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Recent earthquakes have shown that the seismic behavior of non-code-conforming reinforced concrete buildings are 

in several cases strongly affected by the nonlinear response and possible failure of the beam-column joints. Beam-

column joint inelasticity is typically due to either shear cracking and failure of the central concrete panel or bond-slip 

of the longitudinal steel bars. This paper proposes a new Joint with Hinges macro-element capable of simulating the 

most important sources of nonlinearities in the joints. It consists of a quadrilateral central panel whose rigid edges are 

connected to the beams’ and columns’ end nodes through nonlinear finite-length interfaces that represent the plastic 

hinge zones. The central panel deforms in shear only. The joint macro-element accounts for the nonlinear shear 

response of the central panel, for the bond-slip of the longitudinal rebars crossing the joint and for the nonlinear shear 

and flexural behavior of the plastic hinge zones of the beams and columns connected to the joint. The resulting model 

of the reinforced concrete frame is the assembly of non-linear Joint with Hinges macro-elements connected by elastic 

frame elements. The proposed formulation is applied in this paper to plane frames. Validation studies with results 

from available experimental tests on beam-column joint sub-assemblages show the proposed model capability to 

predict the hysteretic responses and the failure mechanisms of connections with unreinforced joints and different beam 

reinforcement ratios. 
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INTRODUCTION 

 

Recent earthquakes worldwide have shown the high vulnerability of reinforced concrete (RC) beam-column joints in 

RC buildings not designed to resist seismic actions or designed according to old codes [Ghosh 1995] [Celik 1999] 

[Doǧangün 2004] [Masi et al. 2017]. The failure of few joints can cause severe structural damage up to complete 

building collapse, drastically limiting drift and energy dissipation capacities. It follows that the prediction and 

prevention of joint failures are crucial aspects in the evaluation and reduction of the seismic vulnerability of non-

conforming RC buildings.  

During an earthquake beam–column joints may experience high shear stresses induced by the forces transferred by 

the beams and columns connected to the joint. Moreover, significant bond stresses develop at the interfaces between 

the concrete and the longitudinal reinforcing steel bars anchored in or passing through the joint. These stresses produce 

diagonal principal tension and compression stresses in the joint concrete panel that are carried by appropriately 

designed steel stirrups in modern code-conforming joints or by a strut-and-tie mechanism in older, unreinforced joints 

[Paulay et al. 1992][Paulay et al. 1978]. In the latter case, the diagonal principal stresses can lead to concrete cracking 

or crushing along the concrete joint panel diagonals.   

A number of experimental campaigns have been carried out to investigate the ultimate strength and the corresponding 

failure modes of beam-column joints without shear reinforcement. The main parameters studied in these experimental 

tests are the joint geometry, the concrete strength and the beam reinforcement ratio, in order to evaluate their influence 

on the joints’ nonlinear cyclical behaviour. Experimental tests have been typically performed on structural sub-

assemblages reproducing internal [Alire 2002][ Walker 2001][Melo et al. 2014] or external [Pantelides et al. 2017] 



[De Risi et al. 2016] [De Risi et al. 2017] beam-column joints. Extensive database of experimental tests on beam-

column RC sub-assemblages can be found in [Mitra and Lowes 2007] [Kim et al. 2007] [Parate et al. 2019].  

Two main mechanisms are typically observed: shear crisis of the concrete panel or beam longitudinal steel rebars 

crisis. The latter inelastic mechanism is associated with either rebar yielding (when beams have low reinforcement 

ratios) or bond-slip of the rebars anchored in the joint (due to inadequate anchorage lengths within the joint). 

Current seismic codes [ACI 318-19][EN 2004][NTC 2018] prescribe specific details and design procedures in order 

to avoid the local failure of beam-column joints. Adequate anchorage lengths of the steel rebars within the joint area 

and shear reinforcement along the joint height are prescribed to avoid bond and shear failures, respectively. On the 

other hand, many old RC structures in high-seismic regions lack these construction details.  

The seismic vulnerability assessment of existing RC buildings should rely on models capable of reproducing the main 

sources of nonlinearities in the frame. However, few models are available for beam-column joints, thus joint failure 

is usually checked in the post-processing phase of nonlinear analyses. With this approach, however, the analyses fail 

to trace the frame response after joint failure occurs. Beam-column joint elements should account for both 

deformability and strength of the joints. Several models have been proposed for the monotonic and cyclic behaviour 

of beams-columns joints [Lowes et al. 2003] [Anderson et al. 2008] [Lima et al. 2017]. Critical reviews of the literature 

models are reported in [Celik et al. 2008] and [Sharma et al. 2011]. Typically, nonlinear joint elements are connected 

to nonlinear frame elements that account for the nonlinear response of the plastic zones at the ends of the beams and 

columns connected to the joint [Izzudin et al. 1994][Spacone et al. 1996][Pantò et. al 2019]. 

The beam-column joint models proposed to date can be classified into three categories: (i) lumped plasticity models; 

(ii) multi-spring models and (iii) finite element-based models. For frame analysis, only the first two categories are of 

interest. The first one includes early attempts to account for the inelastic behaviour of the joint through plastic hinges 

located at the beams’ ends. Different moment-rotation hysteretic constitutive laws have been proposed and empirically 

calibrated to fit experimental tests [Otani 1974] [Kim and LaFave 2008]. [Fillipou et al. 1983] proposed a model that 

includes the effects of bond deterioration on the joint hysteretic behaviour. Their model consists of a concentrated 

rotational spring located at each girder end. [Kunnath et al. 1995] modified the flexural capacities of the beams to 

account for insufficient bar anchorage length and inadequate joint shear capacity. Even when properly calibrated, 

these models cannot separate the joint rigid rotation from the central panel shear deformations. It is thus difficult to 

separate bond-slip and shear failure mechanisms. 

To explicitly simulate the joint shear deformations, non-linear rotational springs [Lima et al. 2017][Pampanin et al 

2003][Biddah et al. 2011] connected to the frame elements by rigid links have been proposed. The spring moment–

rotation law is calibrated from experimental results, assuming the spring rotation to be equal to the joint shear 

deformation. More recent developments are proposed in [Sharma et al. 2011] and [Metelli et al. 2015] where 

translational and rotational springs are placed in series in order to simulate the non-linear behaviour of the joint as 

well as the shear collapse of the frame elements, including bond-slip of the longitudinal rebars. In these lumped 

plasticity models, the joint is typically modelled as having zero dimensions. 

More sophisticated multi-spring models with finite dimensions have also been proposed. The joint core is modelled 

by a 2D continuous shear-deformable panel in [Elmorsi et al. 2000][Lowes et al. 2003][Mulas 2004] or by a discrete 

quadrilateral whose deformability is governed by uni-dimensional, translational or rotational, springs [Yousef et al. 

2001][Altoontash et al. 2004][Shin et al. 2004]. In [Yousef et al. 2001] two diagonal springs simulate the joint panel 

tie-and-strut mechanism while three uniaxial springs (normal to each panel edge) simulate the non-linear flexural 

interaction between the joint and the elastic beam elements. In [Altoontash et al. 2004] a central rotational spring 

located at the centroid of the quadrilateral governs the joint shear behaviour, and four nodes located at the quadrilateral 

edges connect the joint to the frame elements. In [Shin et al. 2004] three parallel rotational springs located at one 

vertex of the quadrilateral simulate its shear deformability. Four rotational springs at the centre of each edge are 

connected to the frame elements in order to simulate the additional deformability due to the bond-slip of the steel bars. 

An attempt to simulate the complex bar-slip mechanism of longitudinal steel bars within the central joint is represented 

by the macro joint model proposed by [Zhao et al. 2019]. 

The model proposed in [Lowes et al. 2003], later calibrated and validated in [Lowes et al. 2004], consists of a 4-node 

panel surrounded by 4 zero-length interfaces each consisting of two uniaxial springs that simulate the bond-slip of the 

longitudinal bars and one uniaxial spring that simulates the shear deformation of the adjacent frame element. The 

mechanical behaviour of the model originally followed the modified compression field theory [Vecchio et al. 1986] 

for the simulation of ductile RC joints. The model was later updated in [Mitra et al. 2007] by introducing two diagonal 

springs to simulate the shear behaviour of joints without transverse reinforcement. The springs have a tri-linear 

constitutive law with pinching hysteretic behaviour. A more accurate, experimentally calibrated, cyclic constitutive 

law is proposed in [Anderson et al. 2008]. The modelling strategy proposed in [Mitra et al 2007] can effectively 

reproduce the non-linear cyclic response of RC joints, both in terms of ultimate strength and stiffness degradation, 



thus predicting the main interactions between the joint and the connected elements. It is implemented in the open 

source structural code OpenSees [Mc Kenna 2010] and can be used to analyse multi-storey frame buildings with a 

reasonable computational effort. The general limitation of multi-spring models is the spring calibration, which requires 

procedures mainly based on empirical formulations.  

A new joint macro-element is proposed in this paper. The idea is to lump all the main nonlinearities that develop 

around the beam-column joint (joint panel deformations and beams’ and columns’ plastic hinge deformations) in the 

new JointwithHinges macro-element. In the proposed approach, the joints are connected through elastic frame 

elements, unless other sources of nonlinearities along the beams’ and columns’ spans need to be modeled, in which 

case nonlinear frame elements can be used. A quadrilateral element with finite dimensions and rigid edges is used to 

simulate the behavior of the joint panel. Finite-length interfaces connect the quadrilateral element to the adjacent 

beams and columns. These interfaces account for the flexural and shear deformations of the plastic hinge zones 

connected to the joint, as well as for the bond-slip of the longitudinal bars embedded in the joint.   

Following this introduction, a general description of the proposed model is presented. The model kinematics are then 

discussed followed by the derivation of the element stiffness matrix and internal forces. The presentation of the 

nonlinear constitutive laws and their calibration completes the element formulation. Finally, the model is validated 

through simulations of full scale experimentally-tested specimens representing internal and external beam-column 

joint assemblages [Alire 2002][De Risi et al. 2016]. 

 

BEAM-COLUMN JOINT MACRO-ELEMENT   

 

The proposed joint macro-element, or simply macro-element, derives from a plane element proposed by the first and 

third authors for the simulation of the non-linear behaviour of unreinforced masonry buildings [Caliò et al. 2005][Caliò 

et al. 2012][Pantò et al. 2017] and masonry infilled frames [Caliò et al. 2014][Pantò et al. 2018]. The basic element is 

a quadrilateral with rigid edges (the joint panel) plus 1D interfaces along the four edges (Figure 1). The interfaces 

have a finite thickness (or length) and represent the plastic hinge zones of the beams and columns connected to the 

joint. 

The non-linear mechanical behaviour of the macro-element is governed by the normal and tangential deformations of 

the edge interfaces and by the in-plane deformability of the quadrilateral. Since its edges are assumed rigid, the 

quadrilateral can only deform in shear. The mechanical behaviour of each interface is governed by three local degrees 

of freedom (dofs), two translations associated with the normal and the tangential directions and a rotation. The normal 

displacements of the interfaces control the non-linear axial-flexural response of the plastic hinge zones while the 

tangent response simulates their shear behaviour. The shear behaviour of the central joint depends on a single 

generalised deformation parameter that governs both its deformability and its ultimate strength through a uniaxial 

constitutive law. 

The main novelty of the proposed macro-element with respect to previously proposed models lies in the fact that it 

includes both the joint response and the response of the plastic hinge regions of the connected beams and columns. 

Also, the plastic hinge regions have finite lengths. The resulting element is named JointWithHinges (similarly to the 

BeamWithHinges element proposed in [Scott et al. 2006] and implemented in OpenSees). The normal and tangential 

stiffness distributions along the interfaces reproduce the behaviour of the concrete in compression/tension and shear, 

respectively (Figure 1). The interface (or hinge) regions are modelled using a fibre-section discretization. Constant 

axial strain, curvature and shear deformation are assumed along the interface length. 

 

   
 

Figure 1 Macro-element representation of (a) an external and (b) an internal beam-column joint. 

 

 

 



The reinforcing bars are simulated by fibres that lump both the cyclic behavior of the steel bars along the plastic hinge 

regions and the bond-slip of the bars embedded within the joint region. This feature is another novel aspect of the 

proposed macro-element with respect to previously proposed models, where springs simulate the bond-slip mechanism 

only [Lowes et al. 2003]. 

Figure 2 schematically represents the main mechanisms and the corresponding macro-element simulation of an 

external joint. Figure 2a shows concrete cracking and tension plasticity in the steel bars (due to either yielding or 

bond-slip), simulated by the progressive tension-softening of the continuous interface and the stiffness degradation of 

the bars crossing the crack, respectively. Figure 2b shows concrete crushing. This is simulated by the plastic 

compression deformations of the interface concrete. Figure 2c shows a shear crack in the beam, simulated by the shear 

mechanism of the interface. Figure 2d shows a shear crack of the joint panel, simulated by the panel diagonal nonlinear 

response. Because each mechanism is reproduced by a specific component of the macro-element, the definition of the 

capacity limits and the interpretation of the results are simplified. Also, mixed failure mechanisms, involving both the 

joint region and the plastic hinges, can be effectively simulated by the proposed macro-element. 

 

 
 

Figure 2 Main failure mechanisms of an external joint (top) and corresponding macro-element simulation 

(bottom): (a) concrete cracking and yielding of the steel bars; (b) beam concrete crushing; (c) beam shear 

failure; (d) central joint shear failure. 

Irregular geometries, with different beam and/or column depths or non-alignments in the element axes can be easily 

described by considering the proper length and position of the interfaces with respect to the central joint (Figure 3). 

The interfaces’ lengths are indicated as Li with i=1,...,4. The central joint width (bp) and depth (hp) are computed as  

max{L1; L3} and max{L2; L4}, respectively. The macro-element out-of-plane thickness (wp) is the average of the out-

of-plane beams’ and columns’ thicknesses, i.e. 𝑤𝑝=
1

4
(𝑤𝑐1 + 𝑤𝑐2 + 𝑤𝑏1 + 𝑤𝑏2), where subscripts c1,c2 and b1,b2 refer 

to the columns and beams, respsectively. 

 
Figure 3 Macro-element modelling of an irregular beam-column joint. 



The JointWithHinges dofs are the four dofs of the quadrilateral panel plus three dofs for each interface (shown in the 

next section in Figure 5), for a total of  4+3n dofs, where n is the number of frame elements connected to the joint. 

The interfaces have finite lengths (Lp1,.., Lp4) that simulate the plastic regions of the frame elements connected to the 

joint macro-element. The non-linear behaviour of a plane frame structure is thus simulated through the assemblage of 

JointWithHinges elements connected to frame elements whose length is the distance between the joints’ centres minus 

the joint panels’ width and the two plastic hinge lengths. The frame elements are considered elastic in the present 

study, but they can be modelled as nonlinear if needed. Compared with elements with zero-length joint panels and 

plastic hinges, the reduced length of the frame elements (connected to the macro-elements) due to the finite sizes of 

the joint panels and the finite lengths of the plastic hinges removes the need for ad-hoc calibrations of the elastic 

element stiffness to avoid overestimation of the beams’ and columns’ flexibility [Ibarra et al. 2005]. 

Figure 4a shows a simple one-bay one-storey frame with the indication of the joint and the plastic regions located at 

the ends of each column (𝐿𝑝
𝑐𝑜𝑙𝑢𝑚𝑛) and beam (𝐿𝑝

𝑏𝑒𝑎𝑚). Figure 4b shows the corresponding model with the 

JointWithHinges elements, where two articulated quadrilaterals simulate the beam-column joint panels, the joint 

interfaces simulate the plastic hinge regions and two interfaces connect the columns to the base supports. 

 
 

Figure 4 Simple plane frame: (a) plastic and joint regions; and (b) modelling with non-linear 

JointWithHinges elements and linear frame elements. 

The proposed model presents similarities with the model proposed by [Lowes et al. 2004], modified by [Mitra et al. 

2007] and later calibrated and validated in [Anderson et al. 2008]. However, the proposed element carries an important 

original aspect due to the inclusion of finite-length interfaces with fibre-sections connected to the edges of the finite-

size joint quadrilateral. It can be classified as a hybrid model, between a pure multi-spring model and a continuous 

finite element model. It takes advantage of the discrete modelling approach that simulates the shear-strut mechanism 

within the joint panel, and of the continuous interfaces that simulate the non-linear axial/flexural/shear behaviour of 

the plastic hinge regions. In previous models flexural non-linearities are concentrated in the frame elements connected 

to the joint while the interfaces account for the local mechanisms at the joint-element interface such as bond-slip.  

 

JOINT MACRO-ELEMENT KINEMATICS 

  

The JointWithHinges macro-element has four nodes (P1,...P4 in Figure 5) located at the centre of the outer edge of the 

four interfaces. Each macro-element is connected to frame elements according to the standard FE connectivity 

procedure. 

The JointWithHinges kinematics are governed by three dofs at each of the four nodes Pi (𝑢𝑖 𝑣𝑖 𝜙𝑖) and  four dofs 

(𝑤1 𝑤2    𝑤3 𝑤4) associated with the rigid body motions and shear deformation of the joint panel. The joint panel 

is defined by the four corner points  J1,. . , J4. Figure 5 shows an internal joint with sixteen dofs. Vector U in Eq. (1) 

defines all the element dofs (Figure 5a) while vector F of Eq. (2) defines the corresponding dual forces (Figure 5b). 

Figure 5a also shows the local reference systems associated with the panel (epx, epy) and the four interfaces (eix, eiy). 

 

𝐔 = [𝑢1 𝑣1 𝜑1    𝑢2 𝑣2 𝜑2    𝑢3 𝑣3 𝜑3    𝑢4 𝑣4 𝜑4    𝑤1 𝑤2    𝑤3 𝑤4]  (1) 

 

 𝐅 = [𝑁1 𝑇1 𝑀1    𝑁2 𝑇2 𝑀2    𝑁3 𝑇3 𝑀3    𝑁4 𝑇4 𝑀4    𝐹1 𝐹2    𝐹3 𝐹4]  (2) 

 



 

Figure 5 JointWithHinges Macro-element (a) displacements and (b) dual forces. 

In order to describe the kinematics of the generic interface a local node (Pq) is introduced in the centre of each panel 

edge, as shown in Figure 6a. For simplicity, subscript for interface i is dropped. The displacements of Pq are related 

to the panel dofs. In Figure 6a reference is made to a partial length interface (i.e the interface width is smaller than 

that of the corresponding joint edge). Each interface is governed by six dofs, three (𝑢𝑞 𝑣𝑞 𝜙
𝑞
) associated with the 

panel edge dofs, and three  (𝑢 𝑣 𝜙) with the global node 𝑃. In Figure 6a JI and JF indicate the interface starting 

and end point, respectively, L is the interface width and Lp the interface thickness. Three generalised deformations (or 

relative displacements) define the interface deformations: the normal (𝑑𝑣𝐺) and longitudinal (𝑑𝑢𝐺) deformations and 

the relative rotation (𝑑𝜙), as shown in Figure 6b.  

 
Figure 6 Interface (a) local dofs and (b) generalised deformations. 

From Figure 6b the normal deformation 𝑑𝑣(𝜉) at the outer edge point of abscissa 0≤ 𝜉 ≤ 1 and the average shear 

drift 𝑑𝛾  are given by the following kinematic equation: 

𝐝(𝜉) = [
𝑑𝛾

𝑑𝑣(𝜉)
] = [

−1 0 −αL𝑝

0 1 −𝐿(𝜉 − 1/2)
    

1 0 (1 − α)L𝑝

0 −1 𝐿(𝜉 − 1/2)
]

[
 
 
 
 
 
𝑢q

𝑣q

𝜙q

𝑢
𝑣
𝜙 ]

 
 
 
 
 

= 𝐁(𝜉)𝐮 (3) 

 

where α (0 ≤ α ≤ 1) identifies the center of rotation of the plastic hinge. This parameter allows to consider the 

kinematic coupling between the rotation and the longitudinal (shear) displacement of the interface. α = 0, as assumed 

in this paper, indicates rotation around the joint panel edge. Intermediate values of α indicate different positions of the 

center of rotation.           

If subscript i identifies the generic interface, Eq. (3) becomes 

 

𝐝𝑖(𝜉) = 𝐁𝑖(𝜉)𝐮𝑖 (4) 

 



If 𝐀𝑖  is the matrix that maps the macro-element dofs into the interface dofs (that is 𝐮𝑖 = 𝐀𝑖𝐔) Eq. (4) becomes 

 

𝐝𝑖(𝜉) = 𝐁𝑖(𝜉)𝐀𝑖𝐔 (5) 

 

It is assumed that the panel joint undergoes pure shear strain   with a uniform stress distribution   governed by a 

single Lagrangian parameter d associated with the panel diagonal elongation (Figure 7). 𝛥𝑑 is expressed as a function 

of the panel internal dofs:  

 

𝛥𝑑 = [−𝑐𝑜𝑠 (𝛼) 𝑠𝑖𝑛 (𝛼)    𝑐𝑜𝑠 (𝛼) −𝑠𝑖𝑛 (𝛼)] [

𝑤1

𝑤2
𝑤3

𝑤4

] = 𝐁𝑝𝐀𝑝𝐔 (6) 

 

where  𝛼 = arctan (ℎ𝑝/𝑏𝑝), and 𝐀𝑝 is a 4×16 matrix 𝐀𝑝 = [𝟎4x12 𝐈4x4] that maps the element dofs (U) into the four 

panel displacements 𝑤𝑖 . 
 

 
Figure 7 Joint central panel generalised shear deformation.  

The central joint shear behaviour is governed by a uniaxial constitutive law (described later) between the local shear 

stress (𝜏) and the local shear strain (𝛾). The shear stress is 𝜏 = 𝑉 (𝑏𝑝𝑤𝑝)⁄ , where V is the shear force acting on the 

joint horizontal edges. The panel shear strain is 𝛾 = 𝛿𝑥/ℎ𝑝 + 𝛿𝑦/𝑏𝑝, where 𝛿𝑥 = 𝑤3 − 𝑤1 and 𝛿𝑦 = 𝑤2 − 𝑤4 are the 

horizontal and vertical drifts between the opposite joint edges, respectively (see Figure 7b). The diagonal elongation 

𝛥𝑑 and the dual force Fd, obtained by integrating the uniform shear stress and strain in the joint panel, are:  

 

𝐹𝑑 = 𝜏𝑏𝑝𝑤𝑝 cos(𝛼)⁄  

𝛥𝑑= 𝛾ℎ𝑝cos (𝛼) (7) 

JOINT MACRO-ELEMENT STIFFNESS MATRIX AND NODAL FORCES 

 

The stiffness matrix and the nodal forces of the joint macro-element are evaluated using a uniaxial law for the panel 

shear and a fibre-section discretization for the interface cross sections. The formulation is general, though the current 

implementation uses the tangent stiffness.  

Since the panel shear deformation is related to a single Lagrangian parameter d, the corresponding mechanical 

behaviour is controlled by a single tangent stiffness term kd. 

Curvature, axial and shear deformations are assumed constant along the plastic hinge (interface) length thus a single 

section describes the hinge response. Each section is discretised into nb steel fibres and nc concrete fibres. The steel 

fibres have normal strains only, while the concrete fibres may in the general case have both normal and tangential 

strains. The interface constant shear strain is the angular shear strain  between the two interface edges (Figure 6). 

The JointWithHinges 16×16 stiffness matrix K is obtained by enforcing the virtual work principle. The internal virtual 

work done in the interfaces and in the joint panel is: 

𝛿𝐿𝑖𝑛𝑡 = 𝑘𝑑𝛥𝑑𝛿𝛥𝑑 + ∑ [∑ (𝐝𝑖
T(𝜉𝑓)𝐤𝑓(𝜉𝑓)𝛿𝐝𝑖(𝜉𝑓))

𝑛𝑓𝑖
𝑓=1 ]4

𝑖=1  (8) 

where subscript 𝑓 indicates the generic fibre, 𝑛𝑓𝑖 is the total number of fibres in section 𝑖 and 𝜉𝑓 indicates the fibre 

location. For concrete  



𝐤𝑓(𝜉𝑓) = [
𝑘𝑛(𝜉𝑓) 𝑘𝑛𝑠(𝜉𝑓)

𝑘𝑠𝑛(𝜉𝑓) 𝑘𝑠(𝜉𝑓)
] (9) 

where subscripts 𝑛 and 𝑠 indicate normal and tangential, respectively. For steel 

𝐤𝑓(𝜉𝑓) = [
𝑘𝑏(𝜉𝑓) 0

0 0
] (10) 

In the current model implementation, the axial-shear interaction in the concrete fibers is ignored. Eq (9) thus becomes: 

𝐤𝑓(𝜉𝑓) = [
𝑘𝑛(𝜉𝑓) 0

0 𝑘𝑠(𝜉𝑓)
] (11) 

and the term 𝑘𝑠(𝜉𝑓) is constant over the section. A generalised V- law (with 𝛾 = 𝑑𝑢/𝐿𝑝) is used. This approach is 

similar to that proposed in [Marini et al. 2006] and implemented in OpenSees with the SectionAggregate command.  

 

Substituting Eqs. (5) and (6), Eq. (8) becomes:  

𝛿𝐿𝑖𝑛𝑡 = 𝐔𝑇 {[𝐀𝑝
𝑇𝐁𝑝

𝑇𝑘𝑑𝐁𝑝𝐀𝑝] + ∑ [𝐀𝑖
𝑇 ∑ (𝐁𝑖

𝑇(𝜉𝑓)𝐤𝑓(𝜉𝑓)𝐁𝑖(𝜉𝑓))
𝑛𝑓𝑖
𝑓=1 𝐀𝑖]

4
𝑖=1 } 𝛅𝐔 (12) 

Hence, the stiffness matrix is 

𝐊 = [𝐀𝑝
𝑇𝐁𝑝

𝑇𝑘𝑑𝐁𝑝𝐀𝑝] + ∑ [𝐀𝑖
𝑇 ∑ (𝐁𝑖

𝑇(𝜉𝑓)𝐤𝑓(𝜉𝑓)𝐁𝑖(𝜉𝑓))
𝑛𝑓𝑖
𝑓=1 𝐀𝑖]

4
𝑖=1  (13) 

For given nodal displacements, the element forces (𝐅) are the sum of all the fibre forces 𝐅𝑖(𝜉𝑓)  of the four interfaces 

plus the force 𝐹𝑑 along the panel joint diagonal. The element nodal forces are then: 

𝐅 = 𝐹𝑑𝐁𝑝𝐀𝑝 + ∑  [∑ 𝐅𝑖
𝑇(𝜉𝑓)𝐁𝑖(𝜉𝑓)𝐀𝑖

𝑛𝑓𝑖
𝑓=1 ]4

𝑖=1  (14) 

CONSTITUTIVE LAWS 

 

Given the proposed model components, four constitutive laws are needed, two for the interface concrete and steel 

fibres, one for the interface shear response and one for the joint panel shear response.  

 

Concrete and Steel Fiber Constitutive Laws 
 

For concrete fibres, a general formulation would require a multiaxial constitutive law to account for both normal and 

tangential stresses. This approach is beyond the scope of this initial work that focuses on the macro-model formulation. 

Thus, in this study the shear response of the interfaces is assumed uncoupled from the normal stresses, as shown in 

Eq. (11). The shear behavior of the hinges connected to the joint is assumed linear-elastic. Further developments are 

under way to include the nonlinear shear behavior of the plastic hinge regions. The well-known [Kent et al. 1971] 

model (Concrete01 law in OpenSees [Mc Kenna et al. 2010]) is used for the concrete normal stresses. The concrete 

tensile strength is neglected. The fibers’ stresses and strains are assumed constant over the fiber length 𝐿𝑓, which is 

assumed equal to the interface thickness 𝐿𝑝. The compression softening branch is calibrated considering [Coleman 

and Spacone 2001]. The generic fibre force 𝐹𝑓 and elongation 𝑢𝑓 are 𝐹𝑓 = 𝑓𝑓𝐴𝑓 and 𝑢𝑓 = 𝜀𝑓𝐿𝑝, respectively, with 𝑓𝑓 

and 𝐴𝑓 fibre stress and area, respectively. The fibre normal tangent stiffness term in Eqs. 8 and 9 is  𝑘𝑛(𝜉) = (
𝜕𝑓

𝜕𝜀
)

𝜉

𝐴𝑓

𝐿𝑝
. 

The elastic shear stiffness is 𝑘𝑠(𝜉) =
𝐺𝐴𝑠

𝐿𝑝
, where G is the shear modulus and As the shear area. 

As for the steel bar, experimental observations [Viawanthanatepa et al. 1979] show that the local nonlinear response 

of the beam-to-joint interface regions can be affected by the slip mechanism of the steel bars, even in the presence of 

an adequate anchorage length, due to damage in the joint panel. Moreover, once the slip occurs or heavy concrete 

damage takes place, buckling of the steel bars under compression can also occur due to the loss of confinement 

associated with damage concentration. Bar buckling is not considered in this paper. Following a phenomenological 

approach these effects can be simulated by introducing a pinching effect in the cyclic constitutive law. The bar 

nonlinear behaviour is described by the model by [Braga et al. 2012], later validated by [D'Amato et al. 2012], and is 

based on a quadrilinear backbone curve that accounts for both slip and yielding of the bar.  

The concept is rather simple: the slip locally decreases the stiffness of the steel loading-reloading branches. An elastic-

perfectly plastic local bond slip law is assumed that is governed by a tangential limit strength 𝜏𝑙𝑖𝑚 and bond-slip elastic 



stiffness 𝑘𝑠. Two limit states are identified: the yield state (𝑢𝑦 , 𝐹𝑦) corresponding to the activation of the steel-concrete 

slip at the loaded end of the bar; the ultimate state (𝑢𝑢, 𝐹𝑢) corresponding to the achievement of the limit bond-slip 

tangential stress for all the anchorage (La) or critical (L0) length of the bar or the attainment of its yield limit. The 

expressions of 𝐹𝑦 are reported in Eq. (15) where 𝐿0 = √3𝐸𝑠𝐷 (2𝑘𝑠)⁄  [Braga et al. 2012], s is the steel yielding 

strength and 𝐷 is the bar diameter. The peak force and the corresponding displacement are computed according to Eq. 

(16), as the minimum between the ultimate strength associated with the bond-slid [Braga et al. 2012] and the steel 

yield stress. After 𝑢𝑢 a horizontal branch ensues up to the ultimate displacement capacity (𝑢𝑐𝑟). Beyond 𝑢𝑐𝑟, a linear 

softening branch drops down to the residual force and the corresponding displacement (𝑢𝑟 , 𝐹𝑟), as shown in Figure 8. 

𝐹𝑦 =
𝜋

2
𝜏𝑙𝑖𝑚𝐷𝐿0                                   𝑖𝑓  𝐿𝑎 ≥ 𝐿0 ;        

𝐹𝑦 =
𝜋

2
𝜏𝑙𝑖𝑚𝐷𝐿𝑎 [

3𝐸𝑠𝐷𝜏𝑙𝑖𝑚 𝑘𝑠⁄ −2𝐿𝑎
2 𝜏𝑙𝑖𝑚

3𝐸𝑠𝐷𝜏𝑙𝑖𝑚 𝑘𝑠⁄ +4𝐿𝑎
2 𝜏𝑙𝑖𝑚

]  𝑖𝑓  𝐿𝑎 < 𝐿0 (15)  

𝑢𝑢 =
𝜏𝑙𝑖𝑚

𝑘𝑠
+ 2

𝜏𝑙𝑖𝑚𝐿2

𝐷𝐸𝑠
  ;   𝐹𝑢 = 𝑚𝑖𝑛{𝜎𝑠𝜋𝐷2/4 ; 𝜏𝑙𝑖𝑚𝜋𝐷𝐿}                (16) 

If the limit strength is related to the bond-slip, the parameters governing the softening branch are assumed 𝐹𝑟 = 0.3𝐹𝑢 

and 𝑢𝑐𝑟 = 2/3𝑢𝑟, while the ultimate slip displacement is 𝑢𝑟 = 3.0 𝑚𝑚. If the limit strength is related to the bar 

yielding,  𝑢𝑐𝑟 is due to rupture of the steel bar assumed at 10% of the fiber-bar length.  

The steel constitutive law (Figure 8) is obtained by adding the deformations associated with the bar bond-slip 

embedded in the joint and that of the steel bar (whose behavior is assumed elastic-perfectly plastic) within the plastic 

hinge. The strain and strength parameters characterizing the back-bone curve are summarized in Table 1. 

 

 
Figure 8 Steel constitutive law 

 

Table 1: Mechanical parameters of the steel constitutive law. 

fy            

[MPa] 

fu             

[MPa]

fr             

[MPa] 
y  

[-] 

u  

[-] 

cr  

[-] 

r  

[-] 

Y BS Y BS Y BS 

4𝐹𝑦

𝐷2𝜋
 𝑚𝑖𝑛 {𝜎𝑠;

4𝐹𝑢

𝐷2𝜋
} 0.0 0.3Fu 

𝑢𝑦

𝐿𝑝
+

𝐹𝑦

𝐸𝐴
 us+yBS+uBS 0.01 2.0mm/Lp 0.01 3.0mm/Lp 

 

where: us=4fu / EsD2   ,  yBS=uy / Lp   ,  uBS=D2 uu uy fu fy / [4Lp Fu Fy];  

Y = material yield failure mode; BS=bond-slip failure mode 

 

The cyclic response is modelled in OpenSees [40] with Pinching04 uniaxial material. This law has different 

unloading/reloading stiffness and a central branch (pinching) where the stress does not increase during reloading. The 

initial and final points of the pinching phase are fixed as ratios of the maximum displacement achieved at the previous 

load cycles [Mitra et al. 2004]. In the numerical applications, the unloading phase ends at zero unloading force, while 

the reloading phase (𝑢𝑟𝑒𝑙 ; 𝐹𝑟𝑒𝑙) starts at 25% of the maximum displacement and force achieved at the previous cycles. 

Stiffness degradation is modelled following [Lowes et al. 2003]. The unloading stiffness is 𝑘𝑢 = 𝑘0/(1 − 𝛿𝑘), where 

𝑘0 is the initial unloading stiffness, 𝛿𝑘 = 𝛼1(𝑢𝑚𝑎𝑥,0/𝑢𝑟)
𝛼3

≤ 𝛿𝑘,𝑙𝑖𝑚 is the stiffness damage index and 𝑢𝑚𝑎𝑥,0 is the 

maximum displacement at unloading. Degradation of the reloading stiffness kr is computed by increasing the 



displacement demand at the end of reloading 𝑢𝑚𝑎𝑥 = 𝑢𝑚𝑎𝑥,0(1 + 𝛿𝑢), where 𝛿𝑢 = 𝛽1(𝑢𝑚𝑎𝑥/𝑢𝑟)
𝛽3 ≤ 𝛿𝑢,𝑙𝑖𝑚 is the 

reloading stiffness damage index. Following [Lowes et al. 2003] the following parameters are considered for the 

unloading stiffness degradation: 𝛼1 = 0.3; 𝛼3 = 0.1; 𝛿𝑘,𝑙𝑖𝑚 = 0.4 and 𝛽1 = 0.6; 𝛽3 = 0.2; 𝛿𝑢,𝑙𝑖𝑚 = 0.25. Following 

[Lowes et al. 2004] and [Viawanthanatepa et al. 1979] 𝜏𝑙𝑖𝑚 = 1.5√𝑓𝑐, and 𝑘𝑠 = 10𝜏𝑙𝑖𝑚(𝑀𝑃𝑎/𝑚𝑚). 

Joint Panel Shear Behavior  

Following the assumption of uniform shear stress and strain distributions in the central joint the joint panel of Figure 

7 is governed by a 𝜏 − 𝛾 uniaxial constitutive law. 

Several models have been proposed both for interior and exterior joints, based on mechanical formulations [Lowes et. 

al 2003] or statistical fitting of experimental data [Vollum et al. 1999][Jeon et al. 2014]. For interior joints, an early 

model is proposed in [Paulay et al. 1992], where the unreinforced joint ultimate strength is related to the compression 

strength of the diagonal strut. More recently [Hwang et al. 2002] proposed a strut-and-tie equivalent model while 

[Kim et al. 2007] proposed a joint shear strength and deformation model for different types of RC beam-column 

connections based on a statistical analyses of a wide range of experimental tests. For exterior joints, the models 

proposed by [Scott et al. 1994] and [Vollum et al. 2008], based on a single diagonal strut and on a strut-and-tie scheme, 

respectively, are worth mentioning together with the model proposed by [Bakir et al. 2002], which is based on a 

statistical fitting approach. More recently, [Park et al. 2013] proposed a double-strut mechanical model and [Jeon et 

al. 2014] proposed a model based on multiple linear regression and advanced machine-learning methods. Both of these 

models explicitly take into account the longitudinal steel reinforcement ratio in the beams and its influence on the 

joint failure mechanism. The uniaxial Pinching04 material in OpenSees [McKenna 2010] is used (Figure 9).  

                                                                                   
Figure 9 Joint panel shear constitutive law 

 

The main parameters are selected based on [De Risi et al. 2016], [Celik et al. 2008], [Lowes et al. 2004] and [Vollum 

et al. 2008]. The first branch, up to concrete cracking (y, y), identifies the joint undamaged elastic response and is 

followed by the pre-peak branch up to the ultimate state (u, u) that corresponds to the joint failure. The critical drift 

(cr) corresponding to the beginning of concrete spalling is identified by the initial point of the softening branch that 

ends at the residual strength point (R, R). This softening branch is difficult to calibrate due to the lack of reliable 

experimental data since concrete spalling (Figure 10) makes it difficult to find an accurate measure of the generalised 

shear deformation of the joint after the ultimate state.  

(a) (b) (c) 

Figure 10 Experimentally observed severe concrete spalling: (a) [Walker 2001]; (b) [Pantelides et al. 

2017] and (c) [De Risi et al. 2016].  



This constitutive law is calibrated differently for interior and external joints. More specifically, the envelopes proposed 

in [Anderson et al. 2008], based on tests performed by [Alire 2002] and [Walker 2001], are considered for internal 

joints while the envelopes of the exterior joint are calibrated following [Pantelides et al. 2017], [De Risi et al. 2016, ] 

and [De Risi et al. 2017].Following [Anderson et al. 2008] the internal joints’ ultimate strength is assumed to depend 

on the concrete compression strength and the ultimate beam bending moments associated with yielding of the steel 

bars:  

𝜏𝑢 = 0.95
𝑇1+𝑇2

𝐴𝑝
= 0.95

1.25𝑓𝑦(𝐴𝑠1+𝐴𝑠2)

𝐴𝑝
≤ 1.95√𝑓𝑐  (17) 

where fc is the concrete compressive strength in MPa, T1 and T2 are the maximum tensile forces in the left and right 

beam, respectively, As1 and As2 the beam areas of the steel bars in tension, fy the steel yield stress and Ap=bpwp the joint 

horizontal cross section.  

For exterior joints, the formulation by [Vollum et al. 1999], as modified by [Lima et al. 2017], is considered. The 

ultimate joint shear strength, expressed as a function of the joint aspect ratio and of the concrete compression strength, 

is reported in Eq. (18), where 𝛽 assumed equal to 0.8. The upper bound limit strength 𝜏𝑢,𝑚𝑎𝑥  accounts for the influence 

of the beam reinforcing ratio on the joint strength. This limit is set to 75% of the joint shear index defined in [Park et 

al. 2012], as reported in Eq. (19), where 𝐴𝑠 represents the tension steel area, 𝐻 the column inflexion length and ℎ𝑏 the 

beam depth. The latter criterion allows to fit the ultimate experimental strengths obtained by [De Risi et al. 2017] on 

specimens with different aspect and beam reinforcing ratios. Finally, the yield shear-stress and the corresponding 

strain limits are found based on the experimental data reported in [Yousef et al. 2001] and [Mitra et al. 2007]. The 

yield stress is found as a function of the concrete compression strength while the residual strength is taken as a 

percentage of the peak-strength. Fixed values of limit drifts are considered for each limit state. They are calibrated 

differently for internal and external joints. The parameters of the envelope curve are summarized in Table 2.  

𝜏𝑢 = 0.822 × 0.624𝛽 [1 + 0.555 (2 −
ℎ𝑝

𝑏𝑝
)] √𝑓𝑐 ≤ 𝜏𝑢,𝑚𝑎𝑥  (18) 

𝜏𝑢,𝑚𝑎𝑥 =
3

4

𝐴𝑠𝑓𝑦

𝑏𝑝𝑤𝑝√𝑓𝑐
[1 − 0.85

ℎ𝑏

𝐻
]  (19) 

 

 

Table 2: Mechanical parameters of the joint panel shear constitutive law. 

 y            

[MPa] 

u 

[MPa]

R/u 

[-] 

y  

[%] 

u  

[%] 

cr  

[%] 

R  

[%] 

Internal Joints  0.48(fc)0.5 Eq. (17)  0.10 0.60 2.00 3.00 

Exterior Joints  0.35(fc)0.5 Eq. (18) 0.40 0.05 0.42 1.00 3.80 

 

Different unloading/reloading stiffness and pinching effects are considered for the joint cyclic shear response 

according to [Shin et al. 2004] [Lowes et al. 2004]. The shear strain at which reloading (𝛾𝑟𝑒𝑙; 𝜏𝑟𝑒𝑙) starts is assumed 

as 25% of the maximum history shear strain and 50% of the maximum shear stress, respectively. The unloading 

stiffness is equal to the initial stiffness, while degradation of the reloading stiffness and strength is included in the 

model. Unloading ends at 𝜏𝑢𝑛 equal to 50% and 25% of the shear stress achieved at unloading for internal and external 

joints, respectively. 

Material damage is ruled by two damage indexes d and f. The current branch maximum stress and strain on the 

envelope curve 𝜏𝑚𝑎𝑥  and 𝛾𝑚𝑎𝑥 are functions of the damage indexes and of the maximum stress (𝜏𝑚𝑎𝑥)0 and strain 

(𝛾𝑚𝑎𝑥)0 reached in the previous cycles: 𝜏𝑚𝑎𝑥 = (𝜏𝑚𝑎𝑥)0(1 − 𝛿𝑓) and 𝛾𝑚𝑎𝑥 = (𝛾𝑚𝑎𝑥)0(1 + 𝛿𝑑). Each damage index 

depends on the maximum history deformation (𝛾𝑚𝑎𝑥) and cumulated energy (𝐸𝑐). According to the formulation 

reported in [Lowes et al. 2003], the two indexes are 𝛿𝑗 = 𝛼𝑗1(𝛾𝑚𝑎𝑥/𝛾𝑅)𝛼𝑗3 + 𝛼𝑗2(𝛼𝑗5𝐸𝑐/𝐸𝑢)
𝛼𝑗4 ≤ 𝛿𝑗,𝑙𝑖𝑚 where 𝑗 =

𝑑, 𝑘 and 𝛾𝑅, 𝐸𝑢 are the ultimate deformation and ultimate energy corresponding to a monotonic loading process, 

respectively. The following values (based on [Lowes et al. 2003]) are considered for the deformation and force 

damage: d1=0.12; d2=0.00; d3=0.23;d4=0.00; d5=0.00; d,lim=0.95 - f1=1.11; f1=0.0; f3=0.32;f4=0.10; 

f5=10; f,lim=0.125.  

 



MODEL VALIDATION  
 

The following applications intend to show the proposed model capability to reproduce the different failure mechanisms 

that can occur when a beam-column joint is subjected to cyclic loads. Results from cyclic experimental tests and 

numerical simulations are compared. The analyses were performed using the computational framework OpenSees. In 

the displacement-controlled simulations, the interface (or plastic hinge) length is assumed equal to the element cross-

section depth. The concrete layers are 5 cm deep. The frame elements connected to the JointWithHinges are modelled 

through the “elasticBeamColumn” of OpenSees with the section full area and inertia and concrete Young modulus 

reduced by 50% to simulate section cracking. The anchorage length of the longitudinal bars is computed as the joint 

width plus the plastic hinge length of the beam (or column) on the other side, if present. In external joints, the beam 

bars’ anchorage length is incremented by 10 cm to account for the hook contribution. 

 

Interior Beam-Column Joint  
  

The experimental research considered here refers to a large experimental campaign on the response of concrete joints 

without transverse reinforcement described in [Alire 2002] and [Walker 2001 Lehman et al. 2004]. Eleven beam-

column joint sub-assemblages were tested using the experimental test setup shown in Figure 11. All specimens have 

the same geometry but different beam/column steel reinforcements and concrete strength. They exhibited different 

joint panel shear as well as different beam flexural responses. Cyclic displacements were imposed at the beams’ free 

ends. A constant axial load equal to 10% of the column ultimate compression (P=641 kN) was applied at the column’s 

top. In the tests labelled SCDH the applied displacement history consists of sets of cycles of increasing amplitude. In 

each set, made of three equal amplitude cycles, the displacements are 30% larger than those of the previous one. 

 
Figure 11 Geometric test layout and steel reinforcement. 

The tests on specimens SCDH-4150 and SCDH-0850, characterised by joint-shear and beam-flexural failure, 

respectively, were simulated. Figure 11 reports the test layout, the specimen geometry and the steel reinforcement.  

Table 3 summarises the mechanical parameters used in the analyses, where 𝑓𝑐 and 𝑓𝑅 denote the peak and residual 

concrete compression strength, respectively, and  𝜀0 and 𝜀𝑐𝑢 the corresponding strains. The failure type depends on 

the amount of longitudinal reinforcement in the beams.  

 

Table 3: Material parameters of specimens SCDH-4150 and SCDH-0850 ( [10][11]) 

Concrete  Steel bars  

fc 

[MPa]

fR 

[MPa]
0  

[-] 
u 

 [-] 

fy  

[MPa] 

Es  

[Ma] 
su  

[-] 
34.5 6.8 0.0022 0.02 462 200000 0.1 

 

During the tests, the imposed global drift (that is the displacement normalized with respect to the beam length) and 

the column shear were monitored. The local shear strain of the central joint was measured by a set of vertical, 



horizontal and diagonal LVDTs. In specimen SCDH-0850 damage started at the joint perimeter, due to yielding of the 

beam bars, at 0.42% drift. Diagonal cracking of the central joint appeared at 2.0% drift while the peak-strength was 

reached at 4.0% drift. Joint failure, identified by the concrete spalling in the central part of the joint, was reported at 

5% drift. In specimen SCDH-4150 damage started at 1.75% drift following spalling in the central joint concrete cover. 

The peak-stress was reached at 2% drift, when extreme concrete spalling at the central joint and yielding of the beam 

bars were observed.  

The comparison between experimental and numerical results obtained using the proposed JointWithHinges element 

are shown in Figure 12 in terms of column shear force versus imposed beam drift. The model predicts well the global 

response of the system with a satisfactory approximation both in terms of initial stiffness and peak load. The average 

error in terms of peak-strength is approximately 10% for both tests. Moreover, the model was able to properly simulate 

the two different non-linear experimentally observed behaviours. 

More specifically, the numerical response is characterised by a hardening post-yielding behaviour, from 1% to 4% of 

drift for specimen SDCH-0850 and a more brittle behaviour, characterised by a sharp strength degradation after 3% 

drift for specimen SDCH-4150. In both cases, the numerical hysteretic loops, strongly characterised by 

unloading/reloading stiffness degradation and pinching effects, fit the experimental responses with a satisfactory 

approximation. 

Figure 13 compares the experimental and numerical shear stress-strain responses of the joint panel for both tests The 

numerical response is plotted until 3% of beam drift is reached After this point, in the experimental tests spalling of 

the concrete cover started, making it difficult to measure the panel shear strains. A good agreement is reported for 

both tests both in terms of peak-stress and hysteretic loops. The numerical model was able to simulate with 

satisfactory approximation the reloading stiffness degradation and the strength degradation that characterises the 

response of specimen SCDH-J4150. 
 

(a) (b) 

Figure 12 Global response of (a) SCDH-0850 and (b) SCDH-4150 tests.  
 

(a) (b) 

Figure 13 Response of the joint panel relative to (a) SCDH-0850 and (b) SCDH-4150 tests. 

Finally, Figure 14 shows the moment-rotation responses of the right hinge. A strong non-linear response is observed 

in the case of specimen SCDH-0850 (Figure 14a) with ultimate rotation of 2.2% and pinching behaviour governed by 

the bond-slip mechanism of the beams’ longitudinal bars. Conversely, in the case of specimen SCDH-4150 (Figure 

14b) the interface behaviour is almost elastic. These figures clearly show the two different failures. In Specimen 

SCDH-0850 (low beam reinforcement ratio) the beam section yields first, and the shear force transmitted to the joint 

panel causes damage but is too low to induce failure. Conversely, in specimen SCDH-4150 (high beam reinforcement 

ratio) the beam remains basically elastic and transmits a higher shear force that induces panel failure. 
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(a) (b) 

Figure 14 Right beam flexural responses of (a) SCDH-0850 and (b) SCDH-4150 tests.  

 
Exterior Beam-Column Joint   
 

The proposed JointWithHinges model is applied here to four full-scale exterior unreinforced beam-column sub-

assemblages experimentally described in [De Risi et al. 2017]. The specimens are characterised by two different joint 

aspect ratios and beam longitudinal reinforcements. All tests were performed applying a cyclical displacement at the 

free beam end using the geometrical layout shown in  Figure 15. The applied external force (F) corresponding to each 

drift (/ Lb) was monitored during the test. 

A constant axial load P=260 kN (or 15% of the concrete section ultimate compression) was applied at the column top. 

In all specimens the column had a 300x300mm cross section with 820 longitudinal steel bars. Two beam cross 

sections were considered: 300x400mm for the #1bP and #2bP tests; 300x600mm for the #1cP and #2cP tests. For each 

beam cross section, two symmetric steel reinforcement layouts (strong and weak layout) were considered in order to 

investigate different failure mechanisms. More specifically, 420 longitudinal bars (both top and bottom) were used 

in specimens #1bP and #1cP and 416 in specimens #2bP and #2cP. The beam width (bb), depth (hb) and steel 

reinforcement (As), the concrete compression strength (fc) and the steel yield stress (fy) are reported in Table 4. The 

concrete peak and ultimate strains are assumed 0.2% and 2%, respectively, and the residual stress is 30% of the peak 

stress. No transversal steel reinforcement was considered in the joint panel while the beam and column stirrups were 

designed to avoid shear failure. The beam longitudinal bars were anchored within the joint by means of bent hooks 

with circular diameter 2.5 times the bar diameter (Figure 15).  

 

 
Figure 15 Exterior beam-column joint assemblage tested by [De Risi et al. 2017].   
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Table 4: Material parameters and steel reinforcement (equal top and bottom).  

Test bb  [mm] hb  [mm] As   [- ] fc   [MPa] fy    [MPa]  

#1bP 300 
400 

420 
17.7 

370 

#2bP  416 330 

#1cP 300 
600 

420 
17.7 

370 

#2cP  416 330 
 

The tests with the lower aspect ratio (#1bP and #2bP) showed a joint shear failure at loads of 51.68kN and 50.27kN, 

respectively. The strain measures of the longitudinal steel bars confirmed no yielding. However, the maximum strains 

reached in specimen #2bP (0.16%) were very close to the nominal yield strain (0.17%) indicating that the beam steel 

ratio of this test can be considered as the transition between the joint-shear and the beam-yielding mechanisms. The 

diagonal cracks in the joint panel appear at 0.50% and 0.75% drift for specimens #1bP and #2bP, respectively. The 

peak load is reached in the drift range between 2.0% and 3.0%. After the peak, both tests showed a softening post-

cracking branch with the progressive reduction of lateral stiffness. More specifically, in Test #1bP the load capacity 

dropped sharply due to concrete cover spalling after a 4.0% drift. Conversely, Test #2bP showed a uniform strength 

reduction with the drift increase. At the end of the test (6% drift), the residual strength was approximately 50% of the 

recorded peak load. 

Figure 16 reports the numerical F- global responses while Figure 17 shows the joint panel shear stress-strain curves. 

A good agreement is generally observed between numerical and experimental responses. In all four cases the model 

is able to fit the pre- and post-peak experimental envelopes and hysteretic behaviours with a satisfactory 

approximation. 

The largest differences are observed in the post-peak branches of the tests with higher reinforcement ratio (#1bP Test 

and #1cP Test). More specifically, the largest differences are recorded in the negative loading direction of the higher 

aspect-ratio (#1cP) test. In this case the specimen is characterised by a non-symmetric response while the numerical 

response is symmetric because of to the constitutive laws adopted. In the experiments the shear-strains were registered 

up to a 3.0% global drift for tests #1bP and #2bP, and up to a 2.0% drift for tests #1cP and #2cP. After these 

deformation levels, significant cracking made the strain readings difficult and unreliable. 

Figure 17 compares the experimental and numerical joint panel shear responses up to the above-mentioned drift limits. 

The macro-model overestimates the plastic shear drifts, mostly in the last cycles. The average experimental ultimate 

shear drift is approximately 1.2% while the average numerical prediction is approximately 2.0%. This matching could 

be improved by using a more refined constitutive law (this enhancement is part of an ongoing study). Moreover, it is 

important to point out that the shear drifts predicted by the model represent both the diagonal shear cracking of the 

joint panel and the severe spalling of the perimeter concrete that was experimentally observed in the post-peak stage 

of the joint response. 

Table 5 reports the comparison between experimental and numerical peak-values. The first three columns report the 

numerical peak shear force (Vb,num), the experimental value (Vb,exp) and the nominal yielding value (Vb,y). The macro-

model, coherently with the experiment, does not predict beam yielding. The difference between the numerical and 

experimental prediction (V-err) reported in the second to the last column indicates the numerical response accuracy. 

The largest error is observed in test #2cP with a 15% error. However, even in this case the error can be considered 

acceptable for practical applications.  In the central part of Table 5, the ratio between the maximum elongation of the 

steel fibres and the corresponding yield limit (num) is reported and compared with the corresponding ratio recorded 

during the tests (exp). The error falls in the 10-15% range and can again be considered compatible with standard 

engineering predictions.    

  

 



(a) (b) 

(c) (d) 
Figure 16 Global response of: (a) Test_1bP; (b) Test_2bP; (c) Test_1cP and (d) Test_2cP.  

 

(a) (b) 

(c) (d) 
 

Figure 17 Joint panel shear response for: (a) Test_1bP; (b)Test_2bP; (c) Test_1cP and (d) Test_2cP.  

Table 5:   Peak response parameters 

 

Test Vb,num 

[kN] 
Vb,exp 

 [kN] 
Vb,y 

 [kN] 
num

[%]

exp

 [%]

 V-error  

 [%] 
error  

 [%]

#1bP       
#2bP       
#1cP       
#2cP       
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CONCLUSIONS AND FUTURE DEVELOPMENTS  
 

Recent seismic events have shown that the seismic behaviour of existing non-conforming RC buildings is strongly 

affected by the nonlinear response of the (often unreinforced) beam-column joints that can experience shear failure of 

the joint panel, bond-slip of the longitudinal steel bars or yielding and failure in the plastic hinge regions. Even though 

several numerical models have been proposed, the explicit modelling of the beam-column joint regions by means of 

simplified but sufficiently reliable models suitable for engineering practice still remains an open issue.    

This paper presents a discrete JointWithHinges macro-element that accounts for the non-linear behaviour of the beam-

to-column joints and of the connected plastic hinges. The model is based on a very simple mechanical scheme made 

of a quadrilateral (that represents the joint panel) whose rigid edges are connected to the connected beams and columns 

through non-linear finite-length hinges modelled following a fibre-section approach. In the present form, the model 

accounts for the cyclic response and diagonal shear failure of the joint panel, the nonlinear bending and linear shear 

deformations of the plastic hinge regions and the bond-slip of the beam bars. The main novelty lies in the fact that the 

non-linear behaviour of a plane frame can be modelled through the assemblage of non-linear JointWithHinges 

elements connected by means of elastic (or inelastic) beam or column elements.  

Unlike other models, the proposed approach concentrates the main nonlinearities in the same macro-element. This 

allows i) a reliable modelling strategy that includes the non-linear coupling between the joint and the connected plastic 

hinge regions and ii) an enhancement in the model robustness and computational efficiency. In the current 

implementation the shear response of the plastic hinges is assumed linear elastic. The model is validated through the 

numerical simulations of the cyclical behaviour of experimentally tested internal and external joint assemblages with 

different geometries and steel-reinforcement ratios. The predictions obtained using the proposed model show its 

effectiveness in predicting both the cyclical behaviour and the failure mechanisms of the studied systems.      

In the present study the authors concentrate on simple constitutive laws that represent the mechanics that govern the 

response of RC beam-column joints. This choice was driven by the fact that this study mainly focuses on the macro-

model formulation and calibration strategy. Further developments should consider: i) enhancements to the non-linear 

modelling of the shear behaviour of the joint panel; ii) nonlinear shear-bending interaction in the plastic hinge regions; 

iii) explicit interaction between bar bond-slip and shear responses both in the joint panel and in the plastic hinges; iv) 

refinement of the steel constitutive law to include bar buckling; and v) extension to the three-dimensional case. 

Additional validation studies and entire frame analyses are also envisioned together with the development of an 

automated procedure for selecting the model mechanical parameters. 
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