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A B S T R A CT  

The behavior of beam-column joints plays a crucial role in the performance of Reinforced Concrete (RC) 

moment-resisting frames in earthquake-prone areas. In beam-column joints with high strength concrete 

and shear reinforcement in joints, the plastic hinge is formed at the beam-column joint interface, which is 

an undesirable failure mode. Predicting the behavior of plastic hinges subjected to large inelastic 

deformations caused by extreme loads such as earthquake plays an important role in assessing maximum 

stable deformation capacities of framed concrete structures. The present paper reviews the plastic hinge 

characteristics of beam-column joints of RC moment-resisting frames. A careful study and understanding 

of joint behavior are essential to arrive at a proper judgment of the design of joints. Various types of joints 

and the influence of bond strength characteristics, forces acting on joints, reinforcement detailing, and the 

concept and formation of plastic hinges in the joints are thoroughly reviewed. 
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1 Introduction 

Beam-column connections are critical regions for the reinforced concrete framed structures in seismic prone 

areas. Proper anchorage of reinforcement is essential to enhance the performance. Detailed studies of joints 

for buildings in seismic regions have been undertaken only in the past three to four decades. It is worth 

mentioning that the relevant research outcomes on beam-column joints from different countries have led to 

conflicts in certain aspects of design. In the analysis of reinforced concrete moment resisting frames, the joints 

are generally assumed as rigid. In Indian practice, the joints are usually neglected for specific design with 

attention being restricted to the provision of sufficient anchorage for beam longitudinal reinforcement. During 

a strong earthquake, an RC column develops plastic deformations in regions often defined as plastic hinge 

regions. The formation of a plastic hinge in an RC column in these regions depends on the characteristics of 

the earthquakes as well as on the column details. 

2 Beam-Column Joints 

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 joints should have adequate strength 

and stiffness to resist the internal forces induced by the framing structures. 

2.1 Indian Standard Classification 

In a moment-resisting frame three types of joints can be identified: interior joint, exterior joint, and corner joint 

as shown in figure 1&2. When four beam frames into the vertical faces of a column, the joint is called an interior 

joint. When one beam frame into a vertical face of the column and two other beams frame from perpendicular 
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directions into the joint, then the joint is called an exterior joint. When a beam each frames into two adjacent 

vertical faces of a column, then the joint is called a corner joint. 

 
           (a)   Interior Joint               (b) Exterior Joint        (c) Corner Joint 

Figure 1. Types of Joints in a Moment Resisting Frame (Uma and Jain, 2006) 

 
                                   Figure 2. Typical frame with beam-column joints (Uma and Jain, 2006) 

2.2 International Classification 

ACI-ASCE Committee classifies the beam-column joint in two categories based on loading conditions and 

anticipated deformations: 

(a) Type 1 joint-These are designed based on strength without considering special ductility requirements. 

(b) Type 2 joint:-These are designed to have sustained strength under deformation reversals into inelastic 

range. 

Any joint in a structural frame designed to resist gravity and normal wind loads fall into the Type 1 category. 

Joints in framed structures designed to resist lateral loads due to earthquake, blast, and cyclonic winds fall into 

the Type 2 category (ACI-ASCE Committee 352, 1985). 

2.3 Forces on 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 joints are discussed with regarding stresses and the associated crack 

patterns developed in them (Uma and Jain, 2006). The forces on an interior joint subjected to gravity loading 

can be depicted as shown in figure 3(a) and due to lateral or seismic loading is shown in figure 3(b). Cracks 

develop perpendicular to the tension diagonal A-B in the joint and at the faces of the joint where the beams 

frame into the joint. 
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(a) Gravity loading       (b) Seismic loading 

Figure 3. Forces in interior joint (Uma and Jain, 2006)  

2.4 Failure pattern of joint 

Flexural cracking in the beam portion during early load stages is followed by the propagation of a diagonal 

crack in the connection zone. Further loading leads to the failure, either by plastic hinge formation in the beam 

at the face of the column or by extensive cracking in the connection zone, depending upon the relative influence 

of reinforcement percentage, detailing, and column load (Scott al, 1996). This behavior of exterior joints up to 

failure can be divided into two stages: (a) up to diagonal cracking in connection zone and (b) after diagonal 

cracking up to the failure. The bending moment transferred from the beam to the column is carried by the 

column in equal amounts, above and below the joint until the diagonal crack forms (Somerville and Taylor, 

1972). At the point of joint cracking, the main reinforcement of the beam portion is in tension over its full 

length at high column loads as indicated in figure 4. 

 
Figure 4. Bond Deterioration (Sarkar and Agarwal, 2007) 

2.5 Bond Strength Requirements 

The moment resisting frames from the adjoining members cause tension or compression forces in the 

longitudinal reinforcement passing through the joint. During plastic hinge formation these forces produce large 

tensile forces that are transferred through the bond. When longitudinal beam bars near the column face are 

https://doi.org/10.21467/proceedings.112


Surya, S. S., & Sajeeb, R., AIJR Proceedings, pp.52-61, 2021 

 

 

 

 Proceedings of International Web Conference in Civil Engineering for a Sustainable Planet (ICCESP 2021) 

 55  

stressed beyond yield stress splitting cracks are initiated along the joint face which is referred to as yield 

penetration. A longitudinal bar is to be provided with adequate development length at the joint, considering 

yield penetration into consideration. Therefore, the size of the beams and columns framing into the joint 

depends on the bond requirement of the bar (Uma and Jain, 2006). The bond performance of the reinforcing 

bar is influenced by confinement, clear distance between the bars, and nature of the surface of the bar. For 

effective bond performance confinement of the embedded bar is very essential to transfer the tensile forces. 

The additional confinement is obtained from column axial compression and with reinforcement that helps in 

arresting the splitting cracks. Joint horizontal shear reinforcement improves anchorage of beam bars (Ichinose 

et al, 1991). 

2.6 Influence of Loading 

One of the factors affecting the beam-column joint behavior is the loading on the joint. Type as well as the 

amount of load is found to affect the strength, efficiency, rotation capacity, and mechanism of failure. The 

presence of U and L shaped bars as the top reinforcement for beams is a major factor affecting the ultimate 

load at the beam tip (Allam et al, 2018). The ultimate load at the beam tip increases with an increase in the 

number of stirrups. The slip of longitudinal reinforcing bars was addressed to be the main reason for the 

increase in rotation at the end sections of beams and columns (Joel et al, 2016). The connection between the 

beam and column must be strong enough as it serves as a part of the vertical load-carrying system. In the 

conventional cast-in-situ reinforced concrete framed structures the occurrence of reinforcement congestion at 

beam-column joints to achieve higher yielding strength has remained a continuous problem in the detailing of 

beam-column joints to endure tough cyclic loading (Yalcinder& Hedayat,2010). The shear capacity of the joints 

can be enhanced by providing joint ties (Hamil et al, 2000). The presence of beam steel anchorage reduces the 

joint shear capacity due to the U-bar transferring all the beam’s load into the joint region. With the increase of 

the ratio of bending moment of the column to beam, the plastic hinges are more likely to develop in the beam, 

and the ductility of the joint improves (Lu et al, 2011).The plastic rotation capacity of the exterior joint decreases 

with an increase in axial load (Kumar and Shamim, 1999). Typical forces acting on the joint during ground 

shaking are shown in figure 5. 

 
(a)   Ground Movement (Left to Right)             (b) Ground Movement (Right to left) 

Figure 5. Forces on the exterior joint during ground shaking (ACI 318-02, 2002) 

2.7 Significance of Reinforcing bars  

The presence of reinforcement affects the performance of individual members as well as beam-column joints. 

The lateral drift capacity and energy dissipation capacity improves with the usage of small-headed bars and 

these joints satisfied the ACI 374 acceptance criteria (Kang et al, 2010). These bars can be effectively anchored 
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in the exterior beam-column joint under inelastic deformation reversals. Potential beam plastic hinge relocation 

is possible with the use of headed bars. The plastic hinge formation at the face of the column results in the 

yielding of the reinforcing bars in the beam-column joints results in bond deterioration between the reinforcing 

bars and the surrounding concrete. Relocating plastic hinges in beams moves the plastic mechanism away from 

the column face (Chutarat and Aboutaha, 2003). Additional cross diagonal confining bars reduces the formation 

of cracks in the joint region (Bindhu and Jaya, 2010). Under monotonic loading, the presence of crossbars 

increases the joint ductility and load-carrying capacity. A large number of closely spaced cracks having lesser 

crack width develops in beam-column joint with closely spaced transverse reinforcement (Hooda et al, 2013). 

The addition of steel fibers improves the joint core stiffness which in turn improves the joint behavior for 

strength and ductility. Joints behave in a ductile manner due to earlier plastic hinging in beams than in the 

columns (Lu et al, 2011). The load-carrying capacity and the deformation of the beam increases with an increase 

in the diameter of reinforcing bars (Harish et al,2015). Joints reinforced with additional cross diagonal bars and 

with steel fibers extending towards the beam and column prevent the crack formation at the interface 

(Hemalatha et al, 2014). The addition of steel fibers has a major influence on increasing the shear capacity of 

the joint. For a precast beam-column joint, the joint ductility can be enhanced with doweled bars and cleat 

angles (Chakravarthy et al, 2018) as connectors. The satisfactory performance of a beam-column joint, 

particularly under seismic loads, depends strongly on the lateral confinement of the joint. Effective confinement 

benefits in two ways: (1) core concrete is strengthened and its strain capacity is increased, and (2) column 

longitudinal bars are prevented from buckling. Confinement of core concrete is achieved by a combination of 

longitudinal column reinforcement and either transverse members framing into the column or transverse 

reinforcement or both (ACI-ASCE Committee1985).ACI-ASCE Committee 352 recommends that at least two 

layers of longitudinal reinforcement should be provided between the top and bottom levels of longitudinal 

reinforcement of the deepest beam framing into the joint. 

3 Concept of Plastic Hinges 

The ability of statically indeterminate structures of ductile material to yield at critically stressed sections while 

maintaining approximately constant moments of resistance at these sections, causes further load increments to 

be re-distributed onto other stronger parts of the structure so that the structure will bear as much load as it 

possibly can before failure occurs. This forms the basic concept, whether the theory is applied to reinforced 

concrete or structural steelwork. Plastic behavior characterized by large plastic rotations without appreciable 

change in moments of resistance at these points under further loading causes the extra loads to be borne by 

other critical sections that still remain elastic. Such regions behave like hinges rotating under constant plastic 

moments and are termed plastic hinges 

3.1 Formation of plastic hinges 

The formation of plastic hinges in a structure has considerable importance, therefore the main aim of the 

researchers was to understand the sequence of formation of plastic hinges (Ravikumara et al, 2015) during 

ground motions. In a moment-resisting frame, the formation of plastic hinges can be assessed concerning the 

elastic stiffness value (Hassan et al, 2020). A nonlinear analysis can be used to capture the possible plastic hinge 

locations with sufficient accuracy with more hinges appearing at the columns. In ductile moment-resisting 

frames which comprise of beam and columns, plastic hinges are usually formed at the interface of the beam-

column joints, especially for short span beams. But in long-span beams where the dominant load is gravity load, 
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the plastic hinge may form outside the beam-column joint interface at a distance inside the beam (Paulay and  

Priestley, 1992).To avoid the formation of plastic hinges at the joint interface a special detailing of longitudinal 

steel reinforcement in the beam at critical section around the joint (Fadi and Hacha, 2014) such as the slotted- 

beam detailing technique has been proposed for ensuring plastic hinge relocation from the face of the column 

to the beam. In buildings constructed before the enforcement of joint shear reinforcement, the joints were 

mostly deficient, resulting in the formation of the plastic hinge in the core of the joint (Baluch et al. (2012), 

which led to brittle failure. Plastic hinges will form in the redundant RC structure when one of its critical 

sections reaches the ultimate capacity (Abdelwahed et al, 2019). The number of plastic hinges and its location 

is shown in figure 6 (a) and (b) 

 
                           (a)                                                         (b) 

Figure 6. Location of plastic hinges  

(a) in beams (Ravikumara et al, 2015) (b) in columns and beams (Inel and Ozmen, 2006) 

3.2 Significance of Hinge Rotation Capacity. 

The rotation capacity is defined as the rotation of a critical section of a beam from the yield stage to the ultimate 

stage (Prabhakara et al, 2020). A change in loading conditions enhances the rotation capacity of plastic hinges 

in beam-column joints. Plastic hinge rotation capacity depends on both the type of loading and the 

reinforcement index. Reinforcement index (ω) is given by ω=ρ*fy/fʹc, where ρ is the reinforcement percentage 

given by100 ∗ 𝐴𝑠/(𝑏 ∗ 𝑑), fy is the yield strength of tension reinforcement and fʹc is the compressive strength 

of concrete (Kheyroddin et al, 2007). Plastic hinge rotation capacity can be determined as the integral of the 

curvature after steel yielding in the plastic zone given by (Carmo et al, 2010): 

𝜃𝑝𝑙 = ∫
1

(𝑟
−

1

𝑟𝑦)

𝑙𝑝

0
∗ 𝑑𝑙 = ∫

(𝜀𝑠−𝜀𝑠𝑦)

(𝑑−𝑥)

𝑙𝑝

0
∗ 𝑑𝑙                  (1) 

(Where 1/r is the total curvature, 1/ry is the yielding curvature, Ԑs total strain & Ԑsy, yielding strain of steel 

reinforcement, x is the neutral axis depth and θpl is the plastic rotation capacity). The forced-based plastic hinge 

integration methods can be used for determining the plastic rotations of the beam-column connections (Scott 

et al, 2006). For a displacement-based formulation, the plastic hinge rotation is computed from the boundary 

values of the displacement field. However, in a displacement formulation as every single member consists of 

several displacement fields it is more difficult to compute plastic rotation with this formulation. The relative 

rotations developed by the slippage of the reinforcement in the beam inside the joint region and the relative 
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rotations produced by the combined effect of local slips caused due to opening of cracks in the beam adjacent 

to column along the length lp (Length of the plastic hinge) (Alva et al ,2013). Plastic hinges will form in the 

beam-column joints of moment-resisting frames as a result of the rotational difference between auxillary nodes 

(Huras et al, 2018). 

3.3 Significance of Energy Dissipation Characteristics 

Plastic energy is dissipated through the rotational deformations of the beam, column plastic hinges, and it 

includes the contribution from the axial deformation of the column plastic hinges (Merter et al, 2017). The total 

plastic energy in the whole frame is obtained from the sum of the plastic energy dissipated in beam and column 

plastic hinges as shown by equation (2). 

  Ʃ𝐸𝑝, 𝑓𝑟𝑎𝑚𝑒(𝑡) = 𝐸𝑝𝑖 − 𝑏𝑒𝑎𝑚(𝑀 − 𝜃) + 𝐸𝑝𝑖 − 𝑐𝑜𝑙𝑢𝑚𝑛(𝑀 − 𝜃) + Ʃ|𝑁𝑐 ∗ 𝛿𝑝𝑐|         (2) 

The total plastic energy dissipated (ƩEp, frame (t)) in a frame has two separate parts. The term Epi-beam (M − 

θ) represents the contribution of beam members to the total plastic energy dissipation and Epi-column (M − 

θ) +Ʃ | NC *δpc | represents the contribution of column members to the total plastic energy contribution in 

a framed structure due to its nonlinear behavior. The low energy dissipation capacity of beam-column joints 

improves the ductility requirement of the low-rise RC moment frame structures (Jiang et al, 2018). Additional 

diagonal reinforcing bars have improved energy dissipation capacity than the beam-column joints detailed with 

conventional reinforcements (Bindhu and Jaya,2010). For a dapped-end (Liu et al,2019), beam to column joint 

under reverse loading the plastic hinges relocates at a certain distance away from the column edge due to the 

improved structural integrity of the joint. A sample plastic hinge mechanism of the RC multi-story frame 

structure which is affected by a strong ground motion and plastic energy distribution is shown in figure7. The 

Contribution of rotational deformations of beam and column plastic hinges and the contribution of axial 

deformations of column plastic hinges to the total plastic energy dissipation (Meter et al, 2017) is shown in 

figure 8. 

             
Figure 7. Sample plastic hinge mechanism  
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     Figure 8. Plastic energy contribution graph and plastic energy dissipation (Merter et al, 2017) 

4 Conclusion 

The design of beam-column joints has been given less attention in the Indian design practice. The behavior of 

beam-column joints plays a crucial role in the seismic performace of moment-resisting frames. The general 

behavior of common types of beam-column joints in reinforced concrete moment-resisting frames and the 

mechanisms involved in a joint performance concerning bond and shear transfer have been reviewed. The 

following conclusions may be drawn from the review carried out: 

(i) Failure of the beam-column joint generally happens either by the formation of the plastic hinge in the 

beam at the face of the column or by extensive cracking in the connection zone. The failure pattern is 

dependent on reinforcement percentage, detailing, and column load. 

(ii) A longitudinal bar is required to be provided with adequate development length at the joint to prevent 

yield penetration. The size of the beam and column at the joint depends on the bond requirements of 

the bar. 

(iii) The shear capacity of the joints can be enhanced by providing joint ties. 

(iv) The plastic hinge formation at the face of the column results in yielding of the reinforcing bars which 

in turn results in bond deterioration between the reinforcing bars and the surrounding concrete 

(v) The addition of steel fibers improves the joint core stiffness, which in turn improves the joint behavior 

concerning strength and ductility. 

(vi) Joints reinforced with additional cross diagonal bars and with steel fibers extending towards the beam 

and column prevents crack formation at the interface 

(vii) Special joint detailing resulted in the shifting of plastic hinges away from the column face. 

(viii) A significant amount of ductility can be developed in a structure with well-designed beam-column 

joints wherein the structural members could perform satisfactorily as per the design principles 

All parameters affecting the behavior of beam-column joints should be considered while designing the joint to 

ensure a proper seismic performace of moment-resisting frames in earthquake-prone areas. 
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