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ABSTRACT: Beam-column joints are critical regions in reinforced concrete frames subjected to severe seismic attack. Beam moment reversals can produce high shear forces and bond breakdown into the joint resulting in cracking of the joint. Although initial experimental studies on beam-column joints were done in early sixties, only in the last few years the research has intensified. A number of design code recommendations and analytical expressions are available for computing the exterior beam-column joints shear strength under seismic loading. Although IS 1893/IS 13920 do not give the design parameters for exterior beam-column joints. However, such recommendations and expressions are not able to provide us with an accurate prediction of the shear in the joints, mainly because of the large number of parameters that are involved. Static indeterminacy of the problem adds to the difficulties. Extensive literature review indicates that the research on reinforced concrete beam-column joints began almost 20 years ago. The papers reviewed here have shown a number of thrust areas. Accordingly, categorization of papers based on thrust areas has been done and each category has been explained here with their respective articles, authors and research done thereby. Categorization of research gives an idea of the possible directions in which intensive research work may still be carried out, particularly since we do have persistent problems in the form of beam-column joint failures due to severe vibrations induced during earthquakes. The study performed here is expected to be a ready reckoner on available research in beam-column joint behavior under earthquake effects.

Keywords— Beam-column joint, Moment Reversals, Earthquake effects, Shear capacity, Thrust Areas
I: Introduction
In reinforced concrete structures failure in a beam often occurs at the beam-column joint making the joint one of the most critical sections of the structure. Sudden change in geometry and complexity of stress distribution at joint are the reasons for their critical behaviour. Performance of the joints is evaluated on the basis of their strength and ductility. The essential requirements for the satisfactory performance of joints can be summarized as:

[1]. The service load performance of the joint should be equal to that of connecting members.

[2]. The strength of the joint should not normally govern the strength of the structure.

In the era of working stress methodology, most designers normally assumed that conditions within the joint were not critical because it often has larger dimensions than the connecting members. The gradual adoption of the limit state design philosophy has exposed the weakness of this assumption. In the early days, the design of joints in reinforced concrete structures was generally limited to satisfying anchorage requirements. In succeeding years, the behaviour of joints was found to be dependent on a number of factors related with their geometry, amount and detailing of reinforcement, concrete strength and loading pattern. The systematic study on beam-column joints was conducted by Hanson and Conner. This became the standard reference for subsequent investigations. 

ii:Classification of Beam-column Joints 

Depending upon the location of joint in the structure, the joints are classified in three groups as follows:

Corner Joint

Exterior Joint

Interior Joint
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Fig. 1— Typical beam-to-column connections (slabs not shown for clarity). Wide-beam cases not shown.

However, since the performance of joints depends on their strength and energy dissipation capacity, ACI_ASCE Committee 352 recommendations classify the beam-column joint in two categories based on loading conditions and anticipated deformations:

Type 1 joint – These are designed on the basis of strength without considering special ductility requirements.For Type 1 connections, beam flexural strength should be determined by considering reinforcement in the beam web plus any flange reinforcement in tension in accordance with Section 10.6.6 of ACI 318-02.

Type 2 joints – These joints are designed to have sustained strength under deformation reversals into inelastic range.For Type 2 connections, wherever integrally cast slab elements are in tension, beam flexural strength should be determined by considering the slab reinforcement within an effective flange width, be, in addition to beam longitudinal tension reinforcement within the web.
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Fig. 2—Joint forces at critical sections. T = tension force; C = compression force; V = shear force; subscript b for beam; subscript c for column; and subscript s for slab.
iii:Categorization of Research Work
Extensive literature review indicates that the research on reinforced concrete beam column joints began almost 20 years ago. The papers reviewed have shown a number of study areas on which papers have been published.
Table 1 Categorization of Research Work:

	Sr.No
	Category of Research Papers

	1.
	Strengthening And Retrofitting of RC Beam-Column Joints

	2.
	Parametric Study of RC Beam –Column Joints

	3.
	Fem Analysis  And Modeling

	4.
	Innovative Methods & Techniques

	5.
	Eccentric Beam Column Joints

	6.
	Precast/Postensioned RC Beam-Column Joints


Accordingly, categorization of these papers has been done and each category has been explained in this paper with their respective authors and the research work done by them in that category. Categories involved have been tabulated in table 1 above.

1.Strengthening and Retrofitting of RC Beam-Column Joints:

The research papers reviewed in this category have shown a lot of work being done on old buildings identified as having potentially critical detailing to resist earthquakes[1].Papers on retrofitting and rehabilitation[2] show that exterior, interior and corner joints have been strengthened  using different techniques like FRP[3], HFRP [1], these retrofitting techniques have been tested on various specimens applying monotonic and cyclic loading. Different fibre-wrap rehabilitation schemes were applied to the joint panel with the objective of upgrading the shear strength of the joint [2].This category has a number of research papers on retrofitting, strengthening and rehabilitation.

2. Parametric Study of RC Beam-Column Joint

Research papers under this category have shown critical parametric study affecting the joint behaviour such as column axial load, beam anchorage ratio, and wide beam participation [4], bond performance[5] (Nicholas J. Brooke et.al 2006). The objective is to investigate the effect of joint shear stress, anchorage bond of longitudinal beam bar within the joint and horizontal joint reinforcements on the joint performance [6]. The influence of joint transverse reinforcement rate and concrete compressive strength on the RC beam-column connection behaviour was investigated. It is concluded that concrete compressive strength is the major factor that governs the joint shear capacity [7].

3. Fem Analysis and Modeling of RC Beam-Column Joints

A new finite element model for reinforced concrete beam-column joints is proposed. The model in most of the research papers under this category considers the effects of bond-slip and shear deformations in the joint panel region. The problems associated with modelling bond-slip of anchored reinforcing bars are discussed. The proposed bond-slip model is examined at the element level by comparing its predictions with other analytical and experimental results [8]. The deformation of beam-column joints may contribute significantly to drift of reinforced concrete (RC) frames. In addition, failure may occur in the joints due to cumulative concrete crushing from applied beam and column moments, bond slip of embedded bars or shear failure as in the case of existing frames with nonductile detailing. The models are capable of idealizing the potential failure mechanism due to crushing of concrete, bond slip or shear with allowance for the simultaneous progress in each mode [9]. In order to investigate the effect of eccentricity on degradation of shear strength, stiffness and deformation capacity of beam-column joints, non-linear analyses using a three-dimensional finite element method (3-D FEM), which is very useful to get the rational solution of 3-D stress conditions, have been carried out [10]. The nonlinear finite element analysis was applied to simulate the behaviour of the specimens. The finite element analysis employed the smeared crack approach for modelling beam, column and joint, and employed the discrete crack approach for modelling the interface between beam and joint face [5], A  nonlinear finite element analysis that is a simulation technique is used in this work to evaluate the effectiveness of retrofitting technique called “wrapping technique” for using carbon fibres (FRP) for strengthening of RC beam-column connections damaged due to various reasons [11].

4. Innovative Methods and Techniques
For investigating the seismic behaviour of monolithic beam-column joints, a new technique of merit of joint performance, termed the Shear Deformation Energy Index is one of the innovative techniques used [12]. This paper presents the conceptual development and the preliminary analytical-experimental results of a counter-intuitive approach for the seismic retrofit and rehabilitation of older reinforced concrete buildings, referred to as selective weakening (SW). The basis of a SW strategy is to modify the inelastic mechanism towards a more desirable mechanism by first weakening selected regions of the structure for protection against brittle failure mechanism[13]. The SW retrofit strategy is to modify the brittle inelastic mechanism to a more ductile mechanism by first weakening selected parts of the structure. Subsequently, the structure can be further upgraded to the desired strength/stiffness/ductility and energy dissipation capacity [14]. Another innovative method is a BEM formulation to obtain the inelastic response of R. C. Beam-Column joints subjected to sinusoidal loading along the boundary is presented. The equations of motion are written along with kinematical and constitutive equations. The dynamic reciprocal theorem is presented and the temporal dependence is removed by assuming steady state response [15]. The behavior at failure of 50 exterior beam-column joints tested by various authors has been examined to identify a model for computing the shear strength of exterior beam-column joints under severe seismic actions. The so obtained expression predicts the shear strength in a much more accurate and uniform way than the Euro code, New Zealand and ACI Codes expressions [16]. An approach is presented for displacement-based analysis of reinforced concrete columns based on principles of axial-shear flexure interaction. Shear behavior is modeled by applying the modified compression field theory, and flexure behavior is modeled by employing the conventional section analysis. The mechanisms of shear and flexure are coupled as springs in series, considering axial deformation interaction and concrete strength degradation, and satisfying compatibility and equilibrium relationships. The proposed approach is simplified to enable modeling a reinforced concrete column using a single section analysis with a single shear model for the entire element [17].Some research papers also discuss innovative methods like anchorage methods [18] using headed bars [19]. Innovative methods also consider evaluating shear capacity using Artificial Neural Network (ANN) [20].
5. Eccentric Beam Column Joints

Eccentric beam-column joints are used in construction for a reinforced concrete exterior moment resisting frame in buildings. But the effect of the eccentricity on the behavior of joint is not well known, due to lack of test results [21].Eccentricity between beam and column centerlines had detrimental effects on the strength, energy dissipation capacity, and displacement ductility of the specimens. Experimental verification shows that the current ACI design procedures are acceptable for seismic design purposes [18].
6. Precast/ Postensioned RC Beam-Column Joints

 Earthquake damages of precast structures can be attributed to poor connections between precast elements and also between precast elements and lateral load-resisting system. The present study aims at identifying a suitable technique for connecting precast beam and column components at an exterior joint in moment resisting frames in high seismic areas [22]. Recent developments on high performance seismic resisting precast concrete frame systems, based on the use of unbonded post-tensioned tendons with self centering capabilities in combination with additional sources of energy dissipation, are herein presented [23]. Another article presents experimental and analytical investigations of hybrid-steel concrete connections. In the experimental study, four full-scale specimens including one cast-in-place and three precast specimens were tested under cyclic load reversals. The performance of the specimens in terms of energy dissipating capacity, cracking patterns, and variation of strains along the main reinforcement is described [5].
iv:Observations

A lot of design code recommendations and analytical expressions for computing the exterior beam-column joints shear strength under seismic loading exist, but are not able to supply an accurate prediction, mainly because of the several parameters that take part and statically indetermination of the problem. There are different approaches followed by various codes and authors, trying to predict the real shear strength behavior of an exterior beam-column joint under earthquake loads.

Beam-Column joints with substandard reinforcing details typical of buildings constructed before 1970’s beam column joint cores lacked transverse reinforcement and the longitudinal bars passing through the joint core were poorly anchored. In 1969, Hanson reported the test of beam-to-column joint and they proposed the quantitative definition of joint shear with suggestion of the necessity to limit joint shear level to prevent the joint from premature shear failure. The committee ACI-ASCE 352 published a proposal of beam-to-column joint design, incorporating the provisions which limit joint shear in terms joint shear stress in 1976. 

v:Closing Remarks

The current scenario in Beam-Column joints has been a rigorous and extensive research to overcome the failures by proposing new equations for joint shear , new models are proposed, different strengthening and retrofitting methods are discussed, FEA analysis is done using experimental data. 

In view of the above literature survey which is based on various categories as listed in Table 1, it can be seen that most of the study has been carried out on category 1 i.e Strengthening and retrofitting techniques. From the above literature study it can be observed that very few research papers have been published on innovative design and detailing of exterior beam-column joints.

Due to this observation and gap in literature survey, it has been decided to work in innovative design of reinforcement pattern in external RC beam-column joints.
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