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1. Introduction

The need for retrofitted beam-to-column joints, which are
made without observing seismic details, is definitely an
important issue. Connection damage is reported as one of
the most worrying causes of building chain collapse in
effective earthquakes. The absence of transverse
reinforcement and insufficient bond length of the beam
bottom bars in the joint area are still existing seismic
weaknesses, which are still the subject of investigation and
presentation of a corresponding improvement plan. The
strut and tie method based on the knowledge of the finite
element method is a powerful and developable tool in the
non-linear field. In this research, analytical models are
presented for the evaluation of reinforced concrete side
beam-column joints with seismic, non-seismic, and
retrofitted details based on the method of joint enlargement
based on the strut and tie methods. The results of the non-
linear strut and tie modelling of retrofitted and un-
retrofitted samples showed that this model can detect the
effect of the shear reinforcement of the joint area on the
shear capacity and activated non-linear mechanisms,
including partial and total bond-slip of the longitudinal
beam reinforcements in the joint. Moreover, the influence
of the enlargement of the joint in the design of
rehabilitation and deterioration of stiffhess and strength is
one of the other capabilities of the proposed equivalent
truss-type model. The use of strut and tie model in the
existing and reinforced joint has led to the estimation of
the maximum force capacity of the sample with 6%
accuracy based on the accompanying experimental results.
In predicting the effective stiffness of the specimens, the
strut and tie models could provide 25% more convergent
response than the results obtained from the hard finite
element models based on the experimental results. This is
while reducing the time, computational cost, and
increasing the quality of understanding the developed strut
and tie method compared to the finite element micro
model.

2. Modelling of beam-column joints by the non-linear
strut and tie method
Abaqus finite element software was used for the non-linear

analysis of macro models. According to Figure 1, a load of
the control displacement type was considered to the beam
in the direction perpendicular to its longitudinal axis, and
an axial load of 0.16 A4f'c was applied to the top of the
column, and the boundary conditions were considered only
for the two ends of the columns.
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Figure 1. Loading, boundary conditions, and general
dimensions of the beam-column joint strut and tie model

According to Figure 2, modelling by the strut and tie
method for the control beam-column joint includes three
types of existing joints, namely joints with seismic details
(C1), joints without seismic details and without transverse
reinforcement in the joint area (C2), and joints without
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seismic details and transverse reinforcement with
insufficient bond length of the beam bottom bars in the
joint area (C3). In addition, the strut and tie model for
reinforced joints with seismic weakness was presented by
joint enlargement. All considered joints are modeled based
on the experimental specimens presented in our other
research.
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Figure 2. Strut and tie model for control and retrofitted
beam-column joints

For all the materials used in the strut and tie model, non-
linear behavior was considered according to the
experimental specimen and validation was performed in
the finite element environment. The stress-strain curves of
compressive and tensile behavior of concrete models are
specified in Figure 3. In this article, CDP models are used
for the 3D modelling of reinforced concrete beam-column
connections in the Abaqus program.

3. Results obtained from the strut and tie model

The load-displacement results of analysis by strut and tie
method along with finite element model results and
experimental results for seismic, non-seismic, and
retrofitted joints can be seen in Figure 4. The percentage
of low difference in effective stiffness and insignificant
difference in load such as yielding of the non-linear model

of compression and tension grip compared to the
experimental results shows that the ideal non-linear model
of compression and tension grip works well in predicting
force capacity and ductility in the form of monotonic
analyses. The proposed models have much closer results
than the micro-finite element models in agreement with
experimental specimens, and also predict well the strength
deterioration and the bond-slip effects of reinforcements in
non-seismic joints. Such a difference between two
different macro and micro models shows that innovative
and engineering-based simplification can lead to reliable
and accurate results. The strut and tie models presented for
retrofitted joints with the approach of joint enlargement
could well predict the increase of the force capacity and
sub-structure of the joint according to the dimensions of
the retrofitted tools.
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Figure 3. Stress-strain curves of concrete in tension and
compression

4. Conclusions

In this research, for the existing reinforced concrete beam-
column joints with and without observing seismic details
(in absence of transverse reinforcement and with
insufficient bond length of the beam bottom bars in the
joint area), strut and tie models with the ability to predict
non-linear potentials are presented. The results of non-
linear models of strut and tie compared to the experimental
specimens showed that the presented models have an
accuracy of 5% in estimating the load such as yielding of
the joint (5% better than the results of micro finite element
models) and 14% in the prediction of the effective stiffness
of the specimen (26% better than the results of finite
element). It is also capable of predicting the shear capacity
of the joint, effect of the stiffness of the joint on the shear
capacity, formation of plastic joint, the deterioration of
stiffness, slipping of the reinforcement in the joint, and its
effect on the increase in strength and stiffness of the joint.
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Figure 4. Load-displacement curve results of the non-linear
STM method with experimental and FEA results; a) seismic
connections, b) non-seismic C2, ¢) non-seismic C3, and d)
joints retrofitted by the proposed method

The use of strut and tie models presented for retrofitted
joints by enlargement resulted in accurate force-
displacement responses of the specimens. The proposed
truss models with non-linear potential can well predict the
yield level of beam reinforcements, and by distributing the
forces in concrete and steel handles, the final response,
including the deterioration of strength and stiffness of the
model, is available. The ability to investigate the effect of
the enlargement dimensions of the joint in the present
retrofitting plan is one of the capabilities of the proposed
strut and tie model. The results obtained from the strut and
tie model indicated 8% load compliance, such as yielding,
and 15% effective stiffness compared to the experimental
results for retrofitted joints.
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Non-Linear Strut and Tie Modelling Approach of Retrofitted Reinforced Concrete Beam Column Joint by
Prestress Joint Enlargement
S. Ahmad Nezami Jalil Shafaei

Abstract The need to retrofitted beam-to-column joints, which are made without observing seismic details, is definitely
a live and important issue. Connection damage is reported as one of the most worrying causes of building chain
collapse in effective earthquakes. The absence of transverse reinforcement and insufficient bond length of the beam
bottom bars in the joint area are still existing seismic weaknesses, which are still the subject of investigation and
presentation of a corresponding improvement plan. The strut and tie method based on the knowledge based on the finite
element method is a powerful and developable tool in the nonlinear field. In this research, analytical models are
presented for the evaluation of reinforced concrete side beam-column joints with seismic, non-seismic and retrofitted
details based on the method of joint enlargement based on the strut and tie methods. The results of the nonlinear strut
and tie modeling of retrofitted and un-retrofitted samples show that this model has the ability to detect the effect of
shear reinforcement of the joint area on the shear capacity and activated nonlinear mechanisms, including partial and
total bond-slip of the longitudinal beam reinforcements in the joint. Also, the influence of the dimensions of the
enlargement of the joint in the design of rehabilitation and deterioration of stiffness and strength is one of the other
capabilities of the proposed equivalent truss-type model. The use of strut and tie model in the existing and reinforced
joint has led to the estimation of the maximum force capacity of the sample with 6% accuracy based on the
accompanying experimental results. In predicting the effective stiffness of the specimens, the strut and tie models were
able to provide 25% more convergent response than the results obtained from the hard finite element models based on
the experimental results. This is while reducing the time, computational cost and increasing the quality of

understanding of the developed strut and tie method compared to the finite element micro model.

Key words Beam-Column Joints, Reinforced Concrete Structures, Strut and Tie Method, Joint Enlargement,
Equivalent Non-Linear Truss.
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