing is done for all the elements with 40 mm mesh size as shown in
Fig. 8. From experimental data, load at which failure occurs were
considered and applied it on the tip of the beam nodes as a point
load. For column, a constant axial load of 2 tonnes was applied.
Pinned supports or hinged conditions were used for both ends of
the column such that X-direction is released whereas Y and Z-
directions are constrained.
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Fig. 8 Meshed model with loads and boundary conditions
5 Results and discussion

The experimental and numerical results have been discussed in
this section.

5.1 Experimental Outcomes

The observations during the test are concisely presented in the
form of load vs. deflection, stiffness degradation, normalized
graphs and crack pattern for all specimens are described in this
section.

5.1.1 Load Vs Deflection

The load vs. deflection curve is drawn for all specimens in which
applied load is on the vertical axis and deflection is on the
horizontal axis as shown in Fig. 9. At the initial stage of testing
the displacement was zero. A gradual decrease in the load was
observed when it reaches the peak load. It clearly gives that the
maximum load carrying capacity for DS is significant compared to
other specimens and exhibited better results. The maximum load
and the corresponding deformation for all the specimens are
shown in Table 4.
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Fig. 9: Load vs. Deflection
Table 4: Maximum load and deflection
Specimen Load (kN) Deflection (mm)
Cs 18.3 33.14
DS 26.6 32.02
BWS-1 14.9 2151
BWS-2 14.2 19.06
5.1.2  Stiffness Degradation

The graph is drawn for stiffness (load required to cause unit de-
flection) on vertical axis and deflection on the horizontal axis as
shown in Fig. 10. The maximum stiffness is obtained for DS is
higher when compared to the other three specimens. The CS and
BWS specimens have very low stiffness. The stiffness degradation
is high for BWS specimens and very low for DS. Table 5 shows
maximum stiffness for the corresponding deflection.
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Fig. 10 Stiffness vs Deflection
Table 5: Maximum Stiffness and deflection
Specimen Stiffness (KN/mm) Deflection (mm)
Cs 0.554 33.14
DS 0.830 32.02
BWS-1 0.693 2151
BWS-2 0.745 19.06
5.1.3  Normalisation graph

Fig. 11 shows that normalized graph of shear strength (Pu/fek bd)
on y-axis and drift ratio (deflection with respect to its length) on
the x-axis. Hence the normalized shear strength for DS is very
high which gives better results. Due to its ductility nature, it has
more shear strength. Where other specimens namely CS is satis-
factory and BWS specimens are below the CS and DS. Table 6
shows maximum shear strength and drift ratio for all the speci-
mens.
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004 5.2 Numerical Outcomes
’ i Results from analytical studies are observed and discussed in this
0.035 e T section. All BCJ specimens such as CS, DS, BWS-1 and BWS-2
003 - are modeled and analyzed with parameters like deformation, stress
= 0025 intensity and stress vector are observed.
5002 P 52.1  Deformed shape
v - -7 - - - -
Zo0s P N ;z Fig. 13 to Fig. 16 shows the deformed shapes of all specimens
= oo with respect to the undeformed model. Considering the respective
;’é ’ - B experimental load, all specimens are analyzed. The shear reduc-
- 0.005 /;;t tion specimens namely BWS-1 and BWS-2 show significant de-
0 flection and hinge action was encountered. Hence, out of four
0 0.02 0.04 0.06 0.08 0l specimens, ductile specimen shows less deflection and it is prefer-
hift Ratio able.
Fig. 11 Shear strength vs. Drift ratio DrsPLACRET MRS
B AFR 11 ";7\14
Table 6: Maximum Shear strength vs Drift ratio
Specimen Shear Drift
strength ratio
CS 0.02440 0.0893
DS 0.03533 0.0865
BWS-1 0.01986 0.0581
BWS-2 0.01893 0.0515
5.1.4  Crack pattern

In all the specimens crack was propagated at joint region only.
Initially, a crack develops at beam to column interface and propa-
gates from joint to column. Mainly shear cracks are developed in
the joint region for shear reduction specimens. Among all the
specimens, a specimen with ductile reinforcement gives better
performance when compared to CS, BWS-1 and BWS-2. Fig. 12
shows the crack pattern of all the specimens.
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(@) Coneventional

Specimen (b) Ductile Specimen

(c) Beam weak in shear-1 (d) Beam weak in shear-2
Fig. 12: Crack pattern for all specimens

Fig. 13: Deformed shape of CS
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Fig. 14 Deformed shape of DS

Fig. 15 Deformed shape of BWS-1
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Fig. 16 Deformed shape of BWS-2

5.2.2  Stress intensity of all specimens

The Stress intensity depends on the maximum stress induced on
the structure. For all specimens maximum stress is obtained at
joint region only. A large amount of stress is developed at the
column to beam interface and in the rear side of the shear reduc-
tion specimens. For BWS-2, high stress intensity is developed on
the top side of the column. Stress intensity for DS is very less. Fig.
17 to Fig. 20 shows stress intensity of all specimens.

i ANSYS
NCDAL SOLUTICN R18.1

Fig. 18 Stress intensity of DS
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147,017 <7 441,05 > 735.0 102002~

Fig. 19 Stress intensity of BWS-1
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AFR 11 2018
48

NODAL SCLUTION

0 2.764 25.528 38.292
19.146 31.91 44.674

Fig. 20 Stress intensiiy of BWS-2

51.0559

5.2.3  Stress vector of all specimens

The stress vector is the force per unit surface. It is nothing, but
stress develops and travels from that point. The stress vector of all
specimens is shown in Fig. 21 to Fig.24. Mostly stress develops in
the joint region but BWS specimens have more stress in the
column and in joint region and concrete crushes at that region
because it undergoes tension where stress is high. Due to hinges,
column displaces and stress vector (i.e., the direction of force) is
shown and develops a crack from that region. The BWS speci-
mens have high stress vectors developed in the joint.

Fig. 21 Stress vector of CS
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Fig. 22 Stress vector of DS
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Fig. 24 Stress vector of BWS-2

6. Conclusions

In this study, the performance of exterior beam-column joint with

conventional,

unconventional and confinement reinforcement

detailing was observed. The following conclusions are drawn from
experimental and analytical results.

e  All BCJ specimens are failed at the joint under mono-
tonic loading.

e  The failure occurred at joint, even the beam is deficient
with shear reinforcement.

e The shear cracks for BWS specimens and flexural
cracks for CS and DS are developed at the joint.

e Asthe load increases deflection also increases for all the
specimens. Therefore, DS have high load carrying ca-

pacity under the same deflection when compared to CS
and the other two specimens.

e  The stiffness of all the specimens is gradually decreased
with increasing load. The stiffness degradation is high
for BWS-2 and low for DS.

e It can be observed that for all the specimens, shear
strength increases with increasing drift ratio. Due to its
ductility behaviour of DS has shown significant shear
strength.

e  The beam is deflected due to hinge action in ANSYS
analysis.

e The maximum and minimum stress intensity and
crack/crush occurred at the joint region in beam column
joint.

e  The stress intensity is high for BWS specimens and less
for DS specimen so that failure occurred in joint in case
of CS and BWS specimens.
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