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Abstract. Beam-column joints are a critical component of reinforced concrete frame structures. They are responsible for
transferring forces between adjoining beams and columns while limiting story drifts and maintaining structural integrity. During
severe loading, beam-column joints deform significantly, affecting, and sometimes governing, the overall response of frame
structures. While most failure modes for beam and column elements are commonly considered in plastic-hinge-based global
frame analyses, the beam-column joint failure modes, such as concrete shear and reinforcement bond slip, are frequently
omitted. One reason for this is the dearth of published guidance on what type of hinges to use, how to derive the joint hinge
properties, and where to place these hinges. Many beam-column joint models are available in literature but their adoption by
practicing structural engineers has been limited due to their complex nature and lack of practical application tools. The objective
of this study is to provide a comparative review of the available beam-column joint models and present a practical joint
modeling approach for integration into commonly used global frame analysis software. The presented modeling approach uses
rotational spring models and is capable of modeling both interior and exterior joints with or without transverse reinforcement. A
spreadsheet tool is also developed to execute the mathematical calculations and derive the shear stress-strain and moment-
rotation curves ready for inputting into the global frame analysis. The application of the approach is presented by modeling a
beam column joint specimen which was tested experimentally. Important modeling considerations are also presented to assist
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practitioners in properly modeling beam-column joints in frame analyses.
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1. Introduction

Forensic structural engineering studies structural
systems with the objective of identifying the causes of
structural failures (e.g., Vecchio et al. 2004). A plastic-
hinge-based global frame analysis is commonly used in
these studies to model the deformations, cracking, and
failure modes in reinforced concrete buildings (Parisi and
Augenti 2017). One important, and often omitted, aspect of
global frame analyses is the modeling of beam-column
joints. A beam-column joint (also called a joint core) is
where a beam and column intersect in a building frame.
While most beam and column failure modes are commonly
considered in global frame analyses, the joint failure modes,
including concrete shear (see Fig. 1(a)) and reinforcement
bond slip (see Fig. 1(b)), are frequently omitted.
Experimental studies and post-earthquake inspections have
demonstrated that beam-column joints may undergo severe
deformation leading to local damage, or, in extreme cases,
failures affecting the entire frame structure (Ghobarah and
Said 2002, Shin and LaFave 2004, Birely et al. 2012). It is,
therefore, imperative to model beam-column joints in a
global frame analysis, especially for older structures with
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non-ductile joint designs.

Modeling of beam-column joints can be undertaken
using several theoretical approaches with varying degrees
of complexity. They range from simple rotational spring
models to more elaborate component or finite element
models. More recently, machine-learning based models are
also proposed. The main phenomena considered in all these
joint models are the shear deformation in the joint core due
to applied shear forces from columns and beams and the
bond slippage of the main reinforcing bars of beams passing
through the joint core.

The objective of this study is to provide a comparative
review of the available beam-column joint models and
present a practical beam-column joint modeling approach
for integration into commonly used global frame analysis
software. The presented modeling approach uses rotational
spring formulations to model both interior and exterior
joints with or without transverse reinforcement. The
modeling approach is sought to be numerically efficient,
readily implementable into global frame analysis software,
and sufficiently accurate. The developed spreadsheet tool is
intended to assist engineers in deriving the joint hinge
properties easily.

2. Review of existing beam-column joint models

A significant amount of research has been conducted on
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(a) Shear failure mode (b) Bond-slip failure mode
(Gombosuren and Maki 2020)  (Pantelides et al. 2002)

Fig. 1 Beam-column joint primary failure modes
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Fig. 2 Classification of beam-column joint models

the nonlinear modeling of beam-column joints. These can
be categorized under five distinct types from simple to
sophisticated: rigid joint models, rotational spring models,
component models, finite element models, and machine
learning-based models (see Fig. 2). The main objective of
these models is to capture the shear deformation in the joint
core and the bond slip of the reinforcing bars.

Subjected to lateral cyclic loading, joint cores
experience high shear forces from the adjacent columns and
beams. A bending moment applied from each side is carried
by a force couple that is formed with tension in the tensile
reinforcing bar, and compression in the concrete and the
compressive reinforcing bars passing through the joint core.
The shear force in the joint core results in shear
deformations and the bending moment results in high bond
stress between the reinforcing bars and surrounding
concrete. The joint response due to shear and bond slip
actions may significantly affect the overall stiffness and
strength of a frame structure. Most available joint models
are, therefore, formulated to capture these two important
mechanisms.

2.1 Rigid joint models

In the rigid joint models, the beam-column joint core is
assumed to be perfectly rigid with no explicit joint
modeling undertaken. This model neglects the deformations
in the joints and enforces the assumption that the beam and
column members remain perpendicular even under
significant deformations. Due to the stiffer properties of the
joint cores, the nonlinear deformations are concentrated at

the ends of the beams and columns, effectively neglecting
the joint core behavior. This may result in the
overestimation of strength, leading to unsafe designs in
terms of ultimate strength and ductility. The predictions of
average ultimate strengths that are 86.4% higher than the
experimental results are demonstrated in the literature
(Sharma et al. 2011). This modeling approach may predict
the global response of a frame reasonably accurately only if
the joints are very well designed and the actual failure mode
does not involve any beam-column joint cracking, damage,
or nonlinear behavior. For all other cases, this modeling
approach is not recommended.

2.2 Rotational spring models

Rotational spring models have been used in numerous
research studies due to their simplicity and reasonable
accuracy. Most rotational spring models introduce rigid link
elements and rotational springs in a joint core (see Fig. 3).
The rigid link elements simulate the higher strength and
stiffness of the joint core (as compared to the adjoining
beam and column elements) whereas the rotational spring
hinges simulate the shear deformations in the joint core and
bond slip behavior at the joint interfaces. The stress-strain
or moment-rotation curves are derived, based on various
formulations, to define the hinges in rotational spring
models. These properties are developed from experimental
data calibration based on the joint details and material
properties.

Several rotational spring models are available in the
literature. Alath and Kunnath (1995) proposed a model, also
known as the “scissor model,” which models the joints with
two components: rigid links and a zero-length rotational
spring. The joint core geometry is represented by rigid links
while the rotational springs simulate the degrading shear
behavior of the joint core. This model accounts only for the
shear behavior while the bond slip mechanism is ignored.
Biddah and Ghobarah (1999) modified the Alath and
Kunnath (1995) model by introducing two separate
nonlinear rotational springs in series, one for the joint shear
deformation and the other for the bond slip behavior. The
Modified Compression Field Theory (MCFT) (Vecchio and
Collins 1986) was used to calculate the shear-stress strain
relationship. A bilinear idealization of the moment-rotation
relationship was used to define the bond slip behavior,
capturing critical points such as the cracking, yielding, and
ultimate condition.

Park (2010) proposed a semi empirical-analytical model
reflecting two key parameters: joint aspect ratio and beam
reinforcement index in developing a shear strength model
for exterior joints with no transverse reinforcement (non-
ductile joint). The shear stress-strain relationship is
transformed into a moment-rotation relationship to
represent the beam-column joint spring. Sharma et al.
(2011) proposed a model based on the limiting principal
tensile stress theory. They assigned the shear springs to the
column region and rotational springs to the beam region
within the joint core. This model was developed for only
exterior, non-ductile joints with no transverse
reinforcement. They validated this model with 12
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Fig. 4 Rotational spring models (selected samples)

experimental specimens of beam-column joints, with an
average error of 8.6%. Birley et al. (2012) proposed a
model for interior, ductile joints with transverse
reinforcement. They used a modified dual-spring in series
incorporated in the lumped plastic hinges of the beams. The
first spring accounts for the beam response while the second
spring captures the joint shear and bond slip responses.

To advance Park (2010), Sharma et al. (2011), and
Birley et al. (2012) models, Jeon (2013) proposed a model
that is applicable to the analysis of both exterior and interior
joints with and without transverse reinforcement. Jeon
(2013) adopted the Alath and Kunnath (1995) model by
modifying the joint shear stress-strain curve based on the
experimental data from Anderson et al. (2008) and utilizing
the bond model of Hassan (2011). In addition, Jeon (2013)
also proposed an empirical shear strength model to compute
the shear strength capacity of joints. Jeon (2013) validated

28 experimental specimens of beam-column joints, with
errors up to 8.4%.

De Risi et al. (2017) and Grande et al. (2021) also
adopted the “scissor model” of Alath and Kunnath (1995)
with modifications. De Risi et al. (2017) calibrated the
spring properties based on Celik and Ellingwood (2008) and
Jeon (2013) whereas Grande et al. (2021) developed a
model to compute the shear strength capacity of joints using
empirical formulations. Both the De Risi et al. (2017) and
Grande et al. (2021) models are limited to exterior joints
without transverse reinforcement.

These rotational spring models are categorized in Fig. 4
according to the joint and ductility types. Ductile joints are
typically those with sufficient amounts of transverse
reinforcement in the joint core. Non-ductile joints may
contain no shear reinforcement, insufficient amounts of
shear reinforcement, and/or deficient design detailing. Non-
ductile joints exhibit brittle and undesirable failure modes.

2.3 Component models

Component models include sophisticated constitutive
models that explicitly model joint core shear and bond slip
behaviors. Several component models have been proposed
in the literature (see Fig. 5). Many such models use MCFT
to determine the shear response of a joint core subjected to
shear loads coupled with an axial load. Youssef and
Ghobarah (2001), Lowes and Altoontash (2003), and Shin
and Lafave (2004) are examples of such models. These
studies found that the MCFT underestimates the strength of
beam-column joints with low amounts of transverse
reinforcement while overestimating it for joints with high
amounts of transverse reinforcement. To resolve this, Mitra
and Lowes (2007) modified the Lowes and Altoontash
(2003) model to broaden the range of applicability while
improving the prediction accuracy. They modelled the shear
load transfer within a joint core with a diagonal
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Fig. 5 Mechanical representations of component models
(selected samples)

compression strut rather than a shear stress field based on
the MCFT. They also proposed a new bar-slip model to
simulate the frictional resistance of bars combined with
hysteretic strength loss.

These studies demonstrate that component models are
highly versatile and accurate. However, they require the
derivation of multiple constitutive models for the various
springs used and are not readily implementable in global
frame analysis software using one-dimensional line
elements. Therefore, their adoption by practicing structural
engineers remains rather limited. In an attempt to make
component models more applicable to frame analyses, Pan
et al. (2017) implemented the Mitra and Lowes (2007)
model into a nonlinear distributed-plasticity-based frame
analysis procedure, VecTor5 (Guner and Vecchio 2008), for
the holistic modeling of frame buildings. They
demonstrated practical modeling and successful simulation
results based on an experimental validation study of nine
specimens.

2.4 Finite element models

Finite element modeling is useful for developing a more
comprehensive understanding of the performance of the
beam-column joints. Eligehausen et al. (2006) utilized
continuum finite elements based on microplane model for
exterior joints. In this study, the concrete was modelled with
an isotropic microplane material, reinforcement with a
trilinear steel constitutive law, and the bond between
reinforcement and concrete with discrete bond elements.
Sharma et al. (2009) simulated the behavior of exterior and
interior joints using a similar finite element modeling
approach. Sagbas et al. (2011) modelled beam-column
joints using a two-dimensional (2D) continuum element
based on secant-stiffness solution algorithm employing a
smeared rotating crack model of reinforced concrete (Wong
et al. 2013). The constitutive modeling of concrete and
reinforcement employed the Disturbed Stress Field Model

(DSFM) (Vecchio 2000). The bond slip of the longitudinal
reinforcement was modelled using discrete truss bars
elements. Guner and Vecchio (2011) used a similar
theoretical approach in the context of macro 1D elements as
a part of a global frame analysis subjected to cyclic load
reversals. In this study, beam and column behaviors are also
simulated using a distributed inelasticity fiber-section
approach. Sasmal and Nath (2016) investigated the crack
and failure patterns, shear strengths, cyclic load-
displacement behaviors, and energy dissipation and
ductility characteristics of several joint specimens using the
finite element method. In this study, concrete and
reinforcement were modelled as macro-elements - concrete
with quadratic brick elements and reinforcement with
discrete truss elements. Pan et al. (2017) implemented a
component joint model into a global nonlinear frame
analysis method, VecTor5 (Guner and Vecchio 2008). In
this study, both joint shear deformations and bond slip
effects were simulated in addition to the nonlinearities in
the beams and columns using DSFM (Vecchio 2000).
Abusafaqa et al. (2022) employed the finite element method
to study the effectiveness of ultra-high-performance
concrete in beam-column joint strengthening. The concrete
was defined with isometric eight node linear brick elements
and reinforcement with two-node linear truss elements. The
perfect bond was assumed between reinforcement and
concrete, neglecting the bond slip behavior. The concrete
damage plasticity model was used to simulate the behavior
of concrete.

The analysis of beam-column joints using finite element
modeling requires significant experience, computational
resources, and time. Consequently, this approach is
commonly used to simulate the behavior at the local level
(i.e., isolated beam-column joints) as opposed to holistic
modeling of building frames.

2.5 Machine learning models

Machine learning (ML) is a branch of artificial
intelligence (Al) that trains computers to make predictions
based on existing datasets and algorithms when fed new
data. This approach provides a computational algorithm
with the ability to learn and improve until it meets the
desired performance rather than explicit coding (Thai
2022). ML models have been increasingly used for
predicting the beam-column joint shear strength capacity
and failure modes. By utilizing ML, Unal and Burak (2012)
created an empirical equation to predict the shear strength
capacity of joints. Jeon et al. (2014) proposed a joint shear
strength model using a multi adaptive regression splines
(MARS) algorithm. Kotsovou et al. (2017) used an artificial
neural network (ANN) to predict the shear strength capacity
of the exterior joints. Mangalathu and Jeon (2018)
developed expressions to calculate the shear strength
capacity and provided formulations to categorize the
predicted failure modes. They used the Lasso logistic
regression algorithm (Tibshirani 1996). To predict the shear
strength capacity and failure mechanisms of exterior joints,
Alwanas et al. (2019) used an ELM algorithm developed by
Huang et al. 2006. Naderpour and Mirrashid (2019)
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Fig. 6 Flowchart of the proposed joint modeling approach

proposed two failure mode classifiers based on the decision
tree method (Wu et al. 2008). Gao and Lin (2021) applied
ten ML methods to predict the failure modes of beam-
column joints. Alagundi and Palanisamy (2022) employed
ANN:Ss to predict the shear strengths of exterior joints. Haido
(2022) also utilized ANNSs to predict the shear strengths of
interior and exterior joints and compared the prediction
model with alternative approaches contained in the existing
building codes.

The analysis of beam-column joints using ML methods

is a promising and evolving research field. The studies cited
above indicated prediction accuracies as high as those
obtained from the physics-based joint models discussed
above. One important aspect of ML modeling is that the
joint being modelled should be well represented by the
dataset used for the development and training.

2.6 Discussion

Among the various types of beam-column joint models
available, each model has its own strengths and weaknesses.
No scientific consensus has been reached on an optimal
model that applies to all cases (Pan et al. 2017). Rotational
spring models are simple, reasonably accurate, and suitable
for practical implementation into global frame analysis
software using 1D line elements. Component and finite
element models are shown to be more versatile and accurate
for a wider range of conditions, but they are
computationally demanding and requires significant
knowledge and effort from the engineer. Machine learning
models provide fast analysis times and promising results.
The database selection and the similarity between the
dataset and the joint being modelled plays a critical role in
their prediction accuracy.

3. Proposed beam-column joint modeling approach

As a part of this study, a beam-column joint modeling
approach is proposed to aid practicing engineers in
incorporating joint modeling into global frame analysis
using 1D linear frame elements. The proposed approach
integrates rotational spring models (due to their simplicity
and reasonable accuracy) into commonly used lumped-
plasticity-based frame analysis methods. Fig. 6 shows the
overview of the proposed approach.

The first stage is common to any linear-elastic global
frame analysis using 1D line elements with a center-line
approach; therefore, it is not discussed further. The second
stage is to define rotational spring elements as plastic
hinges in beam-column joints. Fig. 2 and Fig. 3 show
several rotational spring models based on the joint type. The
analyst can select any of those models for the nonlinear
modeling of the joints. The proposed approach uses two
specific beam-column joint models as Model 1 and Model
2. Model 1 provides a wide range of applicability to include
exterior, interior, ductile, and non-ductile joints, and is
based on Jeon (2013). Model 2 is exclusively for exterior
non-ductile beam-column joints which are shown to sustain
significant damage due to their brittleness and unbalanced
nature (Clyde et al. 2000) and is based on Sharma et al
(2011).

To model a beam-column joint using Model 1, a
rotational spring is introduced at the intersection of beam
and column elements (see Fig. 7). The joint core is
represented by rigid end offsets due to the overlapping
nature of the elements. The inserted rotational spring
models the shear and bond slip effects.

To define a rotational spring as a plastic hinge in a
global frame analysis, the shear stress-strain curve should
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be developed. This curve can be constructed with four
points: (1) cracking, (2) yielding, (3) maximum, and (4)
residual, where each point is defined as a function of the
shear strength (v..). The input parameters required to
compute v, are the concrete compressive strength (1), the
cross-sectional dimensions of the beams and columns (bp,
be, hy, he), the beam length (Ly), the axial load factor (ALF),
and the reinforcement details. Ly, is the length between two
points of contraflexure or zero moment as shown in Fig. 7.
The ALF is defined as the ratio of the axial load (P) to the
product of three variables: column gross area (Ag), the in-
plane geometry factor (1 for interior, 0.75 for exterior, and
0.5 for knee joint), and the transverse beam confinement
factor (1 for joints with O or 1 transverse beam, and 1.2 for
joints with 2 transverse beams). The input parameters
related to the reinforcement include the beam longitudinal
reinforcement ratio (o), the column longitudinal
reinforcement ratio (o), the joint transverse reinforcement
ratio (oy), the beam longitudinal reinforcement strength
(fyb), the column longitudinal reinforcement strength (fyc),
and the joint transverse reinforcement strength (f,;;). V» and
V. are the shear forces in the beams and columns,
respectively. To facilitate the calculation process, a
spreadsheet tool (Suwal and Guner 2023a) is created for the
calculation of v, and shared as a freeware for the use of
practicing engineers. A user bulletin (Suwal and Guner
2023b) is also prepared to demonstrate the application and
experimental validation of the spreadsheet with four
specimens. The sheet employs the calculation process
defined in Jeon (2013).

Once Vmax IS computed, the shear stress-strain curve is
defined as shown in Fig. 8, where the yield and residual
strengths are 95% and 20% of vma, respectively. The
cracking strength is defined as 0.48V/".. The shear strain (»)
corresponding to the cracking and yielding strengths are
0.00043 and 0.006, respectively, as adopted from Anderson
et al. (2008) based on the experimental test results of 11
specimens. The shear strains corresponding to the
maximum and residual strengths respectively, 0.02 and
0.185 for exterior joints with transverse reinforcement,
0.016 and 0.077 for exterior joints without transverse
reinforcement, 0.02 and 0.187 for interior joints with
transverse reinforcement, and 0.019 and 0.117 for interior

joints without transverse reinforcement. These values are
adopted from Jeon (2013) based on the experimental test
results of 154 specimens. Fig. 8 shows the shear stress-
strain curves for exterior and interior joints with and
without transverse reinforcement.

If the longitudinal reinforcement of a beam has
insufficient straight embedment, a reduced shear stress-
strain curve should be developed and used for that
particular loading direction (e.g., upward in Fig. 8) when
defining the rotational spring. These curves are shown with
red lines in Fig. 8, where the bond strength (vbond) IS
computed in terms of the shear strength proposed by Hassan
(2011). The input parameters required to compute whong are
the concrete compressive strength (f°c), the reinforcement
factor which is dependent on the beam longitudinal
reinforcement diameter (¢) and concrete cover (cc), the
axial load factor (ALF), the tension force in the beam
longitudinal reinforcement (T), and the embedment length
(Is) of the beam reinforcement within joint. Once whond IS
computed, the shear stress-strain curve with bond slip is
defined as shown in Fig. 8 with red lines where the yield
and residual strengths are 95% and 20% of Viond,
respectively. The developed spreadsheet (Suwal and Guner
2023a) executes these calculations and provides the values
required for the construction of the shear stress-strain
curves.

To define a rotational spring in a global frame analysis,
the calculated shear stress-strain points should be
transformed into equivalent moment-rotation points. For
this, the modeling approach uses the formulations proposed
by Celik and Ellingwood (2008) as shown below.

1

Mmax = Umax Aj

I 1 hily o (1)
ﬂbe Le
1
Mpona = UbondAjm (2)
jﬁbe _L_C
0=y %)

Mmax and Myong are the equivalent moment capacities for
shear and bond strengths, respectively, hy is the effective
depth of the beam (to the centroid of the reinforcement), A;
is the area of the joint core (Aj=hpxh), j is a constant taken
as 0.875, and « is a constant equal to 2 for knee joints and 1
for all other joints. Since the joint rotation is the change in
the angle between the two edges of the joint core, the
rotation is equivalent to the shear strain as shown in Eqg. (3).
Using these equations, the equivalent moment-rotation
curves for various joint and reinforcement anchorage
conditions are shown in Fig. 9. The developed spreadsheet
(Suwal and Guner 2023a) executes these calculations and
provides the moment-rotation points for inputting into a
global frame analysis when defining rotational hinge.

To model a beam-column joint using Model 2, two
types of springs are defined as plastic hinges: a shear spring
in the column region and a rotational spring in the beam
region (see Fig. 10). The shear spring models the shear
deformation while the rotational spring models the bond
slip behavior.

Analogous to Model 1, four points should be defined to
develop the shear stress-strain and moment-rotation curves
required for the shear and rotation spring hinges,
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respectively. The input parameters required to define the shear strength and moment capacity are the concrete
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Fig. 10 Location of spring elements in exterior joint using
Model 2

compressive strength (f°¢), the cross-sectional dimensions of
the beams and columns (b, be, hs, he), the clear length of
the beam from the face of the column to the point of
contraflexure (Ly), the column length between two points of
contraflexure (L;), the axial stress in the column
0a=P/(hcxb), the principal tensile stress (p:), and the tensile
force in the beam longitudinal reinforcement (T). This
model uses a failure criterion based on limiting principal
tensile stresses in the joint core; therefore, the curves are
developed by computing the shear and moment capacities at
different principal tensile stress levels. For exterior joints
with properly hooked reinforcing bars, the principal tensile
stress for cracking is defined as 0.29Vf., yielding and
maximum as 0.42\f"., and residual as 0.10Vf"., based on
Priestley (1997). For exterior joints with insufficient
straight embedment of beam longitudinal reinforcement, the
principal tensile stress for cracking is defined as 0.13Vf.,
both yielding and maximum as 0.19f", and residual as
0.06\/"., based on Murty et al. (2003). Once the principal
tensile stresses are defined, the shear stress and moments
values corresponding to cracking, yielding, maximum, and
residual are computed. In Fig. 11, the shear stress and
moment values for cracking are Veaer and Meqcr, yielding
are Vyera and Moy, maximum are Vmge and M., and
residual are Vs and M,eqq, respectively. Similarly, the
shear strains and rotations corresponding to cracking,
yielding, maximum, and residual are defined as 0.0002,
0.002, 0.005, and 0.025, respectively for joints with
properly hooked reinforcing bars, and 0.0002, 0.002, 0.005,
and 0.015, respectively for joints with insufficient straight
embedment of beam longitudinal reinforcement. The
resulting shear stress-strain and moment-rotation curves are
shown in Figs. 11(a) and 11(b), respectively. These values
are used as input in a global frame analysis when defining
the shear and rotational hinges. The developed spreadsheet
(Suwal and Guner 2023a) calculates both curves, as per the
calculation process defined in Sharma et al. (2011) and
provides four pairs of data for copying and pasting into
frame analysis software.

The third stage involves the derivation and placement of
moment and shear hinges to model the inelastic behavior of

Shear stress (V) Upward loading
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Fig. 11 Shear stress-strain and moment-rotation curve
developed using Model 2 (adopted from Sharma et al.

2011)

0.7;}14( | 0.75]7ﬂ |
i T : :
: K-i;dinent hinges : T l |

D750 | g,

> I |

L

| I

_lﬁhe:u‘ hinges ® he—)

(a) Exterior joint (b) Interior joint

Fig. 12 Beam, column and joint modeling using Model 1

‘75}Z|j Monjent hinges

(=]

e— he —>

Fig. 13 Beam, column and joint modeling using Model 2

beams and columns at the hinge locations. This is a
common stage undertaken in plastic-hinge-based frame
analysis and therefore only critical aspects are discussed.
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The moment hinge is assigned at the interface of the beams
and columns (see Figs. 12 and 13) due to the peak values
taking place at these points. The hinge length for the
moment hinge is commonly taken as the cross-section depth
(hy ) which is also recommended in CSI (2016). The shear
hinge is defined 0.75h, away from the interface with a
depth of 1.5h, (Guner 2008). A schematical overview of the
hinge locations for beams, columns, and beam-column
joints using either Models 1 or Model 2 is shown in Fig. 12
and Fig. 13 respectively.

The fourth stage involves the application of the loads.
This is common across various frame analysis methods. The
loads could be applied in a force or displacement-controlled
manner depending on the pushover analysis method used.

The final stage is to run the analysis and calculate the
hinge conditions for each load stage. Common frame
analysis software, such as SAP2000 (CSI 2016), ETABS
(CSI 2016), RISA-3D (RTI 2020), MIDAS Civil (Ml
2021), PERFROM-3D (CSI 2011) may be used. Some of
the software provide color-coded hinge conditions which
enables the identification of the hinge condition from point
1 to 4 (See Fig. 9 and Fig. 11) to determine the governing
behavior and failure mode.

4. Application and experimental validation of the
proposed approach

The objective of this section is to demonstrate the
application and experimental validation of the proposed
modelling approach. It should be noted that the theoretical
formulation of Model 1 was previously validated with the
experimental tests of 28 interior and exterior joint
specimens with errors up to 8.4% (Jeon 2013), and Model 2
with 12 exterior joint specimens with an average error of
8.6% (Sharma et al. 2011). For demonstration purposes, an
exterior joint specimen from the literature is modelled with
the proposed approach and the predicted responses are
compared with the experimental results. The modelled
experimental specimen is shown in Fig. 14. The
compressive strength of the concrete is 33.1 MPa. The
column has 25M reinforcing bars with 10M hoops while the
beam has 29M bars and 10M stirrups. The yield strength (fy)
and ultimate strength (f,) of the reinforcement are 459 and
761 MPa for 29M bars, 470 and 742 MPa for 25M bars, and
427 and 654 MPa for 10M bars, respectively. The top
longitudinal reinforcement of the beam was bent into the
joint, whereas the bottom reinforcement was extended
straight 152 mm from the face of the column. The axial load
applied to the column was 10% of the concrete compressive
strength and the test setup used pin supports at the top and
bottom of column. The beam and column have sufficient
reinforcement (longitudinal and transverse) to prevent early
beam and column damage while there is no transverse
reinforcement in the joint to confine the core. Therefore,
this is a well-suited specimen to validate beam-column joint
modeling approaches.

The proposed approach requires the use of either Model
1 or Model 2. However, for demonstration and validation
purposes, both models are employed as presented below.

0.1/ Ag

‘ 167
=T
=)
SIS
e
:
P Loa
- ®
b 5-10
| ~—~—810mm = =406~
B Y @15 @7
- o: ﬁ | ceee| 1
Q 3:1147 L l ﬂf
| =527 R
Ry i1 (Pantelides et al. 2017)
£ v
S ®
N
=)
=)
oSl =~
1AL ®
A
oy
o] 40
- . _*_
40

Fig. 14 Experimental setup of the specimen modelled
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Fig. 15 Shear stress-strain and moment-rotation curves
obtained using Model 1

4.1 Using joint model 1
The procedure discussed in Section 3 is applied to this

specimen. A rotational spring element is defined as the
plastic hinge in the joint as shown in Fig. 7. This rotational
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Fig. 16 Frame models developed with joint hinges

spring represents shear and bond slip behaviors. The joint
shear stress-strain, and moment-rotation curves are derived
with the help of the developed spreadsheet and presented in
Fig. 15. The shear strengths in the upward and downward
loading directions are calculated as 2.90 MPa and -5.36
MPa, respectively, and the moment capacities in the upward
and downward loading directions are calculated as 186
kNm and -345 kNm, respectively. These values are then
used in the global frame analysis software to define the
plastic hinges shown in Fig. 16(a).

4.2 Using joint model 2

The procedure discussed in Section 3 is applied to this
specimen. Two types of spring elements are required by this
model. A shear spring hinge is used to model shear
deformation while a moment spring hinge is used to model
the bond slip effect as shown in Fig. 10. The joint shear
stress-strain, and moment rotation curves are derived with
the help of developed spreadsheet and presented in Fig. 17.

The shear strengths in the upward and downward
loading directions are computed as 0.40 MPa and -0.74
MPa, respectively, and the moment capacities in the upward
and downward loading directions are computed as 194 kNm
and -354 kNm, respectively. These values are used as the
spring characteristics in the global frame analysis software
to model the joint’s behavior. These values are then used in
the global frame analysis software to define the plastic
hinges shown in Fig. 16(b).

4.3 Defining beam and column hinges

In the third stage, plastic hinges for shear and moment
are derived and placed at the critical location of the frame
elements as discussed in Section 3. Figs. 18(a) and (b) show
the location of all plastic hinges (for both frame elements
and joint) using both joint models. These are the final frame
models used in this validation study.

4.4 Applying the loads and performing the analysis

In the fourth stage, a constant axial load of 542 kN is
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Fig. 17 Shear stress-strain and moment-rotation curves
obtained using Model 2
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Fig. 18 Frame models developed with all hinges

applied at the column. A displacement-controlled pushover
analysis protocol is used for the load application at the tip
of the cantilever beam. In the fifth stage, the analysis is run
until the failure of the specimen.

4.5 Comparison of predicted and experimental results

Fig. 19 shows the progression of the joint damage under
increased beam loading in the experimental study. Level I
corresponds to the first yielding of the longitudinal
reinforcement, Level II to the formation of the bond slip
mechanism, Level III to significant shear cracking in the
joint core, Level IV to significant spalling of concrete at
joint interface, and Level V is the loss of the load capacity.
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Fig. 20 Comparison of the analysis results with the
experimental result

Fig. 20 shows the comparison of the analysis results
(using the proposed modeling approach) with the
experimental results. Both models performed numerically
efficiently and provided accurate responses.

Model 1 captured the experimental load capacity
reasonably well. The ratio of the predicted load (P,) to the
experimental load (Pe.xp) is 0.96 and 1.04 for the downward
and upward loading directions, respectively. This specimen
exhibited a bond slip failure in the upward loading direction
while a joint shear failure in the downward loading
direction. The failure modes in both directions are predicted
accurately by the analysis. The average calculation error is
4.2% which is considerably less than the error one could
expect to have when modeling shear and bond slip
behaviors.

Model 2 also captured the experiment response
reasonably well. The ratio of the predicted load (P,) to the
experimental load (P.yp) is 1.02 and 1.08 for the downward
and upward loading directions, respectively. The average
calculation error is 5.0% which is also well acceptable.
Model 2 was also able to capture the failure modes in both
loading directions accurately.

The post-peak response of joints sustaining shear and

250

Experiment Upward Loading

/‘N

200 ——Model 1
Model 2
Rigid Joint Model

150

pacity (kN)
2 8

-50
-100
-150
=200

Load Ca

=250 Downward Loading
-4% -2% 0% 2% 4%

Drift Ratio (%)
Fig. 21 Comparison of the analysis results with the
experimental result

Table 1 Comparison of predicted and experimental results

Downward Upward
loading (kN) P/Pey loading (kN) Po/Pes
Experiment 192.6 1.00 94.3 1.00
Model 1 185.6 0.96 98.1 1.04
Model 2 196.9 1.02 102.1 1.08
Rigid Joint
Model 220.7 1.15 220.7 2.34

bond-slip failures are more challenging to capture and
typically requires more sophisticated modeling approaches,
such as component or finite element models. This is also
evident from the predicted post-peak responses which show
deviations from the experimental responses. The rotational
spring models are most useful for the calculation of load
and deformation responses up to the peak load on which the
design or assessment should be based in forensic
engineering studies.

To demonstrate the significance of modeling the shear
and bond-slip behaviors in joints, the same specimen is
modelled using a rigid joint model. This approach only uses
rigid links in the joint core without any rotational or shear
springs. This neglects the deformations in the joints and
enforces the assumption that the beam and column members
remain perpendicular even under significant deformations.
Fig. 21 shows the comparison of the predicted results. The
ratio of the predicted load (P,) to the experimental load
(Pexp) is 1.15 and 2.34 for the downward and upward
loading directions, respectively. The omission of the bond
slip failure in the upward loading direction resulted in a
major discrepancy with the experimental results. If this
modeling approach was used for the analysis, a highly
inaccurate and unsafe prediction would have been obtained.
Table 1 summarizes the responses obtained for this
specimen from three modeling approaches.

5. Conclusions

This study presented a beam-column joint modeling
approach based on mathematical formulations available in
the literature to aid practicing engineers in incorporating
joint modeling into global frame analysis using 1D frame



430 Nirmala Suwal and Serhan Guner

elements. The proposed approach integrates rotational
spring models into lumped-plasticity-based frame analysis
methods based on two distinct formulations. A spreadsheet
tool is also developed to execute the mathematical
calculations. The modeling approach, and the spreadsheet,
is verified by modeling of an exterior joint from the
literature through a global frame analysis. The predicted
responses are compared with the experimental results. The
findings of the study support the following conclusions:
* Beam-column joints are susceptible to exhibiting shear
and bond-slip failure modes. It is important to include
both modes in global frame models for forensic studies.
The rigid joint models omit both behaviors and may
provide highly inaccurate and unsafe response
predictions for joints exhibiting shear and/or bond slip
behaviors.
* Rotational spring models provide a good balance
between the simplicity and accuracy for the forensic
analysis of frames. They are particularly useful for
predicting the response up to the peak load capacity.
* The proposed modeling approach is numerically
efficient and practical. It can be implemented into global
frame analysis software when defining plastic hinges.
* The developed spreadsheet facilitates the derivation of
the hinge curves and generates the data needed for
inputting into global frame analysis software.
* The experimental validation study demonstrates that
the proposed modeling approach captures both joint
shear and bond slip failure models and predicts the
beam-column joint capacity with a maximum error of
8.0% for the specimen investigated in this study.
* Model 1 is applicable to a wide range of joint types
including interior and exterior joints with and without
transverse reinforcement. The shear and bond slip
behaviors are modelled with a single rotational spring.
Joint Model 2 is limited to the exterior joints without
transverse reinforcement. The shear and bond slip
behaviors are modelled with shear and rotational springs
to separately. This may provide advantages if discrete
consideration of shear and bond slip behaviors is
desired.
* The proposed modeling approach is not limited to joint
Model 1 and Model 2. Any other validated rotational
spring models may also be used.
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