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Beam-column joints are critical components influencing the seismic performance
of reinforced concrete (RC) frames, especially in regions with moderate to high
seismic activity. A significant proportion of Algeria's building stock was
constructed before 1980, prior to the adoption of the Algerian seismic regulations,
resulting in inadequate seismic detailing and making these joints especially
vulnerable to earthquakes. This study examines the impact of initial cycles
of lateral load on the seismic performance of non-conforming external reinforced
concrete beam-column joints, focusing on early stiffness degradation and energy
dissipation processes. A three-dimensional nonlinear finite element model was
created in ANSYS and compared with experimental data from the literature,
confirming the accuracy of the numerical method. The originality of this work

resides in the infrequently studied correlation between stiffness loss and energy
dissipation, illustrated by a normalized dual-curve representation. This approach
helps the identification of a pivotal intersection point that signifies the threshold
of post-elastic behavior. A hybrid index (Duybrid) is proposed, incorporating these
two parameters into a singular synthetic indicator for the preliminary evaluation
of seismic performance. A detailed parametric analysis was performed to
investigate the impact of critical variables such as concrete compressive strength,
beam longitudinal reinforcement ratio, and joint core confinement. The findings
indicate that the early loading cycles are crucial in initiating stiffness degradation
and cumulative energy dissipation, determining the beginning of nonlinear
behavior, and substantially affecting the seismic response of
nonconforming joints.

Energy dissipation;
Hybrid index
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1. Introduction

Algeria is one of the most seismically active countries in the Mediterranean due to the convergence
between the African and Eurasian plates. Past earthquakes, such as the 1980 El-Asnam (moment
magnitude, My, 7.3) and the 2003 Boumerdes (M., 6.8), have highlighted the high vulnerability of
existing reinforced concrete frame buildings, particularly at beam-column joints [1]. This
vulnerability is not limited to Algeria but is observed worldwide, where many RC buildings were
built prior to the adoption of modern seismic codes and the capacity design philosophy. Such
structures often exhibit inadequate detailing, which significantly compromises the seismic
performance of beam-column joints, leading to rapid stiffness degradation and limited energy
dissipation under seismicloading [2, 3]. Numerous catastrophic structural failures reported in past
earthquakes have been attributed to the poor performance of RC beam-column joints. Post-
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earthquake reconnaissance missions consistently show that damage is frequently concentrated in
these joints, often resulting in partial or total collapse of RC frame systems [1, 4, 5].

In view of these deficiencies, substantial research has been conducted in the past few decades to
enhance the understanding of non-ductile reinforced concrete beam-column joints and to design
appropriate assessment and retrofit methodologies. Pioneering research from the 1980s, by
Durrani and Wight [6] and Ehsani and Wight [7], showed that the number of joint stirrups, joint
shear stress, and the presence of transverse beams affect stiffness degradation, energy dissipation,
and the overall seismic performance of reinforced concrete beam-column joints. Subsequent
investigations of gravity-load-designed sub assemblages [8, 9] demonstrated flexure-dominated
damage, insufficient ductility, and significant column failures, affirming the critical influence of lap
splice location, joint reinforcement, and bar anchorage. Pampanin et al. [1] examined joints
characteristic of 1950s-1970s construction, characterized by smooth bars, absence of transverse
reinforcement, and insufficient anchorage, revealing panel-zone vulnerability, stiffness loss due to
bar slip, and brittle "concrete wedge" failures in external joints. Clyde et al. [10] and Pantelides et
al. [2] proved the seismic vulnerability of these joints, illustrating that insufficient anchoring led to
bond-slip and pinching, while increased axial load somewhat improved shear strength but reduced
ductility and accelerated stiffness degradation. These results led to an extensive amount of
research on ways to retrofit. RC or Carbon Fiber Reinforced Polymer CFRP jacketing effectively
converted brittle shear failures into ductile beam hinging, significantly improving energy
dissipation [11, 12]. Kuang and Wong [13] illustrated how important beam bar anchorage is for
joint shear strength and hysteretic response. Testing on real joints from a building that was
damaged in the 2009 L'Aquila earthquake revealed that FRC jacketing stopped joint shear failure,
modified the response to beam yielding, and significantly enhanced shear strength and energy
dissipation [14].

Recent studies have concentrated on new retrofitting and design strategies for non-seismic
reinforced concrete joints. Sonawane and Dubey [15] noted that rectangular spiral reinforcement
significantly enhanced crack control, ductility, and energy dissipation in comparison to traditional
stirrups. Shaaban and Seoud [16] demonstrated that the combination of ferrocement layers with
steel angles significantly enhances stiffness retention, energy dissipation, and ductility under cyclic
loading. Lim et al. [17] have shown that incorporating a CFRP grid into engineered cementitious
composite (ECC) enhances crack control, ductility, and energy dissipation relative to high-strength
mortar or retrofitted specimens. Araby et al. [18] augmented gravity-load-designed joints using
ferrocement layers, demonstrating considerable enhancements in deformation capacity, stiffness,
and energy dissipation, while exhibiting no notable change in ultimate strength. Following these
trends, Helal et al. [19] used post-tensioned metal straps to reduce the loss of stiffness and increase
strength and energy dissipation. Similarly, Golias and Karayannis [20] used X-shaped near-surface
mounted NSM Carbon Fiber Reinforced Polymer C-FRP ropes to get strength gains of up to ~65%
and energy dissipation gains of up to three times.

In addition to experimental research, various analytical formulations have been created to analyze
the cyclic behavior of RC beam-column joints. Paulay and Priestley [21] developed significant
formulations for joint shear strength and ductile detailing that became the basis for many models
developed after them. Biddah and Ghobarah [22] and Hwang and Lee [23] established models that
included joint shear deformation, bond-slip effects, and softened strut-and-tie mechanisms, and
they were tested against large sets of experimental data. Pantelides et al. [2] tested six full-scale
exterior joints with inadequate reinforcement details. They evaluated load capacity, drift, shear
strength, and ductility under two levels of axial load. They proposed and approved limit-state and
strut-and-tie models to forecast the failure mechanisms of joints designed for gravity loads. Lowes
et al. [24] created a four-node joint element that was added to OpenSees. It modeled bar slip, panel
shear, and interface shear degradation, and it was tested against a lot of experimental data. Mitra
and Lowes [25] modified this model by incorporating diagonal strut shear formulation and an
improved bar-slip representation, resulting in increased precision in illustrating stiffness and
strength degradation under cyclic loading. Celik and Ellingwood [26] and Park and Mosalam [27]
complemented these developments with calibrated models for joints without transverse
reinforcement and for fragility assessment, whereas Le-Trung et al. [28] applied analytical
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modeling to CFRP-strengthened connections, precisely predicting stiffness degradation and energy
dissipation. LaFave and Kim [29] collected 341 joint tests and created Bayesian shear strength and
deformation models that highlight the impact of joint aspect ratio, confinement, and concrete
strength, outperforming code-based equations and enabling mechanism-based joint modeling.

Recent research has concentrated on the advancement of advanced macro-elements and retrofit-
oriented modeling to enhance predictive accuracy and computational efficiency. Mosallam et al.
[30] used analytical and nonlinear numerical modeling to evaluate FRP-retrofitted joints, showing
substantial enhancements in strength, stiffness retention, and energy dissipation. Panto et al. [31]
reinforced this trend by introducing the "Joint with Hinges" macro-element, which can reproduce
panel shear, bar slip, and plastic hinge formation in one framework. Simultaneously, Gombosuren
and Maki [32] created simpler predictive equations for joint shear deformation indices. These
equations are useful for finding inelastic joints without having to do a full nonlinear analysis.
Grande etal. [33] developed a nonlinear macro-model derived from the “scissors model,” calibrated
in OpenSees, to simulate pinching and cyclic degradation phenomena. The latest works by Irrefio
Palomo et al. [34] and Kalogeropoulos et al. [35] integrated analytical and numerical methods for
Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) UHPFRC-jacketed and deficient
joints, respectively, precisely replicating stiffness degradation, energy dissipation, and failure
mechanisms under cyclic loading.

In general, these analytical studies reveal how approaches have evolved, from local shear models
to more comprehensive macro-models. This data shows how advanced this field of research has
become. The first numerical methods used simplified macro-models to make frame-level
simulations cheaper to run. Lowes and Altoontash [24] developed a joint element in OpenSees that
combines a shear panel and bar-slip springs. This element shows how stiffness and strength change
under cyclic loading. Mitra and Lowes [25] modified this formulation by incorporating a confined-
concrete shear strut and refining hysteretic rules to more accurately simulate pinching and energy
dissipation. These advancements formed the basis for subsequent finite element modeling,
prompting a shift towards more detailed 3D simulations capable of representing localized cracking,
bond-slip phenomena, and joint shear stress distributions.

Researchers gradually adopted detailed 3D nonlinear finite element method (FEM) simulations to
enhance the depiction of joint mechanics. Goto and Joh [36] combined cyclic tests with DIANA
analyses to observe shear cracking caused by eccentricity and a reduction in stiffness after the peak.
Ibrahim and Elbadry [37] validated ATENA 3D models for joints reinforced with double-headed
studs, replicating hysteretic loops and proving their ductile behavior. Eslami et al. [38] utilized
ANSYS to illustrate that CFRP retrofitting can move plastic hinges to beams and establish a strong-
column weak-beam mechanism, increasing the estimated seismic capacity from 0.37g to 0.45g. Baji
et al. [39] utilized VecTor2 to forecast load-displacement responses and failure modes of FRP-
strengthened joints beyond experimental thresholds. Further research by Venkatesan et al. [40]
and Laseima et al. [41] used ANSYS simulations and cyclic tests together to show that ferrocement
or FRP strengthening increases moment capacity and cumulative energy dissipation (up to 200%)
and delays stiffness loss. Al-Rousan and Alkhawaldeh [42] extended this study by explicitly
simulating FRP-concrete bond degradation in ANSYS, demonstrating that bond deterioration
under 30% continues to enhance ductility and retard stiffness loss.

Recent studies have concentrated on advanced materials, hybrid methodologies, and machine-
learning-enhanced predictions. Kytinou et al. [43] employed full-scale tests and complete Abaqus
models to verify the seismic performance of CFRP-reinforced joints, precisely predicting bar slip
and hysteretic loops. Fayaz et al. [44] numerically illustrated in Abaqus that the combination of
UHPFRC and CFRP retrofitting results in a 2.6-fold increase in peak load and considerably
postpones the deterioration of strength and stiffness. Marie et al. [45] established a machine
learning framework [(Ordinary Least Squares (OLS), Support Vector Machines (SVM), K-Nearest
Neighbour Regression (KNN), Multivariate Adaptive Regression Splines (MARS), Artificial Neural
Networks (ANN), Kernel Regression with mixed data types (Kernel)] that reached an R? value of
0.9752 for predicting shear strength, providing a cost-effective substitute for complicated
simulations. Zhuang et al. [46] employed OpenSees fiber models to examine prefabricated FRC
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joints featuring grouted sleeves, suggesting optimal shear-span ratios ranging from 2.0 to 2.5. In
2025, Sayed Ahmed et al. [47] demonstrated the efficacy of steel-angle retrofits through 3D finite
element modeling. Concurrently, Maulana et al. [48] and Sabbahfar et al. [49] confirmed the DIANA
and ATENA 2D models on non-ductile interior joints, successfully capturing crack propagation,
hysteresis loops, and stiffness degradation. Furthermore, Prakash and Parthasarathi [50] used both
Complete Abaqus Environment (Abaqus/CAE) simulations and ANN regression to test FRP-
rehabilitated joints at high temperatures. They found that CFRP laminates were the best for
thermal and mechanical strength.

The critical review of experimental, analytical, and numerical studies highlights significant
advances in understanding the seismic behavior of RC beam-column joints, yet underscores a lack
of focused research on the early degradation phase and on the correlation between stiffness loss
and energy dissipation in such joints.

The current study is part of a larger research project aimed to investigate the seismic strength of
existing RC buildings, with a focus on the exterior beam-column joints in Algerian buildings
constructed before 1980. These joints often lack adequate seismic detailing, which makes them
very likely to be damaged by earthquakes. More specifically, this work examines the early behavior
under reversed lateral loading, which is a phase characterized by significant stiffness degradation
that primarily affects the subsequent structural response. Unlike most existing studies that analyze
beam-column joint behavior until failure, this research concentrates on the onset of degradation,
a critical phase for forecasting structural vulnerability. Its originality resides in the establishment
of a direct correlation between stiffness loss and cumulative energy dissipation via a normalized
dual-curve representation, a topic rarely addressed concurrently in existing literature. This method
shows a key point where post-elastic behavior starts. A hybrid index (Duybria) is also suggested,
which combines normalized residual stiffness and cumulative energy dissipation into one
measurable indicator for early damage assessment.

The created three-dimensional nonlinear finite element model, which was validated against
experimental data in ANSYS [51], allows for accurate tracking of stiffness degradation and energy
dissipation at each cycle. This provides new insights into the vulnerability of RC joints to seismic
activity. A detailed parametric analysis subsequently examines the influence of important factors
such as concrete compressive strength, beam longitudinal reinforcement ratio, and joint core
confinement on energy dissipation and stiffness degradation. The results reveal the factors
influencing initial degradation under cyclic loads and offer a practical instrument for evaluating
seismic vulnerability.

2. Materials and Modelling Procedure
2.1. Finite Element Modelling of Exterior RC Beam-Column Joints

Using ANSYS [51], a three-dimensional nonlinear finite element (FE) model was created to simulate
the cyclic behavior of RC exterior beam-column joints. The modeled joint subassembly accurately
reproduced the geometry and reinforcement details of the experimental specimen. The Solid65
element, an eight-node brick with three translational degrees of freedom per node, was used to
model concrete. It could simulate both tensile cracking and compressive crushing. We used a multi-
linear stress-strain curve, the Von Mises yield criterion, and the Willam-Warnke failure model to
define how the concrete would behave. This work was done to show how it would respond and fail
in a nonlinear way [52]. Shear transfer coefficient is taken 0.25 for open cracks and 0.99 for closed
cracks [51, 53].

LINKS8 truss elements, each with two nodes and three translational degrees of freedom, were used
to show the steel reinforcement in the beams and columns. A multi-linear kinematic hardening
model (MKIN) was used to reproduce the inelastic steel response. This model utilized parameters
such as elastic modulus, yield strength, and tangent modulus [53]. Even though bond-slip between
concrete and reinforcement significantly influences joint behavior, this study assumed that there
was a perfect bond. To satisfy this assumption, reinforcement elements were connected to adjacent
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concrete solid elements by sharing common nodes, thus enabling full interaction between concrete
and steel.

The finite element model was developed based on the test specimen RCNH1, selected from the
literature (Figure 1). This specimen was part of an experimental program on exterior RC beam-
column joints conducted by Gencoglu and Mobasher [54]. In the nonlinear analysis, the total load
was applied incrementally, and the solution was obtained using the modified Newton-Raphson
method [51]. Appropriate boundary conditions and loading were defined to replicate the
experimental setup. Taking advantage of the symmetry in both geometry and loading, only half of
the joint was modeled in the finite element analysis (FEA), which considerably reduced
computational time and memory requirements. In the numerical model, Solid45 elements were
used to simulate the steel loading plates. The nodes of these steel elements were connected to those
of the adjacent concrete elements (Solid65) to satisfy the perfect bond assumption.
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Fig. 1. Geometry and reinforcement details of exterior beam-column joint specimen RCNH1
[54]

The RCNH1 specimen was a half-scale exterior joint designed to replicate the characteristics of
older RC structures with poor seismic detailing. The beam was 125 mm x 300 mm in cross-section,
and the column was 125 mm x 200 mm. The longitudinal reinforcement of the beam penetrated
200 mm into the joint. The joint region didn't have any transverse reinforcement, which is a
common problem seen in pre-code construction.

The specimen was constructed using concrete with a compressive strength of 30 MPa. The
longitudinal reinforcement was made of Grade 60 steel bars (yield strength ~ 525 MPa), and the
stirrups were made of Grade 40 steel bars (yield strength ~ 290 MPa). The column had a constant
axial load of 90 kN on it, which is about 13% of its axial capacity (0.13 Ag f'c). Reversed cyclic lateral
loading was simulated in ANSYS under displacement control. Alternating positive and negative
displacement cycles with progressively increasing amplitudes were applied at the beam free end
using APDL tabular functions. This loading history reproduced the experimental protocol slowly
imposed by a 250 kN Mechanical Testing Systems (MTS) actuator [54].

2.2. Experimental Validation of the Finite Element Model

To validate the accuracy of the developed numerical model, the experimental specimen RCNH1,
tested at Arizona State University, was adopted as a benchmark reference. This specimen, reported
by Gencoglu and Mobasher [54], represents a non-conforming exterior RC beam-column joint
subjected to reversed cyclic loading. Since the original experimental data were not publicly
available, representative points were extracted from the published hysteresis curves using a
digitization tool to reproduce the overall cyclic response for model validation.
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Figure 2 presents the cyclic load-displacement response at the beam tip, comparing the
experimental data of specimen RCNH1 with the finite element (FE) simulation. The experimental
loops (in black) exhibit the typical pinching effect and progressive stiffness degradation resulting
from bond-slip and shear damage in the unconfined joint core. Conversely, the simulated loops (in
red) display a fuller hysteretic shape with a less pronounced pinching behavior, especially at larger
displacement amplitudes.

The numerical model constructed with ANSYS properly represents the seismic behavior of RC
beam-column connections, particularly for the load-displacement envelope, peak strength, and
stiffness progression. The initial loading cycles are captured with sufficient accuracy to enable a
reliable analysis of stiffness deterioration and energy dissipation, which are the primary focuses of
this study. The hysteresis loops generated by the simulation appear fuller and exhibit reduced
pinching compared to those observed in experiments. This reaction aligns with conventional finite
element modeling techniques that do not explicitly incorporate bond-slip effects and progressive
local degradation. As previously highlighted by Ronagh and Baji [55], this modeling simplification
does not significantly compromise the model’s ability to provide reliable predictions for assessing
the seismic vulnerability of existing joints during the early phases of cyclic loading.
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The curve in Figure 3 shows the maximum cyclic load attained by both the finite element (FE)
model (ANSYS) and the experimental specimen RCNH1 at each displacement level. In general, the
two responses are in good agreement. The general shape and trend of the load-displacement
backbone curves are well reproduced, confirming the model’s ability to accurately capture early
stiffness degradation and the nonlinear cyclic behavior of RC joints.

2.3. Modeling of Pre-Code Non-Conforming RC Joints in Algerian Buildings

After validating the initial numerical framework, a finite element model was developed to analyze
the seismic response of RC exterior beam-column joints representative of typical Algerian
buildings constructed in 1971. These joints commonly exhibit inadequate detailing practices,
including smooth longitudinal bars, inadequate anchorage, no transverse reinforcement in the joint
core, and poor confinement conditions. All of these factors make them significantly more likely to
fail when they are loaded laterally. This numerical model serves as the foundation for a parametric
study designed to quantify the impact of critical design parameters, such as concrete compressive
strength and longitudinal and transverse reinforcement ratios, on seismic behavior in the early
stages. We put a lot of focus on assessing stiffness degradation and hysteretic energy dissipation
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during the firstloading cycles. These are important signs of when structural damage starts and how
it becomes worse.

Figure 4 illustrates the geometry and size (in cm) of the modeled specimen for the numerical
analysis using ANSYS [51] to simulate the RC exterior beam-column joint. The appropriate element
types and material properties used in the model are described below.
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Fig. 4. Overall geometry and dimensions of the modeled RC beam-column joint (in cm)]

The material properties of concrete and reinforcement adopted for the numerical modeling of the
beam-column joints are summarized in Tables 1 and 2.

Table 1. Concrete material properties

Compressive strength, Tensile strength, Young’s modulus
f; (MPa) f: (MPa) E; (MPa)
30 2.4 32164.19

Table 2. Reinforcement material Properties

Reinforcement Yield strength, Young’s modulus,
fy (MPa) E, (GPa)
Longitudinal reinforcement 400 200
Transverse reinforcement 240 200

The FE model using ANSYS [51] was analyzed under reversed cyclic lateral loading. Figure 5 shows
the stress-strain relationship of concrete, modeled using the Multilinear Isotropic Hardening
option, based on the approach proposed by Kachlakev et al. [53]. The stress-strain relationship for
reinforcing steel is defined as a bilinear model, assumed to be elastic-perfectly plastic, as illustrated
in Figure 6. A perfect bond between concrete and steel reinforcement was assumed. The steel
reinforcement was connected to the nodes of each adjacent concrete solid element, so that both
materials shared common nodes, ensuring full interaction.

The finite element mesh of the beam-column model is shown in Figure 7. A uniform element size
of 25 mm was adopted, as it ensured a satisfactory compromise between numerical convergence
stability and computation time. Due to symmetry in both geometry and loading, only half of the
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width of the model was represented in the finite element analysis (FEA). Cyclic bending was applied
at the free end of the beam to simulate the effect of a severe earthquake (Figure 8). The load was
applied at a distance of 5 cm from the free end of the beam, through steel plates.
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Fig. 7. Mesh of the concrete, steel plate, and Fig. 8. Application of cyclic loading through
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The boundary conditions were defined at the plane of symmetry and at the ends of the columns.
The displacements of the nodes at the top of the columns were constrained to zero in all three
directions. With respect to the plane of symmetry located in the XY plane, the Z-displacement of the
nodes lying on this plane was also set to zero.

3. Results and Discussion

3.1 Hysteretic Moment-Rotation Response from FE Simulation

Figure 9 illustrates the moment-rotation hysteresis curve. It displays a steep initial elastic segment,
then the stiffness decreases and the hysteresis loops become wider, signifying cumulative energy
dissipation. There is a clear difference between the positive and negative branches, caused by the
uneven distribution of longitudinal reinforcement (3@10 at the top of the beam vs. 2014 + 1@16 at
the bottom). The joint reached a maximum moment of 106 kN.m at a rotation of 0.0072 rad in the
upward direction and 60.2 kN.m at 0.0085 rad in the downward direction, beyond which
convergence failure occurred due to excessive cracking.
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-0,005 0,005 0,0075 0,01
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-100

-120
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Fig. 9. Moment-rotation hysteresis curve of the RC joint obtained from Ansys

3.2 Stiffness and Energy Dissipation Characteristics

In seismic studies of reinforced concrete structures, two aspects are often examined to understand
how beam-column joints behave under cyclic loading: the loss of stiffness and the ability to
dissipate energy. The gradual reduction in stiffness reflects how the joint becomes less rigid as
loading cycles progress, while energy dissipation describes its effectiveness in absorbing and
releasing the input energy through the hysteretic response of the materials.
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The degradation of stiffness was evaluated cycle by cycle through the peak-to-peak stiffness Kpp.
This parameter corresponds to the slope of the secant line connecting the maximum and minimum
moment points on the moment-rotation hysteresis loop for each cycle [35, 56]. The energy
dissipated per cycle is quantified by the area enclosed within the moment-rotation hysteresis loop
[17, 18]. The results summarized in Table 3 and illustrated in Figures 10 to 12 present the
combined evolution of peak-to-peak secant stiffness and energy dissipation.

Table 3. Evolution of stiffness degradation and cumulative energy dissipation during early cyclic
loading

Peak to Peak ~ Normalised . Normalised
. ) Energy Cumulative energy .

Stiffness stiffness L L cumulative

Cycles . dissipation dissipation

Kpp degradation E. (N.m) E (N.m) Energy
(kN.m/rad) (Knorm) ¢ deum L (Enorm)
1 29632.82 1 9.81 9.81 0.0047
2 25474.38 0.86 34.40 44.21 0.0212
3 19948.88 0.67 145.00 189.21 0.0908
4 14674.85 0.49 359.00 548.21 0.2631
5 11717.11 0.39 602.00 1150.21 0.5520

From the first loading cycles, the stiffness starts to reduce: the peak-to-peak stiffness decreases
from 29632.82 kN.m/rad in the first cycle to 25474.38 kN.m/rad in the second, corresponding to a
14% reduction. This degradation continues to occur at different levels of intensity until it reaches
11717.11 kN.m/rad by the fifth cycle. This decline corresponds to a total loss of more than 60%, as
shown in Table 3, Figures 10 and 11.
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Fig. 10. Peak to peak stiffness degradation
during early cyclic loading

Fig. 11. Evolution of stiffness degradation
ratio during early cyclic loading

At the same time, energy dissipation stays relatively small in the beginning, with only 9.81 N.m and
34.40 N.m dissipated in the first and second cycles, respectively. This indicates that the initial
hysteretic energy absorption capacity is limited. From the third cycle on, there is a significant
increase, and by the fifth cycle, it reaches 602 N.m, as shown in Table 3. This behavior shows that
large inelastic deformations are starting to happen, marking the transition of the joint into a
nonlinear response regime.

As illustrated in Table 3, the normalized stiffness degradation (Knorm) is defined as the ratio K;i/Ko,
where Ko denotes the initial reference stiffness evaluated from the first loading cycle. In parallel,
the normalized cumulative energy dissipation (Enorm) is given by the ratio Ecum,i/Erer, with Erer
corresponding to the cumulative energy dissipated at the end of the analysis.

10
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Fig. 13. Evolution of normalized stiffness degradation and cumulative energy dissipation
during early cyclic loading

Figure 13 shows how normalized stiffness degradation (Knorm) and normalized cumulative energy
dissipation (Enorm) change as drift (%) changes. There is a clear inverse relationship: as drift
increases through the first five loading cycles, stiffness decreases and energy dissipation, which
was low at first, rises sharply at higher drift levels.

The normalized stiffness degradation (Knorm) is equal to its reference value (1.00) at cycle 1, which
corresponds to a drift of 0.24%. The normalized cumulative energy dissipation (Enorm), on the other
hand, is almost zero, or close to 0%. At cycle 2 (0.43% drift), the normalized stiffness decreases to
0.86, reflecting a reduction of approximately 14%. Energy dissipation stays low, though, making up
only about 2% of the total cumulative energy at the end of the analysis. At cycle 3, the drift reaches
0.57%, and the normalized stiffness exhibits a further reduction to 0.67, corresponding to a loss of
about 33%. The normalized cumulative energy, on the other hand, increases to about 9%. At this
point, inelastic mechanisms start to work, and the material moves out of the elastic range. The
degradation grows worse at a drift of 0.75% (cycle 4) and 0.95% (cycle 5): the stiffness diminishes
to 0.49 and 0.39, respectively, amounting to a total decrease of about 61 %. At the same time,
normalized energy dissipation speeds up quickly, reaching 26% and 55% of the total cumulative
energy.

This contrasting evolution underscores the gradual involvement of energy-dissipating mechanisms
in a low-ductility RC joint. Previous research has frequently examined stiffness degradation and
energy dissipation in isolation; however, the novelty of the current study resides in the direct
correlation of these two mechanical responses via a dual normalized-curve representation. The
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intersection of the two normalized curves, seen in the drift range of 0.75% - 0.95% (cycles 4 and 5)
at a normalized value of about 0.45, may be a key point where energy dissipation becomes more
important than stiffness, marking the shift from serviceability to damage. The combined
normalized-curve approach is unique to this study; however, analogous mechanical behaviors have
been documented in experimental research. Tsonos et al. [57] specifically noted that RC joints
constructed per outdated code provisions demonstrate significant stiffness degradation, while
their energy dissipation capacity is restricted during initial loading phases, unlike well-detailed
joints that preserve a more consistent hysteretic response.

3.3 Hybrid Index Linking Stiffness Degradation and Energy Dissipation

In this section, we propose the Dyypriq index, which combines the evolution of normalized stiffness
loss (Knorm) and normalized energy dissipation (Enorm). It is inspired by the work of Park and Ang
[58], who related ultimate deformation to hysteretic energy dissipation for the evaluation of
seismic damage. Unlike this formulation, which depends on ultimate deformation unobservable
during the early cycles, the present approach replaces it with normalized stiffness loss while
preserving the contribution of cumulative energy dissipation. By construction, the index remains
bounded between 0 (undamaged) and 1 (fully damaged), thereby providing a simple and directly
applicable tool for assessing early-stage damage in RC beam-column joints subjected to cyclic
seismic loading. At cycle i, the hybrid damage index is defined as:

. K Evmi 1
Ditypria(D) = @i (1= 25 + (1 — a;). (24 (1)
KO Eref

Where; K, : the secant stiffness at cycle 7; K| : the reference stiffness (initial tangent or first-cycle

secant); £, ;: the cumulative hysteretic energy up to cycle /; £,.,: a common energy reference.
The adaptive coefficient, denoted as «;, is expressed as follows:

K.
1%
(I-%

ai - Ki Ecum,i [2)
(1= 2h + Cmh

The normalized stiffness degradation at the cycle "i" is represented by the value of K;/Ko, while the

normalized cumulative hysteretic energy dissipation is represented by the value of Ecum,i/Eret.

Thus, the adaptive coefficient a; evolves depending on whether stiffness degradation or energy

dissipation predominates, ensuring a balanced contribution within the hybrid index.
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Fig. 14. Evolution of hybrid index (Duybria) vs. drift ratio (%) during early cyclic loading

Figure 14 shows how the proposed hybrid index (Duybria) changes over the first five loading cycles
as the drift ratio changes. The proposed index exhibits a gradual rise with increasing drift, reflecting
the combined effects of stiffness degradation and cumulative energy dissipation. During the first
loading cycle, at a drift ratio of about 0.24%, its value grows only slightly from 0.009 to 0.125,
indicating that the response remains essentially quasi-elastic with negligible hysteretic losses. The
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index rises more noticeably between the second (0.43%) and third (0.57%) cycles, reaching almost
0.275. This phase is the beginning of inelastic behavior, which is marked by a clear drop in stiffness
and an increase in energy dissipation. After the third cycle, the evolution becomes more stable and
follows a more linear path. It goes from about 0.35 at the fourth cycle (0.76%) to about 0.58 at the
fifth (0.95%). This pattern shows that the index can pick up on early-stage degradation and show
when RC beam-column joints go from elastic to inelastic response. The drift range observed in this
study, attaining a moderate value of 0.95%, highlights substantial early-cycle damage. The (Duybrid)
index offers an objective assessment of degradation and serves as a foundation for the parametric
analysis of critical parameters in their cyclic response.

4. Parametric Study

The studied parameters are the concrete compressive strength, the beam longitudinal
reinforcement ratio, and the transverse reinforcement ratio within the joint core. A 3D nonlinear
finite element analysis in ANSYS was conducted to assess their influence on joint performance in
terms of stiffness degradation, cumulative energy dissipation, and the hybrid index (Duybria). The
analysis focuses on the first five loading cycles, which capture early inelastic mechanisms.

4.1 Effect of Concrete Compressive Strength: f'c

This parametric study first examines the influence of concrete compressive strength (f'c) on
stiffness degradation and energy dissipation during the first few loading cycles. Three strength
levels are considered: 30, 40, and 60 MPa.

Figure 15 shows how the stiffness degradation ratio (1-(Ki/Ko)) increases in the first five loading
cycles for all concrete strengths. Higher f'c variants show a faster degradation in the early cycles.
This is because the initial stiffness is higher and the unconfined joint core is brittle when it shears.
But by cycle 5, the curves come together at about 61-63% degradation, which shows that the effect
of f'c disappears quickly.
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Fig. 15. Evolution of stiffness degradation Fig. 16. Cumulative energy dissipation during
ratio during early cyclic loading for various early cyclic loading for various concrete
concrete strengths strengths

These results confirm that in non-conforming joints, higher concrete strength may delay crack
initiation but does not prevent significant stiffness degradation at early stages, consistent with
findings reported in experimental studies.

Figure 16 reveals that cumulative energy dissipation (Ecum) increases slowly over the first five
cycles, which is different from what Figure 15 shows, where stiffness rapidly decreases. Higher-
strength concretes dissipate more energy in the first few cycles (*16.6 N.m for f'c = 60 MPa versus
9.8 N.m for f'c = 30 MPa at cycle 1), and this difference stays the same through cycle 5 (» 1382
versus 1150 N.m). Consequently, although stiffness degradation tends to stabilize at comparable
levels, energy dissipation continues to correlate with concrete strength, suggesting that the impact
remains substantial on energy dissipation. The comparison between normalized stiffness
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degradation (Knorm) and normalized cumulative energy dissipation (Enorm), conducted for the three
considered concrete compressive strengths (f'c), highlights the contrasting evolution of stiffness
loss and energy dissipation, as shown in Figure 17.

While stiffness drops sharply from the very first cycles (drift < 0.43%), energy dissipation remains
nearly negligible, indicating an early loss of performance without significant absorption. At a drift
of 0.57% (cycle 3), energy contribution becomes more pronounced, while stiffness continues to
decline. The two curves intersect between 0.76% and 0.95% drift (cycles 4-5), which may be
interpreted as a mechanical transition marking the progressive shift from quasi-elastic to inelastic
response. This combined representation therefore highlights the complementary nature of the two
parameters and emphasizes the importance of a coupled approach for a more refined
characterization of early-stage damage.
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Fig. 17. Evolution of normalized stiffness
degradation and cumulative energy
dissipation during early cyclic loading for
various concrete strengths

Fig. 18. Evolution of hybrid index (Duybrida) VS.
drift ratio (%) during early cyclic loading for
various concrete strengths

The hybrid indicator Dyypria exhibits a monotonic and steadily increasing trend from the very first
cycles (Figure 18). In cycles 1 and 2 (drifts of 0.24% and 0.43%), values remain low (= 0.01 - 0.19
depending on f'c), reflecting limited dissipation despite an already initiated stiffness reduction. At
cycle 3 (drift ~ 0.57 %), the Duybria index reaches 0.343 for f'c = 60 MPa, compared to 0.275 for f'c
= 30 MPa. In cycles 4 and 5 (drifts of 0.76% and 0.95%), the indicator continues to rise and
differences persist, with values ranging from 0.58 (30 MPa) to 0.65 (60 MPa). These results confirm
that the effect of f'c begins in the first cycles and continues steadily as Duybria progresses. This means
that stronger concretes are more effective at promoting energy dissipation.

This study, limited to the first five loading cycles, highlights the interplay between stiffness
degradation, energy dissipation, and the hybrid indicator Dyybria. The indicator effectively captures
these coupled trends and the influence of concrete compressive strength, confirming that high-
strength concretes, while initially stiffer, tend to exhibit lower ductility under cyclic loading [59,
60].

4.2 Effect of Beam Longitudinal Reinforcement Ratio: p

After examining the influence of concrete compressive strength, the following subsection evaluates
the effect of the beam longitudinal reinforcement ratio on joint behavior. This ratio, denoted as p,
is defined according to the BAEL 91 revised 1999 provisions [61]. A parametric variation of p is
conducted using values of 0.5%, 0.83%, 1.0%, and 1.3%. The objective is to assess how changes in
longitudinal reinforcement influence stiffness degradation, hysteretic energy dissipation, and the
evolution of the Dyyyria index during the early loading cycles.

Figure 19 shows the stiffness degradation ratio (1-(Ki/Ko)) over the first five cycles for different
beam longitudinal reinforcement ratios. For all variants, stiffness loss occurs rapidly as early as the
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second cycle, representing approximately 26% for p = 0.5% and only 8% for p = 1.3%. In
subsequent cycles, degradation continues: by the third cycle, stiffness loss reaches nearly 46% for
the lowest-reinforced variant, compared with 19% for the most heavily reinforced one; by the fifth
cycle, losses peak around 68% and 55% respectively. Increasing p therefore mitigates the initial
stiffness degradation but does not prevent the overall loss of stiffness.

Figure 20 shows the evolution of cumulative energy dissipation (Ecm) for different beam
longitudinal reinforcement ratios over the first five cycles. As early as the second cycle, clear
differences emerge: the lightly reinforced variant p= 0.5% dissipates 71 N.m compared to only 25
N.m for p= 1.3%. The result shows that the first variant enters the inelastic regime earlier. This
pattern continues through the fifth cycle, where the cumulative energy dissipation for p = 0.5%
reaches 1327 N.m and for p = 1.3% it is 1143 N.m. The p = 1% variant exhibits better
performance than the 1.3% case at cycle 4 (594 vs. 555 N.m) and at cycle 5 (1249.25 vs. 1142.51
N.m). This shows that the energy dissipation efficiency does not increase linearly with the
reinforcement ratio, and that additional reinforcement could limit the activation of dissipative
mechanisms. These results confirm that lightly reinforced beams dissipate more energy because
they bend more, while heavily reinforced beams delay the activation of dissipative mechanisms,
which is consistent with Figure 19, where they kept their stiffness longer.
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Fig. 19. Evolution of stiffness degradation Fig. 20. Cumulative energy dissipation during
ratio during early cyclic loading for various early cyclic loading for various beam
beam reinforcement ratios reinforcement ratios

The combined analysis of normalized stiffness degradation (Knorm) and normalized cumulative
energy dissipation (Enorm), conducted for beam longitudinal reinforcement ratios (p) of 0.5%,
0.83%, 1.0%, and 1.3%, as illustrated in Figure 21, reveals two distinct behavioral phases over the
first five cycles. Up to cycle 3, the response remains predominantly quasi-elastic: stiffness
decreases rapidly, with a loss of about 26% for p = 0.5% compared to only 8 % for p = 1.3%, while
energy dissipation remains very low (0.034 vs. 0.012). At Cycle 3, for a drift of 0.57 %, energy
dissipation begins to accelerate (0.103 for 0.5 % vs. 0.060 for 1.3 %) while stiffness degradation
continues (46% vs. 19%). From cycle 4 (drift # 0.76%), a clear transition to a post-elastic regime is
observed, with energy dissipation becoming increasingly significant. At this point, the least
reinforced variant has already lost considerable stiffness (about 58%) while exhibiting substantial
normalized energy dissipation (about 0.30). This step is when the post-elastic behavior starts to
become clear. The most reinforced variant, on the other hand, shows a higher residual stiffness
(about 42%) and a lower energy dissipation (about 0.27).

This result means that dissipative mechanisms take longer to activate. The least reinforced variant
loses 68% of its stiffness by cycle 5 (drift * 0.95%), while the most reinforced variant loses 55%.
The normalized energy dissipation values are 0.64 and 0.55, respectively. As stiffness approaches
its residual plateau, this evolution shows that energy dissipation becomes increasingly significant
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in the global response. These results support the idea that increasing p makes stiffness last longer
and delays the activation of dissipative mechanisms, as illustrated in Figures 19 and 20.
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The hybrid index Duybria increases monotonically over the first five cycles, reflecting a continuous
progression of joint damage. The results illustrated in Figure 22 show that, for cycles 1 and 2, the
values remain low (% 0.23 for p = 0.5% versus = 0.07 for p = 1.3%), indicating that the damage is
still dominated by the initial stiffness loss. The index grows faster after cycle 3, increasing from
0.16 to 0.39 (drift = 0.57%). This means that the joint is beginning to activate energy-dissipating
mechanisms. The trend continues in cycles 4 and 5, with a steady gap (0.66 versus 0.55). By
synthesizing stiffness and energy contributions into a single indicator, Duybria highlights the
transition from quasi-elastic to post-elastic behavior and enables a clear comparison between
reinforcement configurations. It thus is shown to be a relevant synthetic indicator for comparing
damage evolution at low drift levels.

The joint evolution of stiffness degradation and energy dissipation marks a clear transition from
stiffness-controlled behavior in the early cycles to energy-dominated response thereafter. The
Duybria indicator confirms that lightly reinforced joints reach higher damage levels at moderate drift
ratios (= 1%). These results align with prior studies showing that higher reinforcement ratios
enhance stiffness retention but require sufficient confinement to sustain ductility and energy
dissipation [62, 63]. Similarly, Sabbahfar et al. [64] reported that deformed bars improve both
stiffness stability and energy capacity compared with plain bars.

4.3 Effect of Joint Transverse Reinforcement Ratio: Atr

In addition to the beam longitudinal reinforcement ratio, the influence of joint transverse
reinforcement is investigated to assess its role in confinement and cyclic response. The joint
transverse reinforcement is deliberately imposed as a parameter representative of pre-code
practices. The reference case corresponds to the absence of transverse reinforcement in the joint
core (Atr_0), while configurations with 1 (Atr_1), 2 (Atr_2), and 3 stirrups (Atr_3) represent a
progressive increase in confinement, with the case of 3 stirrups corresponding to the minimum
requirement prescribed by the RPA 2024 [65].

Figure 23 shows that, for cycles 1-2 (low drifts), the stiffness response is only marginally affected
by the amount of transverse reinforcement in the joint; the normalized residual stiffness data
(Ki/Ko) are nearly superimposed. From cycles 3-4 onward, stiffness continues to decrease for all
configurations, with no significant benefit from additional transverse reinforcement. At cycles 4-5
(moderate drifts), the differences remain minimal. Overall, within the studied drift range (= 1%),
joint confinement does not significantly improve stiffness retention.
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Figure 24 shows the evolution of cumulative energy dissipation for different levels of transverse
reinforcement within the joint. Up to cycle 3, the curves remain very close, indicating that joint
confinement has little influence on energy dissipation during the early stages of loading. Beginning
with cycle 4, a small gap becomes visible, and the most restricted joint (Atr_3) loses slightly more
energy. By cycle 5, the difference becomes more consistent, with Atr_3 reaching about 1205 N.m
compared to roughly 1150-1158 N.m for the other configurations. These results suggest that
transverse reinforcement has little influence on energy dissipation at low drifts. However, at
moderate drifts, it contributes to a modest increase in hysteretic energy capacity. This behavior is
consistent with the expected stabilizing effect of confinement on joint shear cracking.
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Fig. 23. Evolution of stiffness degradation Fig. 24. Cumulative energy dissipation during

ratio during early cyclic loading for various early cyclic loading for various joint
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The combined analysis of normalized stiffness degradation (Knerm) and normalized cumulative
dissipated energy (Enorm), conducted for different configurations of joint transverse reinforcement,
as shown in Figure 25, reveals that the amount of transverse reinforcement within the joint has a
limited influence on stiffness over the first five cycles. The (Ki/Ko) values remain very close across
all configurations, around 0.85 by cycle 2 and converging toward 0.38-0.39 by cycle 5. In contrast,
a slight but consistent separation is observed in the normalized energy from cycle 4 onward, with
the most confined joint (three stirrup frames) systematically dissipating slightly more energy. This
tendency is confirmed at cycle 5, where (Ecums/Eref) reaches approximately 0.53 for the most
confined joint compared to about 0.50 for the other configurations. This combined reading suggests
that, at low to moderate drifts, joint confinement does not significantly improve stiffness retention
but contributes to a modest increase in energy dissipation as cycles accumulate (cycles 4-5).

The hybrid index Duybria Shows steady growth across all transverse reinforcement configurations
(Figure 26). In the first two cycles (drifts < 0.43%), differences remain minor (* 0.126 for the
unconfined joint vs. # 0.139 for the most confined), confirming that early damage is governed
mainly by stiffness loss. From cycle 3 (drift ~ 0.57%), the most confined joint shows slightly higher
values (0.29 vs. 0.27), indicating a more pronounced activation of dissipative mechanisms. This
difference continues through cycles 4-5 (0.43 vs. 0.41), which means that confinement slightly
speeds up energy dissipation while slowing down the process of getting very low residual stiffness.
Overall, within the studied drift range (< 1%), transverse reinforcement does not fundamentally
alter the damage mechanism, but promotes a more gradual and stable energy dissipation,
consistent with the trends observed in Figures 23-25.

Within the studied drift range (< 1%), joint confinement does not significantly improve stiffness
retention, as Ki/Ko curves remain closely aligned for all configurations. However, a modest but
consistent increase in cumulative energy dissipation is observed from cycles 4-5 for the most
confined joint, which is also reflected by slightly higher Duybria values. Similar observations reported
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in [66-68] indicate that confinement within the joint core, whether provided by transverse or
diagonal reinforcement, primarily enhances energy dissipation and post-cracking stability.

Normalized value (-)

dissipation during early cyclic loading for
various joint transverse reinforcement ratio

Fig. 25. Evolution of normalized stiffness
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degradation and cumulative energy

5. Conclusions

This study investigated the seismic response of non-conforming exterior RC beam-column joints
typical of pre-code Algerian constructions. Using a three-dimensional nonlinear finite element
model developed in ANSYS, the analysis focused on the first five loading cycles to capture the onset
of stiffness degradation and energy dissipation mechanisms. By combining these two parameters,
a hybrid damage index (Duybria) was proposed to provide an integrated assessment of early cyclic
damage. The main findings can be summarized as follows:
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Stiffness degradation occurs rapidly during the first two cycles, whereas energy dissipation
remains initially limited and becomes significant only from the third cycle onward,
highlighting the high vulnerability of these joints in the early loading stage.

The originality of this study lies in combining stiffness degradation and energy dissipation
through a normalized dual-curve representation. This approach allows the identification of
a critical intersection point that represents the threshold at which dissipative mechanisms
progressively prevail over stiffness loss, marking the onset of post-elastic behavior. On this
basis, a conceptual hybrid index (Duybria) is proposed as a unified indicator for damage
assessment.

Increasing concrete compressive strength does not prevent early stiffness degradation;
however, it results in higher cumulative energy dissipation from the first cycle. The hybrid
index (Duybria) consistently captures this dual and contrasting influence in early damage
assessment.

Higher beam longitudinal reinforcement ratios delay stiffness loss but reduce dissipative
capacity, while lower ratios promote earlier energy dissipation. This trade-off is clearly
reflected by the evolution of Dyybria.

Within the investigated drift range (up to 1%) and early cycles, transverse reinforcement has
a limited effect on stiffness retention but contributes modestly to stabilizing hysteretic
energy dissipation, a trend also captured by Dxybria.

The first loading cycles capture the onset of stiffness degradation and early dissipative
mechanisms in RC beam-column joints. Concrete strength, beam longitudinal reinforcement,
and joint confinement influence this initial stage in different ways, while Duyuria provides an
integrated measure of early damage. This early-cycle perspective is particularly relevant for
non-ductile structures, where damage accumulates rapidly and governs seismic vulnerability.
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Future work will address the experimental validation of the proposed hybrid damage index
and its application to different RC joint configurations.
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