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Abstract

This study presents a numerical investigation into the seismic performance of exterior
reinforced concrete beam-column joints using LS-DYNA software, aiming to develop
cost-effective reinforcement strategies that enhance ductility, energy dissipation, and post-
earthquake reparability. Two hybrid reinforcement approaches are examined: (i) a shape
memory alloy (SMA)-steel system for reducing residual drifts, and (ii) a novel dual-
grade steel (DGS) configuration proposed as a practical alternative. A local weakening
technique is introduced within the DGS system—achieved by splicing longitudinal bars
of two distinct yield strengths—to intentionally shift the plastic hinge away from the joint
core, thereby mitigating strain penetration and protecting the joint region. The finite ele-
ment models are validated against experimental data. Parametric studies investigate (1)
the effect of splice location in SMA—steel hybrid joints, revealing that a splice distance
of 0.5 times the beam depth (0.5%4) provides the most balanced performance; and (2) the
seismic performance of the proposed DGS system. Results indicate that the DGS con-
figuration achieves a 46% increase in cumulative energy dissipation and a 16% reduction
in residual story drift compared to conventional steel-reinforced joints. Damage pattern
analysis confirms successful relocation of the plastic hinge away from the joint core,
promoting distributed inelasticity and enhanced repairability. The proposed DGS strategy
offers a viable, cost-effective solution for resilient RC frame design, compatible with cur-
rent construction practices.
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1 Introduction

Beam-to-column joints (BCJs) in reinforced concrete (RC) moment-resisting frames play a
crucial role in controlling the seismic response of the entire structure. These joints are often
considered the most vulnerable regions under strong ground motions because they are sub-
jected to high shear stresses and complex force interactions. Damage localized within the
joint core during severe earthquakes can significantly compromise the global stability of the
structure, resulting in substantial strength degradation or, in extreme cases, collapse. Tradi-
tional seismic design philosophy aims to provide sufficient strength, stiffness, and ductility
to ensure life safety; however, it does not necessarily guarantee post-earthquake functional-
ity or ease of repair.

Following the devastating 1994 Northridge and 1995 Kobe earthquakes, which exposed
severe limitations in conventional RC detailing and led to significant economic losses,
the concept of low-damage and repairable design gained prominence. More recent seis-
mic events—including the 2010-2011 Canterbury earthquakes in New Zealand (Fikri et
al. 2019), the 2016 Central Italy earthquakes (Nascimbene 2024), and the 2023 Turkey-
Syria earthquakes (Gurbuz and Cengiz 2025)—have further underscored the urgent need for
structural systems that not only prevent collapse but also ensure post-earthquake function-
ality and repairability. These events have consistently demonstrated that economic losses
and societal disruption can be significantly reduced through enhanced seismic resilience.
Modern performance-based design approaches now emphasize not only collapse prevention
but also rapid post-event recovery. Consequently, considerable research efforts have been
directed toward developing self-centering and damage-controllable systems that can limit
residual deformations and facilitate repair. Among the various emerging materials and tech-
nologies, shape memory alloys (SMAs) have attracted growing attention due to their unique
superelastic and shape recovery properties. These alloys can undergo large reversible strains
and return to their original configuration after unloading or upon heating, making them a
promising solution for enhancing the seismic resilience and reparability of RC structures.

Parallel to material-based innovations, various structural techniques have been devel-
oped to protect the joint core by relocating the plastic hinge away from the column face.
These approaches can be broadly categorized into two groups: (i) external or internal
strengthening of joint, including the use of reinforced concrete jacketing (Karayannis et
al. 2008), fiber-reinforced polymer (FRP) wrapping (Ilia and Mostofinejad 2019), enlarged
joint panels (Tsonos 2005), additional straight-headed bars (Chutarat and Aboutaha 2003),
additional 45° bent bars and 90° hooked bars (Hwang et al. 2015); and (ii) beam weaken-
ing strategies, such as reduced bar section (RBS) in RC joints (Mousavizadeh et al. 2024)
and slotted beam (Oudah and El-Hacha 2017a). While these techniques have demonstrated
varying degrees of success in protecting the joint region, they often involve significant con-
struction complexity, added cost, or reliance on specialized materials. More recently, the
use of superelastic shape memory alloy (SMA) bars has emerged as an effective method for
both hinge relocation and residual drift reduction (Youssef et al. 2008; Alam et al. 2007),
yet the high material cost of Ni-Ti SMAs remains a barrier to widespread implementation.

Numerous experimental studies have investigated the behavior of shape memory alloy
(SMA) reinforcements in various reinforced concrete (RC) structural elements. Exten-
sive research on beams has demonstrated the ability of SMA bars to enhance ductility and
mitigate residual drifts (Ayoub 2003; Saiidi et al. 2007; Azadpour and Maghsoudi 2020;

@ Springer



Bulletin of Earthquake Engineering

Shrestha et al. 2013; Pareek et al. 2018; Abdulridha et al. 2013; Elbahy and Youssef 2019).
Investigations on columns have similarly shown that the incorporation of SMA bars can
significantly improve seismic resilience and energy dissipation (Saiidi and Wang 2006;
Saiidi et al. 2009; Hosseini et al. 2015; Tazarv and Saiidi 2016). Experimental studies on
shear walls confirmed the ability of SMA reinforcement to reduce residual deformations
and confine damage within repairable limits (Hoult and de Almeida 2022a; Hoult and de
Almeida 2022b; Abraik et al. 2020; Abdulridha and Palermo 2017; Tolou Kian and Cruz-
Noguez 2018; de Almeida et al. 2020). Moreover, several researchers have explored RC
beam—column joints incorporating SMA bars, reporting substantial improvements in joint
re-centering capacity (Youssef et al. 2008; Alam et al. 2007; Nehdi et al. 2010; Qian et al.
2022; Oudah and El-Hacha 2017b, 2018, 2020).

Most of these studies have employed Nickel-Titanium (Ni—Ti) based SMAs, which
exhibit a characteristic flag-shaped hysteretic response under cyclic loading. These alloys
display higher compressive yield strength than tensile strength, resulting in an asymmetric
stress—strain loop. The yielding of SMA corresponds to a reversible phase transformation
between austenite and martensite phases (DesRoches et al. 2004).

Despite their outstanding self-centering capability and energy dissipation performance,
the widespread application of SMAs in RC structures remains limited due to their relatively
high cost. To address this limitation, several researchers have proposed hybrid reinforce-
ment systems that combine SMA bars with conventional steel rebars. In these systems, SMA
bars are strategically positioned in regions susceptible to plastic hinge formation, while
conventional steel reinforcement is placed elsewhere. This hybrid configuration effectively
reduces residual deformations after seismic events, thereby enhancing post-earthquake rep-
arability and reducing repair costs (Kabir et al. 2016). Residual deformation, in this context,
refers to the permanent displacement that remains after unloading once the applied stress
has returned to zero.

2 Research significance

Hybrid reinforcement of RC beam—column joints using shape memory alloys (SMAs) in
combination with conventional steel bars has gained significant attention due to its potential
to reduce residual drifts and enhance post-earthquake reparability. However, despite these
advantages, such systems exhibit two major limitations. First, the incorporation of SMA
bars generally results in a reduction of initial stiffness because of their lower elastic modulus
compared with conventional steel. Second, their energy dissipation capacity is inherently
limited, as SMA materials typically display relatively narrow hysteresis loops under cyclic
loading. These drawbacks highlight the necessity for alternative reinforcement solutions
that can achieve similar or superior seismic performance while remaining economically
viable.

As a first step, this study investigates the influence of splice location on the seismic
performance of hybrid SMA—steel reinforced joints. While previous experimental research
by Youssef et al. (2008) placed the SMA—steel splice within the joint core, the influence
of splice location on seismic performance has not been systematically examined. Through
a parametric finite element study using LS-DYNA, three different splice positions (0.254,
0.5k, and 0.75A from the column face) are evaluated to identify the configuration that offers
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the best balance between initial stiffness, energy dissipation capacity, and residual drift
reduction. This investigation provides quantitative guidance for the design of SMA-based
hybrid reinforcement systems.

Building upon the insights gained from the SMA splice study, the second and primary
objective of this research is to introduce and evaluate a novel Dual-Grade Steel (DGS) sys-
tem for plastic hinge relocation in RC beam-column joints. The concept of hinge relocation
itself is well-established in steel structures through both strengthening and weakening tech-
niques. However, in reinforced concrete construction, while joint strengthening techniques
have been extensively studied, beam weakening strategies remain largely at a conceptual
stage with limited systematic investigation (Mousavizadeh et al. 2024). The proposed DGS
system addresses this gap by introducing a fundamentally new mechanical mechanism,
namely local weakening via strength grading. Unlike SMA-based systems that rely on mate-
rial superelasticity, the DGS system utilizes longitudinal reinforcement with two distinct
yield strengths—lower-strength bars (400 MPa) placed near the joint and higher-strength
bars (520 MPa) spliced beyond the intended hinge zone. This configuration creates a con-
trolled flexural strength gradient along the beam length, effectively forming a plastic hinge
away from the column face. The novelty lies in demonstrating that hinge relocation can
be achieved through internal strength grading—a form of local weakening based on mate-
rial strength differentiation—which has not been systematically investigated for RC beam-
column joints prior to this study. Furthermore, the DGS system utilizes conventional steel
grades and standard mechanical couplers already approved in construction codes, offering a
practical and economical alternative to SMA-based systems.

3 Experimental database

In this research, the JBC1 and JBC2 specimens, which were previously tested by Youssef
et al. (2008), were selected for validation in LS-DYNA using two concrete metrail models
- Winfrith, and CDPM. The experimental program investigated the seismic behavior of
BClJs reinforced with hybrid SMA and regular steel rebars. The specimens reported in the
literature were designed and fabricated according to the requirements for moderate ductility
level specified in CSA A23.3-04, as described by Youssef et al. (2008). It was subjected to
cyclic loading up to a drift ratio of 7.9% to simulate severe earthquakes. The geometry and
reinforcement details of the specimens are shown in Fig. 1. Specimen JBC1 is reinforced
with regular steel bars, while JBC2 is reinforced with SMA bars in the plastic hinge region
of the beam and ordinary steel bars in the rest of the joint.

The compressive strength of concrete at the time of testing was reported to be 53.5 MPa
for specimen JBC-1 and 53.7 MPa for JBC-2. The corresponding splitting tensile strengths
were 3.5 MPa and 2.8 MPa, respectively. For the 20 M reinforcing bars used in JBC-1, the
yield strength, ultimate tensile strength, and Young’s modulus were 520 MPa, 630 MPa,
and 198 GPa. In contrast, the same properties for the 20 M bars in JBC-2 were 450 MPa,
650 MPa, and 193 GPa. In both specimens, 10 M steel bars were used for transverse rein-
forcement (ties), with a yield strength of 422 MPa and an ultimate strength of 682 MPa.
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Fig. 1 (a) Geometry and reinforcement details of JBC1 and JBC2, (b) Splice details of specimen JBC2
(Youssef et al. 2008)

4 Methodology

Building upon the research significance outlined previously, this study develops a refined
finite element modeling approach in LS-DYNA to quantitatively assess the proposed hybrid
reinforcement strategies. The numerical framework focuses on accurately capturing the
nonlinear cyclic response and damage progression in exterior RC beam-column joints. The
Concrete Damage Plasticity Model (CDPM) is selected following a comprehensive evalua-
tion against experimental benchmarks. The validated model is then employed in parametric
studies to: (1) investigate the effect of splice location the splice location in hybrid SMA-
steel systems for balanced seismic performance, and (2) evaluate the effectiveness of the
novel Dual-Grade Steel (DGS) configuration as a practical alternative for plastic hinge relo-
cation based on local weakening strategy.

4.1 Finite element modeling framework

Various theoretical frameworks have been developed to model the nonlinear behavior of
concrete, including plasticity-based models, damage mechanics formulations, combined
plasticity-damage approaches, and the total strain crack concept (Sarkis et al. 2022, 2023).
In this study, considering the capabilities of LS-DYNA for seismic analysis of RC struc-
tures, two widely used concrete material models available in this platform—the Winfrith
model (MAT084) and the Concrete Damage Plasticity Model (CDPM, MAT273)—were
selected for comparative evaluation against experimental benchmarks. Both models have
been extensively employed in numerical simulations of RC members under cyclic loading
(Asgarpoor et al. 2021; Gharavi et al. 2022). As demonstrated in Sect. 5, CDPM exhibited
superior accuracy in capturing the nonlinear cyclic behavior, damage patterns, and pinch-

@ Springer



Bulletin of Earthquake Engineering

ing response of RC beam-column joints. Therefore, CDPM was adopted for the subsequent
parametric investigations.

4.1.1 Element types and material constitutive models

The concrete was modeled using 8-node hexahedral solid elements with reduced integration
(ELFORM=1) to enhance computational efficiency. This reduced integration technique is
particularly effective in minimizing spurious energy modes, shear locking, and membrane
locking, while also facilitating hourglass control (Nascimbene 2013). A known limitation
of reduced integration schemes is the possible occurrence of hourglass modes, which may
induce non-physical zero-energy deformations. To overcome this issue and ensure numeri-
cal stability, stiffness-based hourglass control (Type 5) was applied, following the recom-
mendations of Hallquist (2006).

The steel reinforcement was modeled using the piecewise linear plasticity material model,
which captures the elastic—plastic response of steel while accounting for strain-rate effects.
Shape memory alloy (SMA) rebars were simulated using the MAT SHAPE MEMORY
(MAT30) material model available in LS-DYNA. This uniaxial phenomenological model
reproduces the essential features of SMA superelasticity, including asymmetric tension—
compression behavior and the single-variant martensitic reorientation mechanism (Moham-
madgholipour and Billah 2023). The input parameters for MAT30 were calibrated based
on the experimental data reported by Youssef et al. (2008), as summarized in Table 1. The
reinforcing bars were represented by one-dimensional Hughes—Liu beam elements, which
can accurately simulate combined axial and flexural responses. A perfect bond between
the concrete and reinforcement was assumed using the CONSTRAINED LAGRANGE
IN_SOLID keyword. To simplify the numerical modeling, bar couplers were not explicitly
included.

4.1.2 Loading protocol

The experimental program investigated the seismic behavior of BCJs reinforced with hybrid
SMA and regular steel rebars. The lateral load was applied at the beam tip in two stages:
(1) The first stage was force-controlled, with the loading continuing until the longitudinal
reinforcing bars in the beam yielded. (2) The second stage switched to displacement control,
with the loading continuing up to a 7.9% drift ratio. During the test, a constant axial load of
350 kN was applied at the top of the column.

Table 1 Mechanical properties of Ni-Ti SMA

Parameter 0;45 a?s oS4 o‘?s er (%) E(GPa)
(MPa) (MPa) (MPa) (MPa)
Value 401 520 370 130 6 62.5

Note. Data adapted from Youssef et al. (2008)

a3: Austenite (A)-to-Martensite (M) starting stress, a?sz A-to-M finishing stress, o54: M-to-A

starting stress,a?s: M-to-A finishing stress,e,: recoverable strain and £: Young’s modulus
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Table 2 mesh specifications for sensitivity analysis

Model Concrete Total number of ~Concrete Hourglass
name element size (mm) solid elemnts element control
type type

Model 1 25%x25x%25 (whole 30,880 8-node Hexahedral Type 5

model) (ELFORM=1) (Stiffness-based)
Model 2 50x50x%50 4000 8-node Hexahedral Type 5

(whole model) (ELFORM=1) (Stiffness-based)
Model 3 25x25%25 22,720 8-node Type 5

(critical regions) Hexahedral (Stiffness-based)

25x25x40 (ELFORM=1)

(remaining parts)

4.2 Mesh-size effect

The mesh density was determined considering both the geometric characteristics of the
specimen and computational efficiency. Although finer meshes generally provide higher
numerical accuracy, they substantially increase the computational cost. Conversely, coarse
meshes reduce the analysis time but may fail to capture local nonlinearities accurately. To
evaluate the effect of mesh size on the cyclic response of the beam—column joint (BCJ), a
mesh sensitivity study was performed using the Concrete Damage Plasticity Model (CDPM,
MAT?273). The experimental ultimate strength of specimen JBC1 (Youssef et al. 2008) was
used as a reference for validation. Three finite element (FE) models with different mesh
configurations were developed, as summarized in Table 2.

In all models, concrete was represented by 8-node hexahedral solid elements (ELF-
ORM=1) with stiffness-based hourglass control (Type 5) to suppress non-physical defor-
mations. Model 1 employed a fine uniform mesh of 25x25x25 mm, resulting in 30,880
solid elements. Model 2 used a coarse uniform mesh of 50x50x%50 mm, containing
4,000 elements. Model 3 implemented a graded mesh approach, applying finer elements
(25x25x25 mm) in critical regions—such as the joint panel and load application zones—
and slightly larger elements (25x25x40 mm) in less critical areas. This configuration
produced 22,720 solid elements and achieved an effective balance between computational
accuracy and efficiency.

The mesh configurations were evaluated based on the load—story drift hysteresis curves
and ultimate strength values (as shown in Fig. 2; Table 3, respectively) under both positive
and negative loading cycles.

Model 1 provided the closest agreement with experimental results but required significant
computational resources. Model 2 overestimated the joint capacity, indicating its inability
to capture localized nonlinear behavior accurately. Model 3 demonstrated the best trade-off,
reproducing the nonlinear cyclic behavior with acceptable accuracy and manageable com-
putational cost. Although Model 3 exhibits an 11.3% error in the negative direction, this
level of accuracy is acceptable for comparative parametric studies. The experimental speci-
men itself exhibited asymmetric behavior, with ultimate strengths of 67.2 kN in the positive
direction and 62.9 kN in the negative direction (see Table 3). When considering the aver-
age absolute error across both loading directions (7.66%), the model’s performance is well
within the typical range reported in validated numerical studies of RC joints. Furthermore,
the model successfully reproduces the damage patterns (see Fig. 5) and overall hysteretic
characteristics (see Fig. 4). Given the trade-off discussed above, Model 3 provides the most
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Fig.2 effect of mesh size on hysteresis curve. Test result adapted from Youssef et al. (2008)

Table 3 Comparison of ultimate Model Ultimate Ultimate Error (%)  Error (%)
strength Strength (kN)  Strength (kN)  positivie ~ negative
positivie negative direction  direction
direction direction
Test 67.2 62.9 - -
Model 1 67.9 66.8 1.04 6.20
Note. Test data adapted from Model 2 71.5 71.7 6.41 13.97
Youssef et al. (2008) Model 3 69.9 70 4.02 11.29

suitable balance between accuracy and computational demand for the extensive parametric
investigations in this study. Therefore, Model 3 was adopted for subsequent analyses. The
consistent application of this mesh configuration across all parametric models ensures that
relative performance comparisons remain valid. The final FE model comprised 25,272 ele-
ments in total, including 2,552 beam elements and 22,720 solid elements, as illustrated in
Fig. 3.

Although Model 3 exhibits an 11.3% error in the negative direction, this level of accu-
racy is considered acceptable for comparative parametric studies. It should be noted that
the experimental specimen itself exhibited asymmetric behavior, with ultimate strengths of
67.2 kN in the positive direction and 62.9 kN in the negative direction (see Table 3). When
considering the average absolute error across both loading directions (7.66%), the model’s
performance is well within the typical range reported in validated numerical studies of RC
joints. Furthermore, the model successfully reproduces the damage patterns (see Fig. 5) and
overall hysteretic characteristics (see Fig. 4). Given the trade-off discussed above, Model
3 provides the most suitable balance between accuracy and computational demand for the
extensive parametric investigations in this study. The consistent application of this mesh
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Table 4 Key parameters of BCJs hysteresis curve

Specimen  Result Yielding Ultimate Energy Residual story (Pu)rE
strength strength drift (Pu)gest
Oy Py Ou P, E(kNm) (%)
(mm) (kN) (mm) (kN)
JBCl1 Test 12 51.3 72 67.2 26.5 4.94 -
Mat 84 13.9 67.2 72 81.1 57.4 5.79 1.22
Mat 273 10.3 58.5 72 69.9 42.6 4.69 1.07
JBC2 Test 18 32.7 72 68.3 16.7 1.98 -
Mat 84 21.8 64.4 72 77.8 13.2 0.17 1.14
Mat 273 14.4 52.4 72 64.1 12.6 0.35 0.94

Note. Test results adapted from Youssef et al. (2008)

configuration across all parametric models ensures that relative performance comparisons
remain valid.

5 FE results and discussion

To ensure the reliability of the numerical results for parametric investigation, the modeling
approach was rigorously validated against the cyclic test data of specimens JBC1 and JBC2
reported by Youssef et al. (2008). The validation process involved comparing numerical
predictions with experimental results in terms of hysteresis response, damage patterns, and
key seismic performance parameters including yielding strength, ultimate strength, energy
dissipation capacity, and residual story drift.

5.1 Hysteresis load-displacement curves

The test results (Youssef et al. 2008) indicated that the specimens did not experience a sig-
nificant reduction in strength. The specimen JBC2 experienced more pinching and the flag-
shape response of SMA dominated the cyclic behavior of the joint. Figure 4 compares the
beam tip load-story drift hysteretic curves of models with the test results. Table 4 reports the
key parameters of the hysteretic curves, including yielding and ultimate strength, cumula-
tive energy dissipation capacity at a story drift ratio of 7.9%, and residual story drift.

For most parameters listed in Table 4, the CDPM model demonstrated higher predictive
accuracy than the Winfrith model for both specimens. In particular, CDPM achieved an
error of less than 7% in predicting the ultimate load for each specimen, indicating superior
performance in capturing peak strength behavior. Specimen JBC2 exhibited characteristic
pinching behavior in its hysteresis response, attributed to the superelastic nature of SMA.
Both the CDPM and Winfrith models successfully reproduced this pinching effect, despite
not explicitly incorporating bond—slip mechanisms between reinforcement and concrete.
However, the Winfrith model, which accounts for crack opening and closing, tended to
overestimate the extent of pinching compared to the experimental observations.
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Mat273

Fig. 5 Comparison of observed (Youssef et al. 2008) and predicted damage patterns at 7.9% drift ratio

5.2 Damage and cracking pattern

Figure 5 compares the observed damage patterns from the experimental tests with the
numerical predictions at a 7.9% drift ratio. In the simulations, the maximum principal strain
was adopted as the criterion for identifying concrete damage, following the approach out-
lined in (Gharavi et al. 2022; Asgarpoor et al. 2021).

The experimental results showed ductile behavior, consistent with the performance
expectations of the CSA A23.3-04 design code, with most observed cracks in the beams
classified as flexural cracks. In specimen JBC1, a plastic hinge formed at the column face,
whereas in JBC2, the use of superelastic SMA bars successfully relocated the plastic hinge
away from the joint core.

As illustrated in Fig. 5, the Winfrith model produced similar damage distributions for
both specimens, failing to distinguish between their distinct behaviors. In contrast, the
CDPM model accurately predicted the location and extent of cracking and damage zones,
successfully capturing the differences in damage progression between JBC1 and JBC2.

Based on both the load—displacement response and the damage pattern predictions, the
CDPM model demonstrated superior accuracy in simulating the cyclic behavior of beam—
column joints (BCJs). Consequently, it was selected for use in the subsequent parametric
analyses.

@ Springer



Bulletin of Earthquake Engineering

SMA rebar SMA rebar
Bar coupler Bar coupler
\J\ Regular steel rebar J\ 3 Regular steel rebar
90mmT = —I
= BS
=—450mm—=
[y X=100, 200 or 300mm
SMA rebar
JBC2 JBC2-X

Fig. 6 Longitudinal reinforcement layout of the reference specimen JBC2 and the proposed models
JBC2-X

6 Parametric investigation of hybrid SMA-steel reinforcement
through splice relocation

The primary advantage of incorporating superelastic SMAs in specimen JBC2 lies in the
significant reduction of residual story drift following cyclic loading, as well as the relocation
of the plastic hinge away from the column face. However, this configuration also exhibited
certain limitations, including reduced initial stiffness and limited energy dissipation capac-
ity when compared to the conventional steel-reinforced specimen JBC1. To address these
shortcomings, a numerical study was conducted to enhance the seismic performance of the
SMA-based system.

In specimen JBC2, the SMA—steel splice was placed within the joint core, at a distance
of 90 mm from the column face. In the improved configurations, the splice location was
shifted outside the joint core to evaluate its influence on seismic performance. The numeri-
cal models are labeled JBC2-X, where X represents the splice distance (in millimeters)
from the column face. As illustrated in Fig. 6, three splice locations—0.25/ (100 mm), 0.5%
(200 mm), and 0.75/4 (300 mm), where 4 is the beam depth—were examined. The objective
was to identify the optimal splice location that enhances initial stiffness and energy dissipa-
tion while maintaining acceptable residual drift and minimizing concentrated damage.

The selected splice locations—0.25k, 0.5k, and 0.754 from the column face—were cho-
sen to cover the practically feasible range for plastic hinge relocation in RC beams. Loca-
tions closer than 0.25/4 would place the splice too near the joint core, providing minimal
benefit in terms of hinge relocation and damage distribution. Conversely, locations beyond
0.75h would reduce the effective shear span, potentially leading to excessive curvature and
shear demands that could accelerate degradation and alter the expected failure mechanism.
Therefore, the investigated range represents the mechanically meaningful domain for splice
relocation, within which three discrete positions were examined to identify the most bal-
anced configuration.

The cyclic responses of the joints for different splice configurations as well as damage
paterns are presented in Fig. 7, and a summary of key performance indicators, including
stiffness, energy dissipation, and residual drift, is provided in Table 5.
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Fig. 7 Hysteresis curves and final damage patterns of the proposed hybrid SMA—steel reinforcement, (a)
JBC2-100, (b) JBC2-200, and (¢) JBC2-300. Test data adapted from Youssef et al. (2008)

Table 5 Summary of seismic Result JBC2  JBC2-100 JBC2-200  JBC2-300
performance indicators for

numerical models Ultimate strength 68.3 59.7 61.4 60.8
P, (kN)
Dissipated Energy 16.7 29.9 47.7 64.0
E (kN.m)
Initial stiffness 7.5 8.62 8.94 8.63
Note. Test results for JBC2 Ki Q(N/mm) i
adapted from Youssef et al. Residual story drift 1.98 1.65 2.89 3.93
(2008) Ry (%)

Notably, all three proposed models outperformed the experimental specimen JBC2 in
terms of both initial stiffness and energy dissipation capacity, indicating that relocating the
splice outside the joint panel enhances seismic resilience. To ensure consistent comparison,
the initial stiffness was calculated using the force—displacement response up to the point of
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first flexural cracking in the beam. This pre-cracking secant stiffness represents the elastic
response of the uncracked section and provides a physically meaningful basis for comparing
different reinforcement configurations. Based on the experimental data reported by Youssef
et al. (2008), first flexural cracking occurred at a drift ratio of approximately 0.22%. Accord-
ingly, the secant stiffness was determined by dividing the lateral load by the corresponding
lateral displacement at this drift level. The same drift level was applied uniformly across all
models, ensuring that relative performance trends remain valid.

Among the proposed configurations, the JBC2-300 model (splice at 0.754) dissipated the
most energy (64.0 kN-m) and exhibited broad hysteresis loops, reflecting increased ductility
due to a more distributed plastic hinge. However, it also experienced the highest residual
drift (3.93%) and more widespread damage along the beam, which could affect reparability
and functionality after seismic events. In contrast, JBC2-100 (splice at 0.25/) demonstrated
arelatively stiff and elastic behavior with the lowest residual drift (1.65%) and reduced dam-
age propagation. However, its energy dissipation capacity was more limited (29.9 kN-m).

The intermediate model, JBC2-200 (splice at 0.5%4), offered the most balanced perfor-
mance, achieving the highest initial stiffness (8.94 kN/mm), substantial energy dissipation
(47.7 kN-m), and moderate residual drift (2.89%), along with a favorable and stable damage
pattern.

While relocating the splice away from the joint panel improves energy dissipation and
inelastic deformation capacity, excessive offset distances may reduce the effective shear
span. This can increase curvature and shear demand at the relocated plastic hinge, poten-
tially leading to accelerated degradation. As hypothesized and confirmed through this
parametric study, increasing the splice distance beyond 0.75/4 could negatively affect joint
performance. Therefore, placing the splice at approximately 0.5%4 from the column face is
recommended as the most balanced configuration among the three locations investigated
(0.25h, 0.5k, and 0.75h), effectively balancing strength, stiffness, ductility, and post-earth-
quake reparability within the mechanically meaningful range examined.

7 Hybrid reinforcement strategy using dual-grade steel (DGS) bars

One of the primary challenges in the practical implementation of SMA-based reinforce-
ment systems is their high material cost, which significantly limits widespread adoption in
real-world structures (Youssef et al. 2008). Additionally, in RC moment-resisting frames
designed based on the weak beam—strong column philosophy, plastic hinges are expected
to form within the beam spans. However, experimental observations indicate that strain
penetration often extends into the joint core beyond the yield limit, resulting in undesirable
failure modes and compromising the seismic resilience of BCJs (Rutledge et al. 2014).
Studies have revealed that cracking may initiate within the joint panel even before full
plastic hinge development in the beam, with these cracks propagating more severely once
the longitudinal reinforcement yields. This behavior leads to premature bond degradation,
increased damage to the core concrete, and deviation from the idealized rigid joint assump-
tion commonly used in structural analysis models (Tsonos 2005). To address these chal-
lenges, relocating the plastic hinge away from the column face has been proposed as an
effective strategy, as it mitigates strain penetration and delays concrete degradation within
the joint region (Chutarat and Aboutaha 2003).
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Fig. 8 Longitudnal reinforcement details of specimens JBC1 (Youssef et al. 2008) and the proposed DGS
system

Although local weakening strategies have been effectively implemented in steel
moment-resisting frames to relocate plastic hinges, their application in RC beam—column
joints remains limited and is mostly at a conceptual stage. A recent experimental study by
Mousavizadeh et al. (2024) confirmed the feasibility of this approach for RC structures
using two specific techniques: (i) reduction of bar cross-sectional area (RBS), and (ii) reduc-
tion of the beam’s effective depth (RED). Among these, the RBS technique exhibited better
seismic performance by significantly improving energy dissipation and ductility (achieving
drift ratios up to 3.5%), while also mitigating pinching behavior and suppressing diagonal
cracking within the joint core.

Motivated by these promising findings and the need for a more practical and economi-
cal solution, the present study explores an alternative strategy that achieves similar hinge
relocation effects without relying on costly or complex modifications.

Building on the favorable performance of the hybrid SMA—steel reinforcement observed
in the JBC2 specimen and its numerical extensions (JBC2-100, 200, 300), this section intro-
duces a cost-effective alternative: Dual-Grade Steel (DGS) reinforcement. This approach
involves the use of longitudinal reinforcement with two distinct yield strengths within the
beam, enabling intentional redistribution of flexural strength to create a localized weak zone
away from the joint core. As a result, plastic hinge formation is encouraged at a safer dis-
tance from the column face. Importantly, the proposed DGS strategy is both practical and
economical, as it employs conventional steel reinforcement grades and standard mechanical
couplers that are readily available in current construction practice.

7.1 Details of proposed BCJ with DGS bars

Figure 8 illustrates the longitudinal reinforcement layout of the reference specimen JBCI
(Youssef et al. 2008) and the proposed DGS-integrated specimen JBC1-200. Both speci-
mens share identical geometry and transverse reinforcement configurations. The key modi-
fication in JBC1-200 lies in the use of Dual-Grade Steel (DGS) in the beam’s longitudinal
reinforcement.

In the JBC1-200 specimen, longitudinal bars with a yield strength of 400 MPa are
spliced to higher-strength bars (520 MPa) using mechanical couplers located 200 mm away
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from the column face. This specific distance was selected based on the favorable behavior
observed in the JBC2-200 model, where relocating the splice farther from the joint core led
to optimum seismic behavior of SMA-based joints. This reverse-grade splicing—placing
the lower-strength bars nearer to the joint—creates a controlled reduction in flexural capac-
ity outside the joint core. Consequently, the plastic hinge is expected to form at the intended
splice location, safely away from the column face.

The 450 mm length of the lower-strength (400 MPa) bars beyond the splice point in the
proposed DGS model was inspired by the reinforcement detailing of the JBC2 specimen,
experimentally tested by Youssef et al. (2008). This length was originally selected in JBC2
based on the estimated plastic hinge length (360 mm) and the location of the splice, which
started 90 mm inside the joint core. The similar bar length is adopted in the current model
to maintain consistency with the detailing used in JBC2. However, in contrast to the SMA-
based strategy of JBC2, the present study aims to relocate the plastic hinge through local
flexural weakening by employing longitudinal steel bars with two different yield strengths.

It is important to note that the 450 mm length is not a fixed requirement in the DGS
configuration; rather, its value may be further investigated through parametric sensitivity
analysis in future studies, as long as effective hinge relocation and flexural redistribution
are ensured. Ultimately, the performance of the proposed DGS system is evaluated by direct
comparison with the reference specimen JBC1, also tested by Youssef et al. (2008), to assess
its viability as a practical and economical alternative for enhancing seismic performance in
RC beam—column joints.

While a detailed cost analysis is beyond the scope of this numerical study, the proposed
DGS system offers potential practical advantages compared to SMA-based alternatives.
The reinforcing bars used (400 MPa and 520 MPa yield strengths) are standard grades
widely available in many countries and conform to common construction codes such as ACI
318—19 (ACI 2019). The mechanical couplers required for splicing are also commercially
available and routinely used in practice. From a constructability perspective, the DGS con-
figuration does not require specialized fabrication or geometric modification of bars, unlike
reduced bar section (RBS) techniques (Mousavizadeh et al. 2024). These factors suggest that
the DGS system could be implemented with minimal additional cost compared to conven-
tional reinforcement, while avoiding the high material costs associated with Ni-Ti SMAs.
Furthermore, by utilizing conventional steel rather than energy-intensive shape memory
alloys, the DGS approach may offer environmental benefits in terms of embedded carbon, as
demonstrated in comparative life-cycle assessments of traditional versus dissipation-based
retrofitting solutions (Cavalieri et al. 2023). However, comprehensive cost-benefit and life-
cycle assessment studies are needed to quantify these potential advantages.

7.2 Seismicresponses

Given that the numerical modeling techniques - including element types and material
models - are consistent with those detailed in Sect. 4, this section focuses on the seismic
responses of the proposed DGS model (JBC1-200) and its comparison with the experimen-
tal benchmark specimen JBC1.

Figure 9a shows the beam tip load versus story drift hysteresis curves for both specimens.
The peak lateral strength of JBC1-200 is nearly identical to that of the reference specimen,
indicating that the introduction of Dual-Grade Steel (DGS) reinforcement does not com-
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Fig.9 (a) Hysteresis curves of JBC1 (Youssef et al. 2008) and JBC1-200, (b) Cumulative energy dissipa-
tion cappacity

promise the global load-carrying capacity. However, the DGS model exhibits significantly
improved deformation characteristics. Specifically, it achieves a maximum residual drift of
4.15%, which is approximately 16% lower than that of JBC1. This reduction suggests better
post-cyclic recentering behavior and lower permanent deformation, which are desirable for
minimizing residual damage after seismic events.

Figure 9b compares the cumulative energy dissipation of the two specimens. At a story
drift of 7.9%, the DGS model dissipates 38.8 kN-m, whereas the reference specimen dissi-
pates only 26.5 kN-m. This corresponds to a 46% enhancement in energy absorption capac-
ity, primarily due to the more distributed plasticity and reduced damage concentration near
the joint core. The DGS configuration promotes yielding away from the column face by
exploiting the intentional flexural weakness introduced at the grade transition location, thus
enabling the formation of multiple stable hysteresis loops with reduced strength degradation.

To provide a more complete interpretation of the enhanced energy dissipation observed
in the DGS specimen, Fig. 10 presents the backbone curves and stiffness degradation trends
for both JBC1 and JBC1-200. All response quantities are extracted from the first cycle of
loading, which represents the structure’s behavior upon first reaching a given deformation
level. Figure 10a shows the envelope of peak loads (skeleton curves) throughout the loading
history. Figure 10b displays the secant stiffness degradation, where stiffness at each drift
level is calculated from the first cycle response.

The envelope of peak loads shows that JBC1 reaches its ultimate strength of 67.2 kN
at 7.9% drift, while JBC1-200 achieves 65.33 kN at the same drift level. Although the ref-
erence specimen exhibits slightly higher peak load, the DGS specimen maintains a more
gradual strength gain beyond 4% drift, indicating stable inelastic behavior without prema-
ture degradation. At 7.9% drift, both specimens reach their peak strength. This confirms that
the 46% increase in energy dissipation in the DGS system is achieved without any reduction
in peak strength.

It should be noted that Youssef et al. (2008) did not report stiffness degradation for JBC1.
Therefore, for comparative purposes, stiffness values for JBC1 are derived from the vali-
dated numerical model (Model 3), which demonstrated good agreement with experimental
results, as shown in Figs. 4 and 5. Both specimens exhibit similar initial stiffness. Up to 4%
drift, JBC1 exhibits slightly higher stiffness compared to JBC1-200. Beyond 4% drift, the
stiffness values of both specimens become nearly identical, with JBC1-200 showing com-
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Fig. 10 Seismic performance indicators for JBC1 and JBC1-200, (a) Backbone curves and, (b) Stiffness
degradation

parable performance up to 7.9% drift. This indicates that the enhanced energy dissipation of
the DGS system is achieved without accelerated stiffness degradation.

These seismic indicators collectively confirm that the DGS system not only enhances
energy dissipation but also maintains stable strength and stiffness throughout the loading
history, validating its seismic resilience without premature degradation.
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Fig. 11 Damage pattern of speci-
men JBC1-200

Figure 11 depicts the simulated damage distribution in specimen JBC1-200 at peak story
drift. The damage contours reveal that the plastic hinge region has successfully shifted away
from the column face and is now located near the splice point, consistent with the design
intent of the DGS configuration. Unlike the reference specimen, where high concentrations
of strain and damage are typically observed at the beam—column interface (see Fig. 5), here
the inelastic zone has broadened along the beam length.

The reduced concentration of red/yellow damage contours near the joint core also sug-
gests a mitigation of diagonal shear cracking, which is often associated with brittle failure
modes in conventional RC joints. In contrast, the DGS specimen exhibits a more ductile
damage evolution, with increased tensile cracking in the beam region rather than the joint.
This controlled relocation of plasticity not only protects the integrity of the column face but
also contributes to improved cumulative energy dissipation, as discussed earlier.

These numerical results validate the hypothesis that introducing local flexural weakening
through dual-grade reinforcement effectively relocates the plastic hinge, reduces residual
drift, and enhances energy dissipation—without negatively affecting peak strength.

To provide a mechanics-based justification for the reduced diagonal cracking observed
in Fig. 11, the joint shear demand and nominal shear capacity were evaluated for both speci-
mens. The shear demand was calculated using the relation proposed by Mousavizadeh et al.
(2024) for external joints incorporating plastic hinge relocation:

M, 1 1 l
Vju_&(lsdj) xh—Swal, and VCOZ:PuE (1)

where M, is the moment capacity at the critical section of the beam, /,is distance from the
joint face to the loading point (I; = 1630mm), d;is the distance from the critical section
to the joint face (taken as zero for specimens without hinge relocation and 200 mm for
JBC1-200), hsis the distance between the top and bottom longitudinal bars of the beam
(hs = 320mm), V,,, is the column shear force determined from equilibrium, P, is the ulti-
mate lateral strength of the joint, / is the distance from the joint center to the loading point
on the beam tip (I = 1830mm), and # is the net height of the column between supports
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Table_6 Joint shc?ar demand and Specimen Viu Vi, Viu

capacity comparison Eq. (1) Eq. (2) Vn
JBC1 500.4 731.4 0.68
JBC1-200 440.4 731.4 0.60

(h = 2740mm). The parameter « accounts for the over-strength due to strain hardening
of the longitudinal reinforcement. In accordance with ACI 318—19 (Section 18.8.2.1), the
value of « is taken as 1.25 for all calculations in this study.

The nominal shear capacity of the joint was determined according to ACI 318—19 (ACI
2019) provisions for exterior joints:

Vo = \/f% heb; @

where f! = 53.5M Pa is the concrete compressive strength, b; = 250mm is the effective
joint width (taken as the column width), and i, = 400mm is the column depth in the direc-
tion of shear.

Based on the relations presented above, the joint shear demand for the reference speci-
men JBC1 was calculated as 500.4 kN, while for the proposed DGS specimen JBC1-200 it
was 440.4 kN. The nominal shear capacity, determined from Eq. (2), is 731.4 kN for both
specimens. A summary of the shear demand-capacity analysis is presented in Table 6.

For JBC1, the shear demand reaches approximately 68% of the capacity, indicating that
the joint is critically stressed. In contrast, for the proposed DGS specimen JBC1-200, the
shear demand is reduced to 60% of the capacity. This 12% reduction in demand-capacity
ratio is attributed to the relocation of the plastic hinge away from the column face, which
limits strain penetration into the joint core and reduces the tensile forces transferred to the
joint region. The lower shear demand provides a clear mechanics-based explanation for the
reduced diagonal cracking observed in Fig. 11.

8 Conclusion

This study numerically assessed the seismic performance of RC beam-to-column joints
using two advanced hybrid reinforcement strategies: SMA—steel combinations and a newly
proposed dual-grade steel (DGS) configuration. Key conclusions are summarized below:

1. Among the two concrete models evaluated, the CDPM (MAT273) model demonstrated
superior accuracy in simulating nonlinear cyclic behavior, including cracking, pinch-
ing, and damage propagation, making it suitable for parametric analyses of RC joints.

2. Relocating the SMA—steel splice outside the joint panel substantially improved the ini-
tial stiffness and energy dissipation of the hybrid joint, while only slightly increasing
residual story drift. A splice location at 0.5/ from the column face offered the best bal-
ance of strength, ductility, and reparability.

3. The DGS reinforcement strategy, utilizing longitudinal bars of two different yield
strengths, successfully created a localized plastic hinge away from the joint core. This
method achieved a 46% increase in energy dissipation and 16% reduction in residual
drift compared to the conventional RC joint, without sacrificing peak lateral strength.
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4. The local weakening technique proposed herein is practical, cost-effective, and com-
patible with current construction practices, eliminating the need for expensive smart
materials like SMA.

5. A mechanics-based shear demand-capacity analysis was conducted to justify the
observed reduction in joint diagonal cracking. The results showed that the proposed
DGS system reduces the joint shear demand from 68% to 60% of the nominal capac-
ity, corresponding to a 12% decrease in the demand-capacity ratio. This reduction is
attributed to the relocation of the plastic hinge away from the column face, which limits
strain penetration into the joint core and alleviates shear stresses in the joint region. The
quantitative shear assessment confirms that the DGS configuration not only enhances
energy dissipation but also provides improved protection against joint shear failure.

6. The limitations of the perfect bond assumption should be acknowledged. While the
numerical models accurately captured damage patterns and overall hysteretic response
(Figs. 4 and 5), the 82% error in residual drift prediction for JBC2 indicates that abso-
lute residual displacements should be interpreted with caution. The reported improve-
ments for the DGS system (46% energy increase, 16% drift reduction) are numerical
predictions requiring experimental validation. Future work should include full-scale
experimental testing of the DGS system and incorporation of advanced bond-slip mod-
els to refine localized damage predictions.
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