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Abstract

In many countries, such as Montenegro, numerous existing reinforced concrete (RC) buildings were designed and
built before the adoption of modern seismic codes. These buildings make up a significant portion of Montenegro's
RC building stock, making their assessment, retrofitting, and strengthening an urgent research topic. This
shortcoming because of insufficient transverse reinforcement, poor energy dissipation, and plastic hinges in
critical areas, making shear failures in RC beam-column joints one of the most common structural failure types.
Examining and modelling these RC joints and comparing results with experimental data is essential for advancing
seismic resilience. The primary goal of this paper was to improve understanding of RC joints, focusing on their
vulnerability and critical role in structural integrity. Although these joints represent a local failure point, their
breakdown can lead to the collapse of the entire structure. Another aim is to create a foundation for further
research, focusing on numerical and experimental analyses of strengthened/retrofitted RC joints.
A nonlinear static analysis of an RC joint was conducted using ANSYS software (version 24.2) with selected
material models (CPT215 and REINF264) representing the nonlinear behaviour of concrete and reinforcement,
respectively. The load was applied as displacement at the beam end in two steps, with a constant axial force in the
column. Vertical force-displacement diagrams were compared with experimental results and those in the ANSY'S
guide (version 19.1) to verify the convergence and accuracy of results.
Mesh density was varied, using finite elements (FE) of different sizes and shapes, including hexahedral and
prismatic forms. Results showed that element size significantly affects numerical accuracy. Additionally,
prismatic elements with triangular base achieving faster convergence. The runtime analysis using different mesh
densities and finite element types underscored how mesh and element selection impact the balance between
modeling accuracy and computational efficiency.

Keywords: Reinforced Concrete joints, Numerical and experimental analysis, Nonlinear static analysis, ANSYS
software
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1. Introduction

Many countries did not design reinforced concrete (RC) structures to effectively withstand seismic
forces before the 1970s. These structures often exhibit insufficient reinforcement details and inadequate
transverse reinforcement, which compromise their lateral strength, energy dissipation capacity, and
resistance to plastic hinge formation during earthquakes [1]. In Montenegro, seismic design regulations
were first implemented in 1964 after the Skopje earthquake, and today, Eurocodes serve as the sole
applicable standards. Common failure mechanisms include shear failure at beam-column joints, column
shear failure, and weak-story collapse. RC joints are particularly susceptible to damage, potentially

leading to the collapse of the entire structure, as illustrated in Figures 1-3.

Figure 1. Northridge Earthquake, Figure 2. Izmir Earthquake, Figure 3. Kocaeli Earthquake,
California, 1994, [2] Turkey, 1999, [2] Turkey, 1999, [1]

The "weak column-strong beam" mechanism contradicts the principles of performance-based design,
which prioritise ductile joints and follow a "strong column-weak beam" strategy. Allowing beams to
lose strength is preferable to column failure, as plastic hinges forming at beam-column connections can
compromise the overall stability of the structure, rendering this mechanism inappropriate for design
purposes.

In a two-dimensional RC frame exposed to an
earthquake, both columns and beams are subjected to
shear and bending forces, as shown in Figure 4. Beams
primarily endure shear forces and bending moments,
while columns must withstand not only these forces but
: also gravitational loads. Compressive and tensile forces

in columns and beams are transmitted through
v\L ™ W

RC joint zone

=
<

corresponding stresses within the joint.

'MJ T T W A widely adopted mechanism for shear transfer in joints
Earthquake loading is the diagonal strut-and-tie model [5], as illustrated in
Figure 5. According to Paulay, Park, and Priestley [5],
the strength of the diagonal strut governs the RC joint's
capacity before failure. As the shear force at the beam-
column connection rises, diagonal cracks develop in the
joint core, ultimately causing joint failure due to
concrete crushing within the core.

Figure 4. Forces that arise in the beam-
column joint zone during an earthquake, [3-4]

2. Literature review

Since the 1960s, extensive research has been conducted
on the behaviour of joints under seismic forces [6].
Hanson and Connor [7] performed some of the earliest
experiments, with subsequent advancements reported in
[8—11]. Ehsani and Wight [ 12] investigated the influence
of transverse beams, while Pessiki et al. [13] studied
joints lacking transverse reinforcement, revealing significant shear cracking upon failure [6]. Tsonos et
al. [14] emphasised the effectiveness of inclined overlapping reinforcement in enhancing seismic
resistance. An experiment detailed in [15] analysed corner beam-column joints in existing RC structures
subjected to low axial pressure to assess their seismic performance.

Figure 5. Forces that arise in the beam-
column joint zone during an earthquake, [4]
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The analytical model for RC joints, developed by Park and Paulay [16] and later refined by Paulay et
al. [5], identified two primary shear resistance mechanisms under seismic loading. Shear is transferred
through a diagonal concrete strut, assuming a perfect bond between concrete and reinforcement. Bond
slip occurs when longitudinal reinforcement displaces relative to the concrete due to a loss of bond
strength.

The interaction between concrete and reinforcement in joints was examined by Viwathanatepa et al.
(1979) [18] and Eligehausen et al. (1983) [19]. While most models assume rigid joints, [20] proposed
an alternative approach where the joint core remains elastic during seismic events, even if the
surrounding beams and columns sustain damage.

Bracci et al. [21] proposed reducing beam and column stiffness by applying experimentally derived or
calculated coefficients. Models that incorporate the behaviour of reinforcement, concrete, and bonding
are discussed in [22], while the effects of shear and bond slip are examined in [23, 24]. Shear strength
predictions for non-seismically designed joints are provided in [25], and the impact of shear
reinforcement is analysed in [26].

Since the 1960s, joint behaviour modelling has advanced significantly, with approaches categorised
into plastic hinge models [17, 27-28], component-based models [29—31], and finite element methods
(FEM) [3], each offering distinct strengths and limitations.

In software like ETABS and SAP2000, RC structures are modelled with the assumption of rigid beam-
column connections. However, this assumption is valid only when failures occur in weaker structural
elements rather than in the RC joints themselves [32]. The use of high-strength concrete has reduced
column dimensions, increasing the likelihood of joint failures during earthquakes, as observed in
Turkey and Taiwan in 1999. Consequently, joints cannot be assumed rigid and are identified as
vulnerable structural components, as emphasised in Section 1.

For detailed joint analysis, FEM tools like ANSYS [33] and ABAQUS [34] are widely employed.
ABAQUS, extensively used in both engineering practice and academia [35-39], simulates concrete
behaviour using damage parameters for compression and tension and models reinforcement with an
elastoplastic response to capture steel yielding and failure. The accuracy of such simulations relies
heavily on the proper calibration of input parameters against experimental data.

Numerous numerical simulations of RC joints under monotonic loading have been performed [40]. An
experimental and numerical study focused on enhancing seismic performance through additional
transverse reinforcement in RC joints is presented in [41]. Similarly, [42] provides a numerical analysis
in ANSYS of RC joint specimens under cyclic loading to replicate earthquake effects.

3. ANSYS software

3.1.General

In this study, ANSYS software [33] was utilised to simulate the behaviour of RC joints, accurately
modelling the properties of both concrete and reinforcement. ANSYS, a leading FEM-based tool,
facilitates both static and dynamic analyses for materials that are linear or nonlinear, allowing for the
simulation of elastic, inelastic, or viscous behaviours [43]. It enables incremental analysis of stress and
strain in RC elements, with capabilities to model large deformations, torsional stress, and contact
interaction.
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Model validation was conducted by comparing the results from

ANSYS with experimental data to ensure accuracy. The study \ns s
employed the user-friendly Workbench interface, which is ideal for

beginners, while also utilising the APDL scripting language for

advanced automation and customization. ANSYS Workbench,

Figure 6, supports a wide range of simulations, including structural, WORKBENCH

thermal, and fluid dynamics analyses. Key features of ANSYS Figure 6. ANSYS Workbench
Workbench include an integrated environment (a unified platform

for various simulations using ANSYS tools), pre-processing (advanced CAD import and geometry
simplification for time efficiency), solution technology (precise simulation of complex phenomena with
detailed insights), post-processing (tools for visualising and analysing results through 2D/3D plots,

animations, and reports), and model optimisation (optimisation algorithms to enhance performance and
reduce costs).

3.2.Modelling in ANSYS

The general process for conducting any analysis in A
ANSYS, as shown in Figure 7, whether for simple or 1
complex problems, includes the following steps: 2 | @ engnesrngData v
» Pre-processor: Define the geometry, material @ Geometry ? 4 Pre-processor
properties, loads, boundary conditions, and @ vode ¥ 4
finite element (FE) mesh. @ Sem‘? : 4 _
» Analysis: Solve the numerical model defined : zzl:;: 4 Solving

in the preprocessing phase. 4~ Post-processor

» Post-processor: Analyse and visualise the
results.

Selecting appropriate materials is crucial for
modelling and analysing structures, as it significantly impacts the behavior, properties, and durability
of the modeled structure or component. ANSY'S provides an extensive material library that users can
select from and modify as needed. Users can also define and add custom materials with specific
properties. The software supports various material types, including linear elastic, isotropic, orthotropic,
hyperelastic, viscoelastic, and many other combinations.

Static Structural
Figure 7. General steps for modelling in ANSYS

In ANSYS, essential material properties include the modulus of elasticity, volumetric density, thermal
expansion coefficient, and thermal conductivity When temperature effects are disregarded, material
properties can be treated as linear, requiring only a single iteration. However, propertles like the stress-

strain relationship are nonlinear and necessitate iterative WET R ' '

solutions. Material properties are specified at the element’s sp ) Emﬁlf;:;:;:'

centre or integration points, depending on the element type wf \

[44]. Accurately defining concrete and reinforcement sl |

properties in the model module is a critical step for simulating & »f S, 1

their behaviour and interaction. § sl f 1
]

In this paper, concrete was modelled using the Coupled 57 InitalLoacing 1

Damage-Plasticity (CDP) microplane model, which is well- ®E 1

suited for materials with diverse characteristics. This model 25 1

accounts for stiffness degradation and material softening, 2 =

challenges that were previously difficult to simulate, Figure et = 2

8. Strain (%)

Figure 8. Strain softening effect due to

This variant, developed by Zreid in collaboration with gradual damage of the material

ANSYS [45], was designed to incorporate mnonlocal
interactions, ensuring mesh-independent results. The model represents plasticity using effective stress
(in the undamaged space) and employs plastic deformations to capture the resulting damage [45].
Concrete’s response under varying stress triaxiality is simulated using the Drucker-Prager function,
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Figure 9. This involves defining the Drucker-Prager hardened yield surface

yield surface, which considers compressive, tensile, and e \“l A \/f el
linear regions. Vi )

The initial yield surface defines the boundary of a
material's elastic behavior. When the applied stress |
surpasses this boundary, the hardening process initiates. ¢
During this phase, plastic deformations occur, and the
elastic region gradually expands until it reaches the
hardened yield surface. This new boundary represents
the material's updated stress capacity, which will not be exceeded even with further increases in stress.
At this stage, material strength decreases, initiating the softening phase, [45]. Defining the CDP
microplane model requires specifying 13 parameters, which influence the stress-strain curve, Figure 9.

initial jyield surface
i

i
i
i
i
i
i
|
=

T C -
X+a*y oS o'y To T o}

Figure 9. Drucker-Prager function for
Microplane model

The concrete material model in ANSYS is implemented using three-dimensional elements (CPT214,
CPT215, and CPT216) and two-dimensional elements (CPT211, CPT212, and CPT213). In this study,
the CPT215 element was selected, with further details provided in later sections. Reinforcement was
modelled using the REINF264 element, with its nonlinear behaviour defined by a bilinear stress-strain
isotropic hardening model, which will be explained in more detail subsequently.

To ensure the numerical model accurately represents the physical structure, defining loads and boundary
conditions is essential. Loads can include forces applied to faces, edges, or vertices; remote forces or
moments applied at distant points; pressures such as fluid, wind, or internal loads; temperature
variations; and displacements, commonly used in boundary conditions. Support configurations range
from fixed and displacement-defined supports to more advanced options like cylindrical or spherical
supports. Proper application of loads and supports is critical to achieving accurate results. Furthermore,
generating the finite element mesh is a key step in the simulation process, with ANSYS Workbench
offering powerful tools to streamline this task.

Creating the finite element (FE) mesh is a crucial modelling step. ANSYS Workbench provides
automated tools with user control over mesh methods, scaling, and edge divisions. This study uses a
mesh of hexahedral and prismatic elements with triangular bases to discretize the RC joint, as detailed
later.

After preprocessing, ANSYS generates stiffness and mass matrices and load vectors for each element.
These are assembled into equations that govern system behavior, solved using methods such as:

» Direct solver: For small to medium models

» lterative solver: For complex models

» Time integration: For dynamic analyses

» Nonlinear solver: For nonlinear materials or large deformations

If solutions fail to converge, the software adjusts settings or iterations, providing error guidance if
needed. Upon successful analysis, users can view results such as displacements, stresses, and
deformations through contour plots, animations, graphs, or exported data.

4. Numerical example

This section presents the nonlinear static analysis of an RC exterior joint in ANSYS (version 24.2),
validated using experimental data from reference [47] and results from the ANSYS modeling guide
(version 19.1), [48]. The paper also investigates how mesh density and element type (hexahedral versus
prismatic) influence the speed of solution convergence and the sensitivity of results in nonlinear
analysis. Figures 10 - 11 illustrate the geometry of the analysed RC exterior joint [47] and the
corresponding geometry model in ANSYS, respectively.

The reinforcement used has the following properties:
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- -0 oy, = 470 MPa - yield strength of steel,
4012 ¥
The elastic properties of the concrete are:
750 =
412 1 fuc = 31.6 MPa— compressive strength of concrete,
#8/65 ) .
[ @8/130 v = 0.3 — Poisson's ratio,
s0c  E = 20000 MPa —modulus of elasticity,
1800
v , fpe = 36.34 MPa — biaxial strength of concrete
! —1100 —88
#8/50 ftc = 3MPa — tensile strength of concrete.
i 300
2014 + 1610
200
i I E: 2014 + 1910

300 dimensions in [mm]

Figure 10. Geometry of the analysed RC joint
and reinforcement detailing of the cross
sections

et g 1>L ;
[ ey ]

oot s

Figure 11. Geometry in ANSYS

Figure 12 shows the APDL commands for defining the CPT215 element and the parameters for the
Drucker-Prager model in ANSYS. The REINF264 element from the ANSYS library was used for
modelling reinforcement. This element is particularly useful for simulating reinforcement with arbitrary
orientations. The nonlinear behavior of reinforcement in the RC joint was defined based on the Bilinear
Isotropic Hardening model, as shown in Table 2.

[ the ENSYS SOLVE command

Figuré 12 APDL commands for defining the CPT215 element and
Drucker-Prager parameters
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Table 2. The bilinear isotropic model for steel

The material model for steel - Bilinear Isotropic Hardening oot °1 g
Modulus of elasticity Es 190 000 MPa > /j; E'/z CJ; .
Poisson's ratio, Vg 0.3 ; ’
Yield strength, o, 470 MPa
Tangent modulus, Er 1000 MPa

Defining proper boundary conditions is key to accurately modelling the RC joint and replicating
rotational supports from the experiment, Figure 13. Load is applied as a constant axial force of 94.80
kN on the column, and an 80 mm displacement at the beam end, Figure 14.

AT .
. Load frame o Column axial force
Jdmn /
11

" Actuaor I 2 <]
il “Load cell B
"~ Load ce] ~
Actuat s
- cruator Applied displacement

2 vl LVDJ Load cell
==
s F——1000
160 P

+:
b

=+ L LVDT . L g ke

L

P P | FAY Dimensions in [mm]

Figure 13. Experiment — analysed specimen with Figure 14. Shematic representation of the model —
boundary conditions, [48] boundary conditions and loading

Two time steps are considered: t; € [0,1], t, € [1,2], t in seconds. The axial force on the column is
applied in time step t;, and it remains constant at time step t,. 80 mm displacement is defined in time
step t,.at the beam end.

A finite element (FE) mesh was used to evaluate the accurancy and convergence of numerical solutions.
The mesh consisted of hexahedral elements with a size of 25mm, as illustrated in Figure 15.

4.1. Convergence and accurancy of the numerical solutions

To verify the convergence and accuracy of the numerical solutions
for the RC joint in ANSYS, vertical force—displacement (at the end
of the beam) curves were compared with those from the ANSYS
guide (version 19.1) and experimental data (Figure 16, Table 3).

40

30

1
= =  ANSYS GUIDE SIMULATION :
V — VERSION 19.1 H
20 i

VERTICAL FORCE (kN)

——— EXPERIMENTAL SIMULATION

— OWN ANSYS SIMULATION —
VERSION 24.2

0 10 20 30 40 50 60 70 80
0.00 500.00 1000.00 (mrm) DISFLACEMENT (MM)
I

. ] e . Figure 16. Comparison of vertical force-
Figure 15. Model discretised displacement curves at the end of the beam

with hexahedral finite elements . .
The results of the developed model align closely with those from the

ANSYS guide, particularly in the curve segment representing elastic behaviour and material hardening.
However, material softening in the developed model begins at a displacement of 35 mm, whereas it
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starts at 42 mm in the ANSYS guide Table 3.
model. Beyond this point, as a) Comparison of results b) Comparison of results
disp]acement increases, the results obtained from the ANSYS obtained from the own model
converge, with a final discrepancy guide with results from the own  with results from experiment
of 3.51% observed at an 80 mm model I
dlsplacement SIMUTJ’:I:I\:NRP\IIZFRSIDN smmmi DIFFERENCE EXPERIMENT 12’;‘;:‘3;‘2:; s
18.1 VERSION 24,2 (9] — e B
The results in Table 3 are displayed : L : o — : : : E
0 13 0 11 18.92
as whole numbers, reflecting the : . . 5 ey : i : EER
4 0 4 40 0.15 2 21 2 29 25.98
original data format. To maintain : 2 : 2 B : z 2 x| nn
consistency, the developed model's : o : = i : ® : T
results have also been presented in 5 5 B E an 0 = 0 & | uw
. = 13 39 13 64 7.99
this manner. i a a @ in & u = 2 | sy
:i : :; :; :j: 17 62 17 85 4.51
An investigation into discrepancies L ~ = - - = - = &
between ANSYS versions 19.1 and % i s = o5 T = = o ik
.. = 6 57 6 51 10.79
24.2 revealed that variations may @ s o = = - - & D e
arise from differences in operating i 2 I = Ls = = - T
systems, processor cores, and % 5 > 5 = s p ) T

software configurations. Additional

factors include the lack of specific

details regarding the ANSY'S guide model's load distribution and incremental application. Furthermore,
the tolerance value used in the Newton-Raphson method significantly affects numerical accuracy—
lower tolerances require more iterations, while higher tolerances increase the risk of errors if
convergence is not achieved.

The force-displacement curve from the developed ANSYS model closely matches the experimentally
obtained curve in terms of shape. However, the most significant deviations occur during the material
softening phase. Additionally, it is important to note that experimental results may be influenced by
both instrumental and random errors.

4.2.Variation in Finite Element mesh density and type

The finite element (FE) mesh density was initially formed using hexahedral elements, followed by
prismatic elements, and the resulting data was analysed and compared. Meshes with element sizes of
35 mm, 50 mm, and 100 mm were generated, as shown in Figure 17, and evaluated against a 25 mm
mesh, which served as the benchmark for accuracy and convergence. This methodology was employed
to assess the sensitivity of nonlinear numerical analysis results to changes in FE mesh density and to
determine the impact of mesh refinement on the accuracy of the results.

0.00 500,00 1000,00

0.00 500.00 1000,00 (rmrm T 000 0.00 500.00 1000.01

250,00 750,00 250,00 750,00

Figure 17. b)' Disc.retisati.on of  Figure 17. ¢) Discretisation of
the RC joint using finite the RC joint using finite
elements of size 50 mm elements of size 100 mm

Figure 17. a) Discretisation of the RC
joint using finite elements of size 35
mm
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The next section presents the force-displacement

curves for models created using different finite -
element (FE) sizes in the mesh generation process,
as illustrated in Figure 18. The size of the finite
elements has a significant influence on mesh
generation and the accuracy of results, particularly
in nonlinear analyses. While variations in FE mesh

VERTICAL FORCE (kN)

20 ' =—25mm —35mm
density have little effect during the elastic phase, " S —toomm
discrepancies become more pronounced in later L L
stages. As shown in Figure 18, meshes with element
sizes of 100 mm and 50 mm fail to deliver Figure 18. Curve vertical force-displacement at
satisfactory results, whereas the 35 mm mesh the end of the beam relative to the variation in
closely approaches the accuracy of the 25 mm

finite element size
mesh. Smaller elements enhance precision but require longer simulation times and better computational
resources.

In addition to the element size comparison, the study also evaluated results obtained using hexahedral
element meshes alongside models generated with prismatic elements with triangular bases. The

prismatic element meshes were created with the same element sizes—35mm, 50mm, and 100mm—as
in the previous analysis, Figure 19.

Figure 20 presents a comparison of the vertical force-displacement curves for both types of finite
elements used to discretize the analysed RC joint.

It is evident that models with meshes generated using prismatic elements with triangular bases

demonstrate faster convergence compared to those with hexahedral elements, particularly for cases
involving 35mm element sizes.

SA/
RO/RD
<RIASKA

AT
FRRRRRE

SN,
AYATAY

Y
N

(A

Ve,
arg
g
%
Yar
Yary|
Yarg
|
v
Y
%

s
RSK!

000 0.00

1000.00 (mm)
I

poza
=K

25000

000

500,00
750,00

— — — — "

Figure 19. a) Discretisation of the Figure 19. b) Discretisation of the = Figure 19. ¢) Discretisation of the

RC joint using prismatic finite RC joint using prismatic finite RC joint using prismatic finite
elements of size 35 mm elements of size 50 mm elements of size 100 mm
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5. Conclusion

This study conducted a nonlinear static 50
analysis of a reinforced concrete (RC) joint
using ANSYS software (version 24.2) to
better understand RC joint behaviour and
evaluate the feasibility of such

= ?5mm - hexahedral FEs (for comparison) —35mm - hexahedral FEs

VERTICAL FORCE (kN)

connections. It also aimed to provide a » Somm - kexabedral ks T 100mm - hesahedsal FEs
. 3 . 10 mm - pr s 100mm - prismatic FEs
foundation for future research involving o ——35mm-  prismi

o] 10 20 30 40 50 60 70 80

numerical and experimental analysis of
strengthened RC  joints. Nonlinear
behaviour was modelled using ANSYS Figure 20 Curve vertical force-displacement at the end of
material models (CPT215 and REINF264), the beam relative to the variation in finite element type

with loads applied in two steps: displacement at the beam’s end and a constant axial force on the column.

DISPLACEMENT (MM)

Force-displacement curves from the numerical model were compared with experimental data and results
from the ANSYS guide (version 19.1) to validate convergence and accuracy. The force-displacement
curve generated by own ANSY'S model closely aligns in shape with the experimentally obtained curve.
However, the most notable discrepancies are observed during the material softening phase. It is also
essential to consider that experimental results may be affected by both random and instrumental errors.

Analysis of finite element (FE) mesh density, element size, and type (hexahedral versus prismatic
elements with triangular bases) revealed that even for simple geometries, element size has a significant
impact on numerical accuracy. Additionally, prismatic elements with triangular bases achieved faster
convergence compared to hexahedral elements.

Future research could focus on analysing RC joints under various loading conditions, exploring
alternative material models or input parameters, and modelling strengthening techniques for these
connections. This would enhance understanding of the factors influencing joint behaviour and
performance, contributing to improved design and strengthening of RC structures.
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