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Abbreviation and symbols

Special confining reinforcement from each joint face

K Stiffness matrix
Nodal displacement vector

F Nodal vector force

Ec Elastic modulus

Fe Ultimate uniaxial compressive strength

Ft Ultimate tensile compressive strength

S Confining reinforcement in the column
Vs Joint shear carried by ties

d Effective depth of beam
A, Total area of ties legs

o Amount of tension reinforcement

e compression concrete stress at the far face of joint

s Compression steel stress at the far face of joint
fy Yield stress of steel
A Avrea of the outer column bar
T” Tensile force in reinforcement

Compression in reinforcement
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Abstract

In a beam column joint to meet the requirement of strength, stiffness and ductility under dynamic
loading one of the existing solution is inclusion of high percentages of transverse hoops in the
core of joints. The most important factor affecting the shear capacity of joints are the concrete
compressive strength, joint aspect ratio, anchorage of beam longitudinal reinforcement and
amount of stirrups inside the joint. The beam moment which induced during earthquake motion
on the beam can produce high shear forces and bond breakdown into the joint resulting in
cracking of the joints. Unsafe design and detailing within the joint region jeopardizes the entire
structure, even if other structural members conform to the design requirements. Modified
reinforcement technique (MRT) using crossed inclined bar at beam column junction is
investigated in our work and it has been found that its presence introduces an additional
mechanism for shear transfer. Modified Reinforcement Technique (MRT) can be proposed as a
feasible solution for increasing the shear capacity and stiffness of the joint under dynamic
loading.

The beam-column joints with crossed inclined bar modeled in ANSYS workbench v12 showed
high strength. The analytical result done via ANSYS concludes that the specimen with diagonal
cross bar at joint shows better performance under the cyclic loading and hence it can be a
feasible solution for increasing the shear capacity of exterior and interior beam-column joints.
From the analytical study it is observed that the provision of cross diagonal reinforcement
increased the ultimate load carrying capacity, stiffness and ductility of joints in the both upward
and downward loading conditions. The all joints are analyzed for the same loading with same
arrangement of reinforcement for control and strengthened specimen and it was observed that the
higher deformation and stress obtained in the corner joints as compare to the other joints. The
results of control and strengthened specimen were compared through load-displacement
hysteretic behavior; displacement time history curve, load cycle Vs shear stress and load
displacement response. Form the graphs it was observed that the implementation of cross
inclined bars at the joints give better results as compare to control specimen in terms of total
deformation, stress and strain. The present study is confined to static load only.

Vi




CHAPTER1

INTRODUCTION

1.1Background
The Beam-Column joints are the weakest link in moment resisting RC framed buildings

subjected to seismic load. These joints, if not strengthen properlymay suffer substantial damage
during earthquakes due to inadequate shear reinforcement in the joint region. Several techniques
of repairing and strengthening of RC joints, damaged by earthquakes, have been reported in
earthquake prone countries. Repairing of damaged joints is very difficult so damage must be
avoided by using different techniques during construction. In earthquake resisting frame the
column should be stronger then beam. In RCC buildings portion of column that are common to
beam at their intersection are called beam-column joints. The constituent materials of joints have
limited strengths; the joints have limited force carrying capacity. When forces larger than these
are applied during earthquake, joints are severely damaged. The prime reason behind joint failure
is the inadequate shear strength of the joints, and this is occurred due to the insufficient and
inadequate detailed reinforcement in the joint region.

The shear strength and confinement pressure provided by joint panel stirrups are crucial to
preserve joint panels from premature brittle failures; a suitable amount of transverse
reinforcement allows the action between the beams and columns to be appropriately transferred.
However, the lack of joint panel transverse reinforcement is very common in structural systems
designed for gravity load or according to obsolete seismic codes, especially in the Mediterranean
area. For this reason, several surveys carried out in the aftermath of major recentearthquakes
have shown that beam column joints represent one of the main sources of vulnerability in
existing reinforced concrete (RC) constructions. In most of earthquake prone countries,
preseismic code designed reinforced concrete (RC) buildings do not comply with the current
seismic codes requirements. In Recent earthquakes failure/collapse of moment resisting RC
frame buildings in the existing beam column joints, especially exterior ones with inadequate

shear strength and ductility is the prime reason.




1.2Project Objective
The objective of this project is the numerical investigation of beam column joint with or without

modified reinforcement techniques. The behavior of beam column joint is observed for total
deformation, stress and strain under the same cyclic loading for all joints. The results which
observed after analysis of all joints for control specimen and strength specimen have been
compared in terms of total deformation, stress and strain. The numerical investigations have
been done by using ANSYS v12. In addition the analysis is performed in terms of variations in
diameter and length of the cross bars(Modified Reinforcement Techniques). The FE results of
control and strengthened specimens were compared through load-displacement hysteretic

behavior, load cycle Vs shear stress behavior and displacement time history curves.

1.3Significance of Project
With reference to paper given bySuhasini M Kulkarni, Yogesh D Patil, 2014 titled as “Cyclic

Behavior of Exterior Reinforced Beam-Column Joint with Cross-Inclined Column Bars.” In this
paper the author has considered a column with single beam and Cross inclined bars have been
used at the joint and it was presented that, the most important factors affecting the shear capacity
of exterior RC beam-column joints are the concrete compressive strength, joint aspect ratio of
the joints and number of lateral ties inside the joint. Advanced Reinforcement Pattern (ARP
crossed inclined bars) is a feasible solution for increasing the shear capacity of the cyclically
loaded exterior beam-column joints. The presence of inclined bars introduces an additional
mechanism for shear transfer. External beam-column joints with crossed inclined reinforcement
(ARP) modeled in ANSYS Workbench showed high strength, and no appreciable deterioration
even after reaching the maximum capacity.

The results obtained from the FE analysis of control specimen and strengthen specimen
under cyclic loading on beam column joints show that the modified reinforcement technique is
the additional mechanism of shear transfer. It observed that the joint shear capacity, stiffness,
ductility, total deformation and directional deformation have been controlled by introducing

modified reinforcement technique at joint region.




1.4Literature Review
Number of works has been reported on experimental and analytical studies of composite up

gradation for strengthening beam column joint. The literature has been reviewed to get the
experimental data for making comparison with analytical model of present study.

S. H. Alsayed, Y. A. Al-Salloum, T. H. Almusallam, and N.A. Siddiqui’, in 2010,epoxy-bonded
CFRP sheets have been used with different scheme such as control, strengthened, repaired
specimens at the joints for the upgrading the shear strength and ductility of exterior beam-
column joints. The author compared the results of different scheme through hysteretic loops,
load-displacement envelopes, joint shear distortion, ductility, and stiffness degradation and found
that CFRP sheets are very effective in improving shear resistance and deformation capacity of
the exterior beam-column joints and delaying their stiffness degradation.

K.R.Bindhu and K.P. Jaya?, 2010 studied the seismic performance of exterior beam column joint
with non-conventional reinforcement detailing. The specimens were sorted into two groups
based on the joint reinforcement detailing. The first group (Group A) comprises of two joint
assemblages having joint detailing as per construction code of practice in India (IS 456:2000)
with two axial load cases. The second group (Group B) comprises of two specimens having
additional cross bracing reinforcements for the joints detailed as per 1S 456:2000 with similar
axial load cases that in first group. The experimental investigations are validated with the
analytical studies carried out by finite element models using ANSYS. The experimental results
and analytical study indicated that additional cross bracing Reinforcements improve the seismic
performance.

Suhasini M Kulkarni, Yogesh D Patil®, 2014“Cyclic Behavior of Exterior Reinforced Beam-
Column Joint with Cross-Inclined Column Bars.” In this paper it is presented that, the most
important factors affecting the shear capacity of exterior RC beam-column joints are the concrete
compressive strength, joint aspect ratio of the joints and number of lateral ties inside the joint.
Advanced Reinforcement Pattern (ARP crossed inclined bars) is a feasible solution for
increasing the shear capacity of the cyclically loaded exterior beam-column joints. The presence
of inclined bars introduces an additional mechanism for shear transfer. External beam-column
joints with crossed inclined reinforcement (ARP) modeled in ANSYS Workbench showed high

strength, and no appreciable deterioration even after reaching the maximum capacity.




C.D.Vecchio, M.D.Ludovico, Albeeto Balsamo, Andrea Prota, Gaetano Manfredi, and Mauro
Dolce* 2014, “Experimental Investigation of Exterior RC Beam-Column Joints Retrofitted With
FRP system.” This paper investigates the behavior of unconfined joints that do not conform to
current seismic codes and the effectiveness of externally bonded fiber-reinforced polymers as a
strengthening technique, and it was observed that FRP sheets improve the shear resistance,
ductility, and deformation capacity of the seismically loaded RC beam-column joints to a great
extent.

Al-Salloum and Almusallam 2007 and Alsayed et al.> 2010 developed effective rehabilitation
schemes for R/C beam-column interior and exterior joints, respectively, using advanced
composite materials. Pampanin et al. 2007 carried out experimental and analytical investigations
on carbon FRP CFRP retrofitted existing beam-column joint subassemblies and frame systems.
Their experimental results provided very satisfactory confirmation of the viability and reliability
of the adopted retrofit solution and of the proposed analytical procedure to predict the actual
sequence of events.

Tarek H. Almusallam, Yousef A. Al-salloum®, and M.sc student, dept. of civil engineering, king
SaudUniversity, Riyadh, Saudi Arabia, 2007, “seismic response of interior RC beam-column
joints upgraded with FRP sheets. Il: Analysis and Parametric Study.” In this paper a procedure
for analytical prediction of joint shear strength of interior beam-column joints, strengthened with
externally bonded FRP sheets, has been presented. The predicted shear capacities and joint shear
stress variation for control and FRP strengthening beam-column joints were compared with
experimental observation and they were found to be in good agreement with experimental
results.

Tarek H. Almusallam, Yousef A. Al-salloum’, and M.sc student, dept. of civil engineering, king
saud university, Riyadh, Saudi Arabia,2007, “Numerical Investigations on the seismic Behavior
of FRP and TRM Upgraded RC Exterior Beam-column Joints I.” In this paper a detailed
procedure for nonlinear finite element analysis of fiber reinforcement polymer (FRP) and textile
reinforced mortar (TRM) upgraded reinforced concrete (RC) beam-column exterior joint is
presented for predicting their seismic performance under simulated earthquake loading. Four
specimens was prepared for testing out of these one specimen was tested as a control specimen
and the other three were rested after strengthening with TRM, carbon FRP, and glass FRP sheets
and the FE result were compared with the test result through load-displacement behavior,




ultimate load, and crack pattern and it was observed that the nonlinear FE model can
satisfactorily predict the behavior and response of the as built control, FRP, and TRM
strengthening exterior RC beam column joint. It also observed that the ultimate load carrying
capacity of the CFRP strengthening specimen is maximum and TRM upgraded specimen is
minimum and for GFRP strengthening specimen, the capacity is in between CFRP and TRM
strengthening specimens.

Ghobarah and EIl- Amoury® 2005 developed effective rehabilitation systems to upgrade the
resistance to bond slip of the bottom steel bars anchored in the joint zone and to upgrade the
shear resistance of beam column joints. Antonopoulos and Triantafillou 2002, Gergely et al.
2000, and Almusallam and Al-Salloum 2007 presented analytical models for the prediction of
shear capacity of the FRP strengthened beam-column joints. The above review of literature
illustrates that despite a substantial work on FRP-upgraded interior and exterior joints,
investigations related to FRP-strengthened and/or repaired corner or knee joints are very limited.
Also, the behavior of seismically excited FRP repaired/strengthened corner beam-column joints
is not well established at various stages of response, e.g., before and after yielding of
reinforcements, crushing of concrete, fiber fracture, or debonding.

Modified reinforcement technique using crossed inclined bars at beam column junction increase
shear capacity of the statically loaded beam-column joints. The cross inclined bars is intended
for creating an additional mechanism for shear transfer. The beam-column joint modeled in

ANSYS v12 Workbench shows high strength for crossed inclined bar arrangement at joint.




CHAPTER 2
BEAM COLUMN JOINT

The functional requirement of a joint, which is the zone of intersection of beams and columns, is
to enable the adjoining members to develop and sustain their ultimate capacity. The demand on
this finite size element is always severe especially under seismic loading. The joints should have
adequate strength and stiffness to resist the internal forces induced by the framing members. The
essential requirement for the satisfactory performance of a joint in a reinforced concrete structure
can be summed up as follows:
i.  Ajoint should exhibit a service load performance equal in quality to that of the member it
joins.
ii. A joint should possess a strength that corresponds at least with the most adverse load
combination that the adjoining member could possibly sustain, several times if necessary.
iii.  The strength of the joint should not normally govern the strength of the structure, and its
behavior should not impede the development of the full strength of the adjoining
member.
iv. Ease of construction and access for depositing and compacting concrete are other

prominent issues of joint design.

2.1 Types of Joints in frames
The joint is defined as the portion of the column within the depth of the deepest beam that frames

into the column. In a moment resisting frame, three types of joints can be identified viz. interior
joint, exterior joint and corner joint (Fig. 2.1.1). When four beams frame into the vertical faces of
a column, the joint is called as an interior joint. When one beam frames into a vertical face of the
column and twoother beams frame from perpendicular directions into the joint, then the joint is
called as an exterior joint. When a beam each frames into two adjacent vertical faces of a
column, then the joint is called as a corner joint. The severity of forces and demands on the
performance of these joints calls for greater understanding of their seismic behavior. These

forces develop complex mechanisms involving bond and shear within the joint.
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Fig 2.1.1 Types of beam-column Joints in frames

2.2Forces acting on a beam column joint
The pattern of forces acting on a joint depends upon the configuration of the joint and the type of

loads acting on it. The effects of loads on the three types of joints are discussed with reference to
stresses and the associated crack patterns developed in them. The forces acting on an exterior
joint can be idealized as shown in Fig.2.2.1 The shear force in the joint gives rise to diagonal
cracks thus requiring reinforcement of the joint (fig. 2.2.2). The detailing patterns of longitudinal

reinforcements significantly affect joint efficiency.
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Fig. 2.2.1 Earthquake Loading on beam-column Joints
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Fig.2.2.2 Internal load distribution in a joint

2.3Joint Mechanisms
During earthquake shaking, the beams adjoining a joint are subjected to moments in the same

direction either in clockwise or anti-clockwise. Under these moments, the top bars in the beam-
column joints are pulled in one direction and the bottom one in the opposite direction (fig.2.3.1).
These forces are balanced by bond stress developed between concrete and steel in the joint
region. If the column is not wide enough or if the strength of the concrete in the joint is low,
there is insufficient grip of concrete on the steel bars. In such condition the bar slips inside the
joint region and beam lose their capacity to carry load (fig.2.3.1). Under these pull and push
forces at top and bottom ends joints undergo geometric distortion, one diagonal length of the
joint elongate and the other compresses and if the column cross-sectional size is insufficient, the
concrete in the joint develops diagonal cracks (fig.2.3.1).These pull-push forces on joint cause
two problems i.e. Loss of grip on beam bars in joint region and distortion of joints causing

diagonal cracks and crushing of concrete.
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Fig. 2.3.1 Pull-Push Forces on joints
In strong column-weak beam design, beams are expected to form plastic hinges at their ends and
develop flexural over strength beyond the design strength. The high internal forces developed at
plastic hinges cause critical bond conditions in thelongitudinal reinforcing bars passing through
the joint and also impose high shear demand in the joint core. The joint behavior exhibits a
complex interaction between bond and shear. The bond performance of the bars anchored in a

joint affects the shear resisting mechanism to a significant extent.

Fig. 2.3.2Loss of grip at joint region Fig. 2.3.3 Distortion of joint causing
diagonal cracks




2.4Exterior Joint
In exterior joints the beam longitudinal reinforcement that frames into the column terminates

within the joint core. After a few cycles of inelastic loading, the bond deterioration initiated at
the column face due to yield penetration and splitting cracks, progresses towards the joint core.
Repeated loading will aggravate the situation and a complete loss of bond up to the beginning of
the bent portion of the bar may take place. The longitudinal reinforcement bar, if terminating
straight, will get pulled out due to progressive loss of bond. The pull out failure of the
longitudinal bars of the beam results in complete loss of flexural strength. This kind of failure is
unacceptable at any stage. Hence, proper anchorage of the beam longitudinal reinforcement bars
in the joint core is of utmost importance. The pull out failure of bars in exterior joints can be
prevented by the provision of hooks or by modified reinforcement techniques. Modified
reinforcement technique, is helpful in providing adequate anchorage when furnished with
sufficient horizontal development length and the additional mechanism of shear transfer at joints.
Because of the likelihood of yield penetration into the joint core, the development length is to be
considered effective from the critical section beyond the zone of yield penetration. Thus, the size
of the member should accommodate the development length considering the possibility of yield
penetration.
The following observations may be made for the design of exterior joint:

i.  The anchorage conditions for the top beam bars are extremely unfavorable where they
enter the joint. The surrounding concrete is subject to sedimentation, and it is exposed to
transverse tension. Usually a splitting crack forms along these bars at a relatively early
stages of the loading.

ii.  The bottom beam bars, in compression, enter the joint in a region of ideal bond
conditions, since the surrounding concrete is also in compression transversely to the bars.
The straight portion of the bars beyond the bend remains largely ineffective for
compression loads. Therefore, after a few cycles of reversed seismic loading, serious
anchorage losses can occur, particularly when the beam frames into a shallow column.

iii.  The outer column bars are subjected to perhaps the most severe bond conditions. Over
the depth h of the beam, a total bond force of
C's + T <2Af, (1)

Where A = area of the outer column bars.
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2.5Interior beam Column Joint
A detailed study on many collapsed or severely damaged preseismic code designed reinforced

concrete RC framed structures in past earthquakes showed that, in most of the cases, the failure
of interior beam-column joints initiated the collapse process of structures. Therefore, beam
column joints were identified as the weakest link in existing RC moment-resisting frames. The
prime reason behind joint failure is identified as inadequate shear strength of the joint.
Inadequate joint shear strength is generally due to insufficient and inadequately detailed
reinforcement in the joint region. Further, due to insufficient reinforcement particularly
transverse reinforcement in the joint, joint brittleness increases, which, in turn, significantly
reduces the overall ductility of the structure. Modified reinforcement technique, is helpful in the
shear transfer or additional mechanism to shear transfer at joint region. The bond force to be
disposed of by one of the top beam bars results from the force acting on the bar at the column
faces.

ndz
Bond Force = - (fy + f's) (2)
Where f's = Compression steel stress at the far face of the joint.

2.6Corner RC beam Column Joint
In moment resisting reinforced concrete RC framed buildings, corner joints are generally found

at the roof level. These joints, if designed only for gravity loads and based on preseismic codes,
may suffer substantial damage during earthquakes due to inadequate shear reinforcement in the
joint region. The internal forces generated at corner joint may cause failure within the joint
before the strength of the beam or column, whichever is weaker, is attained. Several techniques
of repairing and strengthening of RC joints, damaged by earthquakes, have been reported in
earthquake prone countries such as Japan, Mexico, and China.
For the corner joint, adequate strength can be expected only the following condition:
i.  The tension steel is continuous around the corner (i.e. it is not lapped within the joint).
ii.  The tension bars are bent to a sufficient radius to prevent bearing or splitting failure
under the bars. Nominal transverse bars placed under the bent bars.

iii.  The amount of tension reinforcement is limited to
p<oNf /1, ©)

Where, stresses are in psi units
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2.7Detailing Recommendations
The following recommendations are made in connection with the requirement of anchorage,

shear, and confinement within a joint core of earthquake resisting structures.

Anchorage: Due to loss of bond at the inner face of an exterior joint, development
length of the beam reinforcement should be computed from the beginning of the 90°
bend, rather than the face of the column. In wide columns, any portion of the beam bars
within the outer third of the column could be considered for computed development
length. For shallow columns, the use of stub beams will be imperative. A large diameter
bearing bar fitted along the 90° bend of the beam bars should be beneficial in distributing
bearing stresses. In deep columns and whenever straight beam bars are preferred,
mechanical anchorage could be advantageous. Joint ties should be so arranged that the
critical outer column bars and the bent-down portions of the bars held against the core of
the joint.

Shear Strength: When the computed axial compression on the column is small, the
contribution of the concrete shear resistance should be ignored,and shear reinforcement
for the entire joint shearing force should be provided. In exterior joints only the ties that
are situated in the outer two thirds of length of the potential diagonal failure crack, which
runs from corner to corner of the joint, should be considered to be effective. The joint
shear to be carried by the ties is calculated as,

B 1.5VsS
" dFy

(4)

Where V, = joint shear carried by the ties, A, = total area of tie legs in a set making up

one layer of shear reinforcement, and d = effective depth of the beam.

To protect the core concrete against excessive diagonal compression, an upper limit must be
set for the joint shear, normally expressed in terms of a nominal shearing stress. This value
suggested for beams are, [10Vf'; to 11.5Vf'¢ (psi)].

Confinement:Shear reinforcement confines only the corner zones of the joint, and
horizontal tie legs are quite ineffective in furnishing restraint against the volumetric
increase of the core concrete. Hence additional confining bars must be provided at the
right angle to the shear reinforcement. These bars should not be placed further than 150

mm apart.
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2.8Codal Provision
According to IS 13920:1993 (Ductile Detailing): -

Vi.

Vii.

viil.

Cl-7.4.1 Special confining reinforcement (This requirement shall be met with, unless
alarger amount of transverse reinforcement isrequired from shear strength considerations)
shall be provided over a length lo from each joint face, towards mid span, and on either
side of any section, where flexural yielding may occur under the effect of earthquake
forces. The length “lo” shall not be less than (a) larger lateral dimension of the member at
the section where yielding occurs, (b) 1/6 of clear span of the member, and (c) 450 mm.
CI-8.1 The special confining reinforcement as required at the end of column shall be
provided through the joint as well, unless the joint is confined.

Cl-8.2 A joint which has beams framing into all vertical faces of it and where each beam
width is at least 3/4 of the column width, may be provided with half the special confining
reinforcement required at the end of the column. The spacing of hoops shall not exceed
150 mm.

Problem of diagonal cracking and crushing of concrete in the joint region can be
controlled by providing large column sizes and providing closely spaced closed-loop
steel ties around column bars in the joint region. The ties hold together the concrete in the
joint and also resist shear force, thereby reducing the cracking and crushing of concrete.
Continuing the transverse loop around the column bars through the joint region. This is
achieved by preparing the case of the reinforcement (both longitudinal bars and stirrups)
of all beams at a floor level to be prepared on top of the beam formwork of that level and
lower in to the case.

The building columns in seismic zones 111, IV, and V to be at least 300 mm wide in each
direction of the cross section when they support beams that are longer than 5 m or when
these column are taller than 4 m between floors.

The American concrete institute recommends a column width of at least 20 times the
diameter of largest longitudinal bar used in adjoining beam.

In exterior joints where beams terminate at columns, longitudinal beam bars need to be
anchored into the column to ensure proper gripping of bar in joint. The length of
anchorage for a bar of grade Fe415 is about 50 times its diameter. This length is

measured from the face of the column to the end of the bar anchored in the column.
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iX.  In column of small widths and beam bars are of large diameter, a portion of beam top bar
is embedded in the column that is cast up to the soffit of the beam, and a part of it
overhangs.

X.  If column width is large, the beam bars may not extend below the soffit of the beam.

xi.  In interior joints, the beam bars both top and bottom bars need to go through the joint
without any cut in the joint region, and these bars must be placed within the column bars

and with no bends.
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CHAPTER 3
FINITE ELEMENT MODELING

This chapter begins with a description of the control and strengthen specimen being modeled and

then transitions to the geometry, element formulation, constitutive models, boundary conditions,

and the

3.1Fi

mesh formulation.

nite Element Modeling:

For many engineering problems analytical solutions are not suitable because of the complexity of

the material properties, the boundary conditions and the structure itself. The basis of the finite

element method is the representation of a body or a structure by an assemblage of subdivisions

called finite elements. The Finite Element Method translates partial differential equation

problems into a set of linear algebraic equations.

Where,

[KKa} = {F}

K = stiffness matrix

g = Nodal displacement vector

The mo

-
1
2

F = Nodal vector force

deling procedure is the following:
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1
m Geometry -~ 2 Q Enginecering Data .
Geometry —\—- 3 |0} Geometry " a
4 |&E@ model v .
5 @, Setup w4
B Solution .
7 | @@ Results -

Static Structural {AMNSYS)

Fig. 3.1.1 Modeling Procedure in ANSYS Workbench v12
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Material properties
Mesh definition
Boundary conditions

Analysis

Post processing

(5)
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In this section, modeling, including meshing, details of beam-column joints, is presented. The
finite-element program ANSYS Workbench Version 12 is used for this purpose. The element
details of each material are presented subsequently. The finite element analysis is an assembly of
finite elements which are interconnected at a finite number of nodal points. The main objective is
to simulate the behavior of the beam-column joint under cyclic load on the beam by constraining
the columns. In the present study, discrete modeling approach is used to model the behavior of
Steel reinforced beam-column joints using ANSYS software. In this approach, concrete column
and beam elements are modeled by Solid65 elements while the reinforcement (steel) is modeled
by Link8 elements. The nonlinearity is derived from the nonlinear relationships in material
models and the effect of geometric nonlinearity is not considered.

Concrete: To model the concrete an eight-node solid element, Solid65, is used. This solid
element has eight nodes with three degrees of freedom at each node with translations in the nodal
X, Y, and z directions. Plastic deformation, cracking in three orthogonal directions and crushing

capability can be utilized by the element.

Reinforcing Steel: Steel reinforcement in the experimental beam-column joint was
constructed with typical Grade Fe 415 MPa. The steel for the finite-element model was assumed
to be an elastic—perfectly plastic material with identical properties in tension and compression. A
Link8 element is used to model the steel reinforcement. Two nodes are required for this element.
Each node has three degrees of freedom, which are translations in the nodal x, y, and z

directions.
3.2 Material Properties
The following material properties were used for the present FE analysis:-

CONCRETE:

Elastic Modulus, E.= 5000Vf; Ultimate uniaxial compressive strength, f. = 25Mpa, Ultimate
tensile compressive strength, f, = 0.62f,, Poisson ratio for concrete = 0.2

STEEL:
Elastic Modulus, Es =200000 Mpa, Yield stress of longitudinal steel bars, fy = 415Mpa, Yield
stress of transverse steel bars, f, = 250Mpa, Poisson ratio for steel = 0.3
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3.3 Geometric Properties of Exterior Joint with one beam

TABLE 1
Parameter Value (mm) Parameter Value (mm)

Beam specification Column specification
Width 160 Width 160
Depth 350 Depth 300
Span 2000 Clear height 1450
Concrete cover 30 Floor to floor height 1800
Top steel 4-12 Concrete cover 30
Bottom steel 4-12 Longitudinal steel 10-10
Transverse steel diameter 6 Transverse steel diameter 6
Transverse steel spacing 220 Transverse steel spacing 140
3.4 Geometric Properties of Exterior, Interior and corner joints
TABLE 2

Parameter Value (mm) Parameter Value (mm)

Beam specifications Column specifications
Width 300 Width 300
Depth 400 Depth 300
Span 3000 Height 3500
Concrete cover 30 Floor to floor height 3250
Top steel 4-10 Concrete cover 30
Bottom steel 4-10 Longitudinal steel 4-12
Transverse steel diameter 6 Transverse steel diameter 6
Transverse steel spacing 220 Transverse steel spacing 200
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3.5 Creation of Geometry and Reinforcement Detailing
Using the geometry tools of ANSYS software, beam column joint specimens is modeled as a 3D

model. The created geometry and typical steel reinforcement detailing for the exterior joint with
one beam, exterior joint with two beams, exterior joint with three beams, interior joints with
four beams and corner joint are shown in Fig. 3.5.1-3.5.5 respectively. In the finite-element
models, 3D spar elements, Link8, were employed to represent the steelreinforcement. Ideally, the
actual bond strength between the concrete and steel reinforcement should be considered.
However, in this study, a perfect bond between the two materials is assumed. To provide the
perfect bond, the link element, representing the steel reinforcing bars, is connected between the

nodes of each adjacent concrete solid element; thus, the two materials shared the same nodes.

Fig 3.5.1 Geometric model and reinforcement detailing of Exterior joint (CS1)

TS0 00 22680.00

Fig 3.5.2 Geometric model and reinforcement detailing of joint with two beams (CS2)
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Fig 3.5.3 Geometric model and reinforcement detailing of joint with three beams (CS3)

Fig. 3.5.4 Geometric model and reinforcement detailing of interior joint (CS4)
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Fig. 3.5.5 Geometric model and reinforcement detailing of corner joint (CS5)

3.6Meshing

To obtain good results from the Solid65 element, a square mesh is used. Therefore, the mesh is
setup such that square or rectangular elements are created (Fig. 3.6.1-3.6.5). The volume sweep
command of ANSYS v12 is used to mesh the support. This properly sets the width and length of
elements in the concrete support and makes it consistent with the elements and nodes in the
concrete portions of the model. In the analysis, the specimen was modeled with square concrete

elements by using a 50 mm mesh configuration.

Fig. 3.6.1 square meshing of exterior joint
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Fig. 3.6.2 square meshing of joint with two beams

Fig. 3.6.3 square meshing of joint with three beams
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Fig. 3.6.4 square meshing of Interior joint

Fig. 3.6.5 square meshing of corner joint

3.7Modified Reinforcement Technique (MRT) Model

In a moment resisting frame, beam-column joints are generally classified with respect to
geometrical configuration and identified as interior, exterior and corner joints. The basic
requirement of design is that the joint must be stronger than the adjoining beam or column
member. It is important to see that the joint size is adequate in the early design phase; otherwise
the column or beam size will have to be suitably modified to satisfy the joint shear strength or

anchorage requirements. The design of beam column joint is predominantly focused on
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providing joint shear strength and adequate anchorage within the joint. In addition to high shear
force generated, the high bond stresses required to sustain this force gradient across the joint may
cause bond failure and corresponding degradation of moment capacity accompanied by
excessive drift. The joint is defined as the portion of the column within the depth of the deepest
beam that frames into the column. A beam column joint becomes structurally less efficient when
subject to large lateral loads, such as strong wind, earthquake, or explosion.In these areas, high
percentages of transverse hoops in the core of joints are needed in order to meet the requirement
of strength, stiffness and ductility under cyclic loading. Provisions of high percentage of hoops
cause congestion of steel leading to construction difficulties. During strong earthquake, beam-
column connections are subjected to severe reversed cyclic loading. If they are not designed and
detailed properly, their performance can significantly affect the overall response of a ductile
moment-resisting frame building. The performance of beam-column joints subjected to seismic
forces may be improved only if the major design considerations are satisfied. Though there is no
explicit Indian Code for design of beam-column joints for seismic forces, where as severe
importance is given in many international codes for design and detailing of joints. For the
increasing the stiffness, load carrying capacity and ductility of beam column joint, modified
reinforcement technique is used. In this technique, the cross inclined bars at the joint region is
implemented. The detailing of exterior with one, two, three, interior with four beam, and corner
beam column joints with modified reinforcement technique is showed in Fig 3.7.1-3.7.5

respectively.

Fig. 3.7.1 Modified reinforcement detailing of exterior joint with one beam (SS1)
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Fig. 3.7.3 Modified reinforcement detailing of exterior joint with three beams (SS3)
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Fig. 3.7.5 Modified reinforcement detailing of corner joint (SS5)

A study of the usage of additional cross-inclined bars at the joint core shows that the inclined
bars introduce an additional new mechanism of shear transfer and diagonal cleavage fracture at
joint will be avoided. However, there were only limited experimental and analytical studies for
the usage of non-conventional detailing of joints.
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CHAPTER 4
LOADING AND BOUNDARY CONDITIONS

Static analysis is performed for the analysis of exterior, interior, and corner joint of control and
strengthen specimen under the cyclic loading. A static structural analysis determines the
displacements, stresses, strains, and forces in structures or components caused by loads that do
not induce significant inertia and damping effects. Steady loading and response conditions are
assumed; that is, the loads and the structure's response are assumed to vary slowly with respect to
time. A static structural load can be performed using the ANSYS solver. The types of loading

that can be applied in a static analysis include:

Externally applied forces and pressures

Steady-state inertial forces (such as gravity or rotational velocity)

Imposed (nonzero) displacements

Temperatures (for thermal strain)

4.1 Loading and Boundary Conditions of Joints

Displacement boundary conditions were needed to constrain the model to get a unique solution.
To ensure that the model acts in the same way as the experimental beam-column joint, boundary
Conditions are applied at the supports and where loadings exist. In all model the joints are fixed
and only upper joint of the column is kept free. The loading condition, applied cyclic loading
from 0 to 500 kNin the lateral direction of the column and in the upper direction of the beam. A
constant axial loading of 500 kN has been applied at the column. The loadings are applied in all
direction with the time interval of 120 sec. Theloadings are applied in all direction small

thickness of 5 mm thick concrete plate.
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Fig. 4.1.1 Loading condition at exterior joint with one beam

Fig. 4.1.2 Loading condition at exterior joint with two beams

27




Fixed Support 2
U B
. Fixed Support 3

. Fixed Support 4 H

. Fixed Support 3

Fig. 4.1.3 Loading condition at exterior joint with three beams
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Fig. 4.1.4 Loading condition at interior joint with four beams
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Fig. 4.1.5 Loading condition at corner joint
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Fig. 4.1.6 Cyclic loading applied in lateral direction of column
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Fig. 4.1.7 Cyclic loading applied in upper direction of beam
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CHAPTERS
ANALYSIS AND RESULTS

5.1Exterior joint with one beam
The result of FE analysis is obtained for control specimen and strengthen specimen using

ANSYS Workbench under the cyclic loading from 0 to 500 kN (Fig. 4.1.6 & 4.1.7) and a
constant axial loading at column of 500 kN (Fig. 4.1.8). In exterior joints the beam longitudinal
reinforcement that frames into the column terminates within the joint core. After a few cycles of
inelastic loading, the bond deterioration initiated at the column face due to yield penetration and
splitting cracks, progresses towards the joint core. Repeated loading will aggravate the situation
and a complete loss of bond up to the beginning of the bent portion of the bar may take place.
The longitudinal reinforcement bar, if terminating straight, will get pulled out due to progressive
loss of bond.

The results are compared in terms of total deformation, maximum principal stress and
maximum principal elastic strain for both specimens. After the analysis of results, it is observed
that with the implementation of modified reinforcement technique at the joint region, the total
deformation of the joint is controlled and stress, strain is also reduced(Table 3).

From total deformation model of control specimen (fig. 5.1.1), it is observed that the
deformation in column is larger than the beam. The all section of the beam showing 0
deformation while in the column section the variation of total deformation at different positions
are observed. The maximum deformation is observed at the top surface (free support) of the
column. The minimum deformation is observed at the beam support (fixed support). The total
deformationafter strengthen with modified reinforcement technique (fig. 5.1.2); it is observed

that the deformation in column is controlled as compare to control specimen (fig. 5.1.1).
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031672
0.21114
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Fig. 5.1.1 Total Deformation for Control Specimen (CS1)

0.0047 149
0.0038291
0.0031433
0.0023575
0.0015716
0.00078582
0 Min

Fig. 5.1.2 Total Deformation for Strengthen Specimen (with MRT) (SS1)

32




A: Static Structural [ANSYS]
Maxirmurm Principal Stress
Type: Maximurn Principal Stress
Unit: kP2

Tirne: 1210

5/18/2015 9:53 PhA

. 30.576 Max
-6, 2362

— -43.0449
— -T9.861
— -ll6.67
— -153.449
— -190.3

— -227.11

. -203.92
-200.74 Min

Fig. 5.1.3Maximum Principal Stress for control specimen (CS1)

A: Static Structural [ANSYS])
haximum Shear Stress

Type: Maxirnurm Shear Stress
it MPa

Tirme: 2

SFL6A20L5 10:29 Abkd
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44316
— 38777
— 3.3237
— 2.769%
— 22158
— LGGld
— L1079

. 055395
1.5536e-17 Min

Fig. 5.1.4 Maximum Principal Stress for strengthen specimen (SS1)

From fig. 5.1.3, it is observed that the maximum principal stress for control specimen (without
MRT) at the all section of exterior joint and the maximum shearstress for strengthen specimen
from fig. 5.1.4, it is observed that the maximum stress at the top support (fixed support) of

column and the overall principal stress in strengthen specimen is reduced as compared to control
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specimen. The maximum stress observed in column whiles the minimum stress in beam (fig.
5.1.4).

A: Static Structural (ANSYS)
kaxirnurm Principal Elastic Strain
Type: Maxirmum Principal Elastic Strain
nit: rarmdmrm

Tirme: 120

5/18/2015 3:54 PR

. 0.0040494 Max
0.0035594

— 0.0030683

— 0.0025801

— 0.0020903

— 0.0016005

— 0.0011107

= 0.00062091

. 000013112
-0.00035866 Min

Fig. 5.1.5Maximum Principal Strain for control specimen (CS1)

A: Static Structural [AMSYS]
Faxirmum Principal Elastic Strain
Type: Maxirnurm Principal Elastic Strain
Unit: mimfmm

Tirme: 120

5F23/2015 1217 P

“J

. 0.6695e-5 Max
8.5548e-5

— T.4403e-3

— f.3258e-3

— 5.2112e-5

— 4.0966e-5

— 2.98Ze-5

— LB86T5e-5

. 7.5291e-6
-3.6166e-6 Min

Fig. 5.1.6 Maximum Principal Strain for strengthen specimen (SS1)

From fig. 5.1.5, it is observed that, the maximum and minimum principal strain for control

specimen (without MRT) at the top support of column and for strengthen specimen from fig.
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5.1.6, it is observed that, the maximum principal strain for strengthen specimen (with MRT) at
the base support of column and minimum principal strain at the top support of column (fixed

support).
TABLE 3
Maximum Maximum Value | % Difference
Value Without With MRT
Result
MRT

Total deformation 0.9541mm 0.00707 mm 99.2
Maximum principal stress | 30.576Mpa 4.9856 Mpa 83.7
Maximum principal strain | 0.00404mm/mm | 0.000096 mm/mm | 97.6

After analysis of exterior beam column joint with one beam, it is observed that the modified
reinforcement technique is very effective to control total deformation, stress and strain. From
table 3, the result of strengthen specimen as compared to control specimen under the cyclic
loading from 0 to 500 kN is adequate. The total percentage differences in terms of deformation,

stress and strain are 99.2, 83.7 and 97.6 respectively.

5.2 Exterior joint with two beams
The result of FE analysis is obtained for control specimen and strengthen specimen using

ANSYS Workbench under the cyclic loading from 0 to 500 kN and a constant axial loading at
column of 500 kN (Fig. 4.1.8). The results are compared in terms of total deformation, maximum
principal stress and maximum principal elastic strain for both specimens. After the analysis of
results, it is observed that with the implementation of modified reinforcement technique at the
joint region, the total deformation, maximum principal stress and maximum principal strain of

the joins is controlled(Table 4).
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0.017238
0.014366
0.011493
0.0086195
0.0057463
00028732
0 Min

Fig. 5.2.1 Total Deformation for Control Specimen with two beams (CS2)

0.0060212
0.005017%7
0.0040142
0.0030106
0.0020071
0.0010035
0 Min

Fig. 5.2.2 Total Deformation for strengthen Specimen with two beams (SS2)
From total deformation model of control specimen (fig. 5.2.1), it is observed that the deformation

in column is larger than the beam. The all section of the beam showed zero deformation. The

maximum deformation is observed at the top surface (free support) of the column. The total
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deformation after strengthen with modified reinforcement technique (fig. 5.2.2); it is observed
that the deformation in column is controlled as compare to control specimen (fig. 5.2.1).

3. 7209
25666
14122
n.257342
-0.89655
-2.0509
-3.2053 Min

Fig. 5.2.3 Maximum Principal Stress for control specimen with two beams (CS2)

13263
1.1052
n.354149
N.66314
04421
0.22105
-3.6998e-10 Min

Fig. 5.2.4 Maximum Principal Stress for strengthen specimen with two beams (SS2)

From fig. 5.2.3, it is observed that the maximum principal stress for control specimen (without
MRT) is equal in all section of exterior joint and the maximum principal stress for strengthen
specimen from fig. 5.2.4, it is observed that the maximum stress at the top support (fixed
support) of column and the overall principal stress in strengthen specimen is reduced to zero as
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compared to control specimen. The maximum stress observed in column whiles the minimum

stress in beam (fig. 5.2.4).

0.00016554
0.00013156
8,7568e-5
£,3581e-5
2,9595e-5
-4,3943¢e-6
-3.8379e-5 Min

Fig. 5.2.5Maximum Principal Strain for control specimen with two beams (CS2)

4.0812e-5
3.401e-5
2. 7208e-5
2.0406e-5
L3604e-5
6,802 Le-6
-0.1817e-16 Min

Fig. 5.2.6 Maximum Principal Strain for strengthen specimen with two beams (SS2)
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From fig. 5.2.5, it is observed that, the maximum principal strain for control specimen (without
MRT) at the top support of column and overall strain in the joint is equal, and for strengthen
specimen from fig. 5.2.6, it is observed that, the maximum principal strain for strengthen

specimen (with MRT) at the top support of column and minimum principal strain in the beam of

joint.
TABLE 4
Maximum Value | Maximum Value %
Without MRT With MRT Difference
Result

Total deformation 0.02585mm 0.0090319 mm 65.1
Maximum principal stress | 7.184Mpa 1.9894 Mpa 72.3
Maximum principal strain | 0.0002675mm/mm | 0.0000612mm/mm | 77.1

After analysis of exterior beam column joint with two beams, it is observed that the modified
reinforcement technique is very effective to control total deformation, stress and strain. From
table 4, the result of strengthen specimen as compared to control specimen under the cyclic
loading from 0 to 500 kN is adequate. The total percentage differences in terms of deformation,

stress and strain are 65.1, 72.3 and 77.1 respectively.

5.3Exterior joint with three beams
The result of FE analysis is obtained for control specimen and strengthen specimen using

ANSYS Workbench under the cyclic loading from 0 to 500 kN and a constant axial loading at
column of 500 kN (Fig. 4.1.8). The results are compared in terms of total deformation, maximum
principal stress and maximum principalelastic strain for both specimens. After the analysis of
results, it is observed that with the implementation of modified reinforcement technique at the
joint region, the total deformation, maximum shear stress and maximum principal strain of the

joins is controlled (Table 5).
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Fig. 5.3.1 Total Deformation for Control Specimen with two beams (CS3)

0.00031523
0.000262649
000021015
0.00015761
0.00010508
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0 Min

Fig. 5.3.2 Total Deformation for Strengthen Specimen with three beams (SS3)

From total deformation model of control specimen (fig. 5.3.1), it is observed that the maximum
deformation in beam and the minimum deformation at the bottom support of column. The all
section of the beam and column showed zero deformation. The total deformation after strengthen
with modified reinforcement technique (fig. 5.3.2); it is observed that the deformation in the

beam column joint is controlled as compare to control specimen.
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Fig. 5.3.3 Maximum shear Stress for Control Specimen with three beams (CS3)
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Fig. 5.3.4 Maximum shear Stress for strengthen Specimen with three beams (SS3)
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From fig. 5.3.3, it is observed that the maximum shear stress for control specimen (without
MRT) is equal in all section of exterior joint and for strengthen specimen from fig. 5.3.4, it is
observed that the maximum stress in the beam and minimum stress at the bottom support of

column.

000012577
000010481
8.3848e-5
b, 2886e-5
4,1924e-5
2.0962e-5
0 Min

Fig. 5.3.5 Maximum Principal Elastic strain for Control Specimen with three beams (CS3)
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0 Min
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Fig. 5.3.6 Maximum Principal Elastic strain for strengthen Specimen with three beams (SS3)
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From fig. 5.3.5, the maximum shear strain for control specimen (without MRT) is observed in
the beam while the minimum strain at the bottom support of column, and for strengthen
specimen from fig. 5.3.6, it is observed that, the maximum principal strain for strengthen
specimen (with MRT) at the top support of column and minimum shear strain at the bottom

support of column.

TABLE 5
Maximum Value Maximum Value %
Without MRT With MRT Difference
Result
Total deformation 0.0023mm 0.0004728 mm 79.4
Maximum Shear stress 7.646 Mpa 2.8948Mpa 62.1
Maximum Shear strain 0.00018mm/mm 0.0000327 mm/mm 81.8

After analysis of exterior beam column joint with three beams, it is observed that the modified
reinforcement technique is very effective to control total deformation, stress and strain. From
table 5, the result of strengthen specimen as compared to control specimen under the cyclic
loading from 0 to 500 kN is adequate. The total percentage differences in terms of deformation,
stress and strain are 79.4, 62.1 and 81.8 respectively.

5.4 Interior joint with four beams
The result of FE analysis is obtained for control specimen and strengthen specimen using

ANSYS Workbench under the cyclic loading from 0 to 500 kN and a constant axial loading at
column of 500 kN (Fig. 4.1.8). The results are compared interms of total deformation, maximum
principal stress and maximum principal elastic strain for both specimens. After the analysis of
results, it is observed that with the implementation of modified reinforcement technique at the
joint region, the total deformation, maximum shear stress and maximum principal strain of the

joins is controlled (Table 6).

43




0.48538

022831

0,29123
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Fig. 5.4.1 Total Deformation for Control Specimen with four beams (CS4)

0.050589
0.040471
0.030353
0.020236
0.010118
0 Min

Fig. 5.4.2 Total Deformation for strengthen Specimen with four beams (SS4)

From total deformation model of control specimen (fig. 5.4.1), it is observed that the maximum
deformation in beam and the minimum deformation in the column. The total deformation after
strengthen with modified reinforcement technique (fig. 5.4.2); it is observed that the deformation

in the beam is controlled as compare to control specimen.
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Fig. 5.4.3 Maximum Principal Stress for Control Specimen with four beams (CS4)
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Fig. 5.4.4 Maximum shearStress for strengthen Specimen with four beams (SS4)

From fig. 5.4.3, it is observed that the maximum shear stress for control specimen (without
MRT) is equal in all section of interior joint and for strengthen specimen from fig. 5.4.4, it is
observed that the maximum stress in the beam and minimum stress in the column and it is

observed that the stress in beam column joint is controlled.
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Fig. 5.4.5 Maximum Principal Elastic strain for Control Specimen with four beams (CS4)
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Fig. 5.4.6 Maximum Principal Elastic strain for strengthen Specimen with four beams (SS4)
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From fig. 5.4.5, the maximum principal strain for control specimen (without MRT) is observed at
the centre of column while the minimum strain at the bottom support of column, and for
strengthen specimen from fig. 5.4.6, it is observed that, the maximum principal strain for
strengthen specimen (with MRT) at the support of beam and minimum principal strain in the

column. The strain in the joint is controlled by introducing MRT at joint.

TABLE 6
Result Maximum Value | Maximum Value | % Difference
Without MRT With MRT
Total deformation 0.87369mm 0.09106 mm 89.5
Maximum Shear stress 19.924Mpa 9.0418 Mpa 79.3
Maximum Shear strain 0.0065mm/mm 0.00062 mm/mm 90.4

After analysis of interior beam column joint with four beams, it is observed that the modified
reinforcement technique is very effective to control total deformation, stress and strain. From
table 6, the result of strengthen specimen as compared to control specimen under the cyclic
loading from 0 to 500 kN is adequate. The total percentage differences in terms of deformation,

stress and strain are observed 89.5, 79.3 and 90.4 respectively.

5.5 Corner joint
The result of FE analysis is obtained for control specimen and strengthen specimen using

ANSYS Workbench under the cyclic loading from 0 to 500 kN and a constant axial loading at
column of 500 kN (Fig. 4.1.8). The results are compared interms of total deformation, maximum
principal stress and maximum principal elastic strain for both specimens. After the analysis of
results, it is observed that with the implementation of modified reinforcement technique at the
joint region, the total deformation, maximum shear stress and maximum principal strain of the

joins is controlled (Table 7).
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3.2179
25743
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0.64357
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Fig. 5.5.1 Total Deformation of corner joint for Control Specimen (CS5)

0.074209
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0.044525
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0.014542
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Fig. 5.5.2 Total Deformation of corner joint for strengthen Specimen (SS5)

From total deformation model of control specimen (Fig. 5.5.1), it is observed that the maximum
deformation at the corner joint and the minimum deformation at bottom support of the column.
The total deformations in corner joint after strengthen with modified reinforcement technique
(Fig. 5.5.2); it is observed that the deformation at the corner joint is controlled as compare to

control specimen.
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Fig. 5.5.3 Maximum shear stress of corner joint for control Specimen (CS5)
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Fig. 5.5.4 Maximum shear stress of corner joint for strengthen Specimen (SS5)

From Fig. 5.5.3, it is observed that the maximum principal stress for control specimen (without
MRT) is at the support of beam and for strengthen specimenfrom Fig. 5.5.4, it is observed that
the maximum and minimum stress at the support of beam and it is observed that the stress in

beam column joint is controlled.
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Fig. 5.5.5 Maximum principal strain of corner joint for control Specimen (CS5)
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Fig. 5.5.6 Maximum principal strain of corner joint for strengthen Specimen (SS5)

From Fig. 5.5.5, the maximum shear strain for control specimen (without MRT) is observed at
the support of beam while the minimum strain at the corner joint andfor strengthen specimen
from Fig. 5.5.6, it is observed that, the maximum shear strain for strengthen specimen (with
MRT) at the support of beam and minimum at the corner joint. The strain in the corner joint is

controlled by introducing MRT at joint.
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TABLE 7

Result Maximum Value Maximum Value %
Without MRT With MRT Difference
Total deformation 5.7922mm 0.13358 mm 97.7
Maximum shear stress 52.112Mpa 10.808 Mpa 79.3
Maximum Shear strain 0.0009396mm/mm | 0.0003444 mm/mm 63.3

After analysis of corner beam column joint, it is observed that the modified reinforcement

technique is very effective to control total deformation, stress and strain. From table 7, the result

of strengthen specimen as compared to control specimen under the cyclic loading from 0 to 500

kN is adequate. The total percentage differences in terms of deformation, stress and strain are

observed 97.7, 79.3 and 63.3 respectively.
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CHAPTER 6
RESULTS COMPARISION AND DISCUSSION

The results have been discussed for the influence of key parameters on the joint behavior and
improvement of joint performance with different joint configurations (modified reinforcement
technique). The investigation of beam column joints has been pursued on four different fronts.

In the first approach, the parameters that influence the behavior of the cyclically loaded
beam column joints are investigated. The detailing of the joints has been done by using IS
13920:1993. In this approach, the control specimen (without MRT) is analyzed under the cyclic
loading and observed the results in terms of total deformation, maximum shear stress and
maximum principal elastic strain.

In second approach, the control specimen is strengthened at the joint region by
introducing modified reinforcement technique in which a cross bars of 12mm diameter of 450mm
length (according to IS 456:2000) on both face of column with 30mmconcrete cover. The joints
are analyzed with equal cyclic loading as applied for control specimen and observed that the
modified reinforcement techniques improve the shear resistance capacity of joint and controlled
total deflection.

In third approach, the all results obtained from the FEM analysis for all joints are
compared and it was observed that the implementation of modified reinforcement techniques
improve the behavior of joints in terms of totaldeformation, maximum shear stress and maximum
principal elastic strain. The comparison of results has been done through the load Vs deflection
hysteretic curve, deflection time history curve, no of cycle-stress curve and lateral load Vs lateral
displacement. The results which were observed from the analysis of beam column joints shown
in table 8.

The variation of results for control specimen and strengthen specimen are shown in table
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TABLE 8

TOTAL MAXIMUM MAXIMUM
SPECIMENS DEFORMATION PRINCIPAL PRINCIPAL
(mm) STRESS STRAIN
(Mpa) (mm/mm)
CSs1 0.951 30.57 0.00404
Ss1 0.007 4.985 0.00009
CS2 0.025 7.184 0.00026
SS2 0.009 1.989 0.00006
CS3 0.002 7.646 0.00018
SS3 0.0005 2.894 0.00003
CS4 0.873 19.92 0.00062
Ss4 0.091 9.924 0.00018
CS5 5.7922 52.11 0.00093
SS5 0.1336 10.81 0.00034

Where, CS1-Control specimen with one beam, CS2-Control specimen with two beams, CS3-
Control specimen with three beams, CS4-Control specimen with four beams, CS5-Control
specimen corner joint, SS1- Strengthen specimen with one beam, SS2-Strengthen specimen with
two beams, SS3-Strengthen specimen with three beams, SS4-Strengthen specimen with four
beams, SS5-Strengthen specimen corner joint.

From table 8, it is observed that the modified reinforcement technique using crossed
inclined bars at beam column junction is a feasible solution for increasing the shear capacity of
the cyclically loaded beam-column joints and control total deflection. The cross inclined bars
aids in creating an additional mechanism for shear transfer. Beam-column joints reinforcement
modified with crossed inclined bars modeled in ANSYS Workbench v12 showed high strength
under cyclic applied load.A beam column joint becomes structurally less efficient when subject
to large lateral loads, such as strong wind. One of the solutions to meet the requirement of
strength, stiffness and ductility is by providing high percentages of transverse hoops in the core
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of joints. Another which can be proposed is the modified reinforcement technique as studied in
present study in which the provision of cross diagonal reinforcement increased the ultimate load
carrying capacity, stiffness and ductility of joints in the both upward and downward loading

conditions.

6.1 Hysteretic Behavior of Beam-Column Joints
The hysteretic behavior of beam column joints was examined in terms of shear strength and

deformation capacity. The load displacement relationship for control and strengthened specimen
are shown as hysteretic curves in Fig. 6.1.1-6.1.10.

Exterior joint with one beam (CS1 & SS1): -

The load-displacement behavior of control and strengthened specimen (CS1 and SS1) with one
beam are shown in Fig. 6.1.1 & 6.1.2. The result from hysteretic analysis shows that the ultimate
load carrying capacity of SS1 is significantly higher than CS1. This is due to the implementation
of modified reinforcement technique at the joint region.
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Fig. 6.1.1 load-displacement hysteretic plot for CS1
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Fig. 6.1.2 load-displacement hysteretic plot for SS1

Exterior joint with two beams (CS2 & SS2): -

The comparison of control specimen with strengthened specimen (CS2 & SS2) through

hysteretic load displacement behavior illustrate that the implementation of cross inclined bars at

the joint region increase the deformation capacity of beam column joints (fig. 6.1.3 & 6.1.4).

However, again it depends on the type of implementation.
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Fig. 6.1.3 load-displacement hysteretic plot for CS2
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Fig. 6.1.4 load-displacement hysteretic plot for SS2

Exterior joint with three beams (CS3& SS3): -

The load-displacement hysteretic behavior of control and strengthened specimen (CS3 and SS3)

with three beams are shown in fig. 6.1.5 & 6.1.6. The result from hysteretic analysis shows that

the total deformation in CS3 is greater than strengthened specimen SS3 and the load carrying

capacity of SS3 is significantly higher than CS3.
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Fig. 6.1.5 load-displacement hysteretic plot for CS3
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Fig. 6.1.6 load-displacement hysteretic plot for SS3
Interior joint with four beams (CS4& SS4): -

In comparison of control specimen with strengthened specimen (CS4 & SS4) through hysteretic

load displacement behavior illustrate that the implementation of cross inclined bars at the joint

region increase the deformation capacity of interior beam column joint (fig. 6.1.7 & 6.1.8).

However, again it depends on the type of implementation.
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Fig. 6.1.7 load-displacement hysteretic plot for CS4
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Fig. 6.1.8 load-displacement hysteretic plot for SS4

Corner joint (CS5& SS5): -

The load-displacement hysteretic behavior of control and strengthened specimen (CS5 and SS5)
for corner joints are shown in fig. 6.1.9 & 6.1.10. The result from hysteretic analysis shows that
the total deformation in CS5 is greater than strengthened specimen SS5 and the load carrying

capacity of SS5 is significantly higher than CS5.
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Fig. 6.1.10 load-displacement hysteretic plot for SS5
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6.2 Shear Stress Vs Load Cycle Behavior of Beam Column Joints

The specimens are detailed as per IS 456:2000 with diagonal confining bars had improved

ductility than the controlled specimen detailed as per IS 456:2000. From the analytical study it is

observed that the provision of cross inclined reinforcement increased the ultimate carrying

capacity and ductility of joints in the both upward and downward loading conditions. The

presence of inclined bars introduces an additional mechanism of shear transfer. From graph

6.2.1-6.2.5, the beam column joints with crossed inclined reinforcement (MRT) showed high

strength. The modified reinforcement technique increasing the shear capacity of cyclically

loaded beam-column joints.

Exterior joint with one beam (CS1 & SS1): -
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Fig. 6.2.1 Shear Stress Vs Load Cycle for CS1 & SS1
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Exterior joint with Two beams (CS2 & SS2): -
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Fig. 6.2.2 Shear Stress Vs Load Cycle for CS2 & SS2

Exterior joint with Three beams (CS3 & SS3): -
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Fig. 6.2.3 Shear Stress Vs Load Cycle for CS3 & SS3
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Interior Joints with four beams (CS4 & SS4): -
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Fig. 6.2.4 Shear Stress Vs Load Cycle for CS4 & SS4

Corner joints (CS5

& SS5): -
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6.3 Displacement Time History Curve for Bean-Column Joints
The lateral load-displacement time histories of the analytical results of control and strengthened

specimens are shown in figs. 6.3.1-6.3.10. All cycles were started with the pull direction first,
then went into the push direction. The strengthened of beam-column joints by implementation of

cross inclined bars at the joint region provides better strength than control specimens.
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Fig. 6.3.1 Displacement Time history for CS1

Exterior joint with one beam (SS1): -
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Fig. 6.3.2 Displacement Time history for SS1
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Exterior joint with Two beams (CS2): -
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Fig. 6.3.3 Displacement Time history for CS2

Exterior joint with Two beams (SS2): -
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Exterior joint with Three beams (CS3): -
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Interior joint with Four beams (CS4): -
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Fig. 6.3.7 Displacement Time history for CS4

Interior joint with Four beams (SS4): -
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Fig. 6.3.8 Displacement Time history for SS4
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Corner joint (CS5): -
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Fig. 6.3.10 Displacement Time history for SS5
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6.4 Load-Displacement Behavior for Bean-Column Joints
The finite-element results for control and strengthened specimens were compared through load-

displacement behavior shown in Fig. 6.3.1-6.3.5. The load-displacement behavior obtained from

analysis concludes that the strengthened specimen with implementation of cross bars at joint

shows better results as compared to the control specimens. From Fig. 6.3.1-6.3.5, it is observed

that the total deformation is control in beam-column joints and increases the ultimate load

carrying capacity of joints by introducing cross inclined bars at joints.
Exterior joint with one beam (CS1 & SS1): -
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Fig. 6.4.1 Load displacement response for CS1& SS1 beam-column joints
Exterior joint with Two beams (CS2 & SS2): -
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Fig. 6.4.2 Load displacement response for CS2 & SS2 beam-column joints
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Exterior joint with Three beams (CS3 & SS3): -
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Fig. 6.4.3 Load displacement response for CS3 & SS3 beam-column joints

Interior joint with Four beams (CS4 & SS4): -

Lateral Displacement (mm)

0.9
0.8

0.7

0.6
0.5

0.4

0.3
0.2

0.1

20 40 60

Lateral Load (N X10%)

—CS4

Lateral Displacement (mm)

SS4

0.1
0.09 e
0.08 —

0.07
0.06
0.05
0.04
0.03
0.02
0.01

— 554

0 20 40 60

Lateral Load (N X10%)

Fig. 6.4.4 Load displacement response for CS4 & SS4 beam-column joints




Corner joints (CS5 & SS5): -
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Fig. 6.4.5 Load displacement response for CS5 & SS5 beam-column joints

70




CHAPTERY7
CONCLUSIONS AND FUTURE SCOPE

The present study is aimed at understanding the influence of different parameters on the shear
strength of cyclically loaded beam-column joints. The most important factor affecting the shear
capacity of joints are the concrete compressive strength, joint aspect ratio, anchorage of beam
longitudinal reinforcement and amount of stirrups inside the joint.The results obtained from the
Finite-Element model were compared with the control specimens to the strengthened specimens
through load-displacement hysteretic curves, displacement time history curves, cyclic load Vs
shear stress and load displacement response, and it was observed that the implementation of
cross inclined bars at the joint region predict better results as compared to control specimens.
The all joints are analyzed for the same loading with same arrangement of reinforcement for
control and strengthened specimen and it was observed that the higher deformation and stress
obtained in the corner joints as compare to the other joints.Unsafe design and detailing within the
joint region jeopardizes the entire structure, even if other structural members conform to the
design requirements. The beam moment which induced during earthquake motion on the beam
can produce high shear forces and bond breakdown into the joint resulting in cracking of the
joints. Modified reinforcement technique using crossed inclined bars at beam column junction is
a feasible solution for increasing the shear capacity of the cyclically loaded exterior beam-
column joints. The cross inclined bars aids in creating an additional mechanism for shear
transfer. The beam-column joint reinforcement modified with crossed inclined bars modeled in
ANSYS Workbench v12 showed high strength under cyclic loading. From analytical result done
via ANSYS concludes that the specimen with diagonal cross bar at joint shows better
performance under the cyclic loading and it is a feasible solution for increasing the shear
capacity of exterior and interior beam-column joints.The reinforcement details of all joints
though conform to the general construction code of practice may not adhere to the modern
seismic provisions. A beam column joint becomes structurally less efficient when subject to
large lateral loads, such as strong wind. One of the solutions to meet the requirement of strength,
stiffness and ductility is by providing high percentages of transverse hoops in the core of joints.

Another which can be proposed is the modified reinforcement technique as studied in present
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study in which the provision of cross diagonal reinforcement increased the ultimate load carrying
capacity, stiffness and ductility of joints in the both upward and downward loading conditions.

Future Research Scope: -

The current work can be extended for studying,
e The variation of stresses in reinforcing bars of column and beam.
e The beam-column joints with variations of diameter of cross bars.
e The behaviors of joints with variations of length of cross bars.
e The behaviors of joints with different arrangement of cross bars.
e The joints analysis with change of reinforcement detailing.
e The joints analysis with change of grade of concrete.
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