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ABSTRACT
Article info: Background: Limiting residual drift is one of the objectives in the design of modern
] ] structures, as small residual drifts facilitate structural repairability following an
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centering material capable of recovering residual deformations. On the other hand,
steel slit dampers are among the desirable types of energy dissipation devices. In
this study, a steel moment-resisting connection equipped with a hybrid system
comprising a steel slit damper and a Nitinol shape memory alloy component is
numerically investigated, and the combined performance of the energy-dissipating
and self-centering components is evaluated.

Methods: First, an experimentally tested connection equipped with a slit damper
is considered as the reference specimen. Subsequently, a parallel configuration
consisting of a steel damping component and a Nitinol self-centering component is
introduced and numerically investigated. Due to the high cost of Nitinol in practical
applications, thin Nitinol wires are employed, while a series configuration of the
two components is not feasible because of its higher Nitinol material demand. In
designing the numerical specimens, the stiffness of the experimental reference
specimen is maintained as a constant reference stiffness for the hybrid slit damper-
self-centering system. 24 finite element models are developed, and the yield
rotation, yield moment, residual rotation, stresses in the connection components
under cyclic loading, and dissipated energy are evaluated.

Results: The results indicate that the parallel arrangement significantly increases
connection strength, while increasing the contribution of Nitinol causes the
hysteretic response to become progressively more flag-shaped. However, the self-
centering effect in reducing residual drift remains limited. Even in the specimen
containing the largest amount of Nitinol, the reduction in residual rotation is
approximately 15%. The results also demonstrate that a stiffener in the connection

Keywords: seat region is essential to maintain connection rigidity.

Residual Drift Conclusion: Overall, the parallel configuration is suitable for increasing connection
Self-Centering strength and providing limited self-centering capability; however, it is insufficient
Steel Slit Damper for achieving a substantial reduction in residual drift. When residual drift reduction
Shape Memory Alloy is the primary objective, alternative arrangements, including series configurations,
Moment-Resisting Connection | should be investigated considering the required amount of Nitinol,
Hysteresis constructability, and cost.

* Corresponding Author’s E-mail: msghobadi@eng.ikiv.ac.ir

Copyright for this article are retained by the author(s) with publishing rights granted to Iranian Society of Steel

@ Structures Press. The content of this article is subject to the terms and conditions of the Creative Commons

i Attribution 4.0 International (CC-BY-NC 4.0) License. For more information, please visit
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

60

Volume 20, Issue 53



http://www.journalisss.ir/
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode
https://doi.org/10.22034/jss.2026.600357.1056
https://orcid.org/0000-0003-3566-538X
https://orcid.org/0000-0001-6623-9215
https://doi.org/10.22034/jss.2026.600357.1056

Behrad Baghaie, Mehdi Ghassemieh, Mohammad Soheil Ghobadi

Introduction

teel moment-resisting frames
are widely used in seismic-

resistant construction
because they provide
strength, stiffness, and

ductility. Nevertheless, severe

earthquakes have shown that

concentration of inelastic
deformation in beam-to-column connections
can lead to extensive damage and may
hinder post-earthquake repair. Steel slit
dampers provide an established means of
concentrating inelastic deformation in
replaceable  steel = components and
dissipating seismic energy through stable
hysteretic behavior. Shape memory alloys,
particularly nickel-titanium (NiTi), offer a
complementary capability through
superelasticity and self-centering. The main
limitation of Nitinol in civil engineering
applications is its high cost, which makes the
use of large cross-sectional areas
impractical. This study therefore
investigates a hybrid connection in which a
steel slit damper and a Nitinol-based self-
centering component operate in parallel. The
objective is to determine whether a small
quantity of Nitinol can provide useful self-
centering while preserving the energy-
dissipation capacity and stiffness
characteristics of a conventional slit-damper
connection.

Methods

An experimentally tested steel moment-
resisting connection equipped with a steel
slit damper is selected as the reference
configuration. The connection and the
principal material properties are modeled
using three-dimensional finite elements in
Abaqus, and the numerical response is
compared with the available experimental
hysteresis curve to validate the finite
element model. The Nitinol wire is
subsequently modeled using an equivalent
two-node truss formulation with a
superelastic constitutive response calibrated
against experimental results reported in the
literature. The proposed hybrid system
consists of the slit damper and the Nitinol
self-centering component placed in parallel
so that both components undergo the same
deformation and jointly transfer force from
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the beam to the support. A dedicated steel
arrangement is used to keep the Nitinol
wires in tension because thin wires cannot
reliably carry compression. The total
stiffness of each hybrid specimen is
maintained approximately equal to the
stiffness of the reference connection by
reducing the number of vertical steel
members in the slit damper as the stiffness
contribution of the Nitinol component
increases. Four main groups are considered,
with different numbers of steel yielding
members and three Nitinol wire lengths. For
each group, corresponding specimens with
and without stiffeners beneath the beam seat
are investigated, resulting in 24 numerical
specimens. Nonlinear quasi-static cyclic
analyses are conducted using the loading
protocol adopted for the reference
experiment. The main response parameters
are yielding rotation, yielding moment,
residual drift angle, ultimate strength, stress
distribution, hysteretic response, and
dissipated energy.

Results

The finite element model of the reference
connection reproduces the main
characteristics of the experimental moment-
rotation response in both the elastic and
nonlinear ranges, indicating that the adopted
numerical approach is suitable for the
subsequent parametric study. The numerical
simulation of the Nitinol wire also
reproduces the characteristic superelastic
response, including the transformation and
unloading behavior. For the hybrid
specimens, the parallel arrangement
increases the strength of the connection as
the contribution of the Nitinol component
increases. Because the overall stiffness is
intentionally kept approximately constant,
the changes in the initial stiffness are limited,
while the yield moment and resistance can
increase considerably. The strongest
configurations increase the yield moment by
as much as about 50%, and the yield rotation
can increase from approximately 0.01 to
about 0.025. The addition of Nitinol also
modifies the hysteretic loops toward a flag-
shaped response, confirming the
introduction of a self-centering mechanism.
However, the magnitude of this effect is
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smaller than expected because the Nitinol
component acts in parallel with the energy-
dissipating steel damper. The steel damper
continues to accommodate a substantial
portion of the deformation and force,
thereby limiting the force recovery supplied
by Nitinol during unloading. Consequently,
residual rotation is reduced only modestly.
Even the configurations containing the
largest amount of Nitinol achieve a
maximum reduction of approximately 15%
in residual rotation. Increasing the Nitinol
amount beyond the level represented by the
M4 group does not provide a proportional
improvement. In the M5 configurations, the
larger Nitinol force produces local distortion
in the beam-seat region and may reduce the
intended rigidity of the connection. The
results demonstrate that stiffeners beneath
the beam seat are essential for controlling
local distortion when the Nitinol component
carries a larger share of the force. The
dissipated energy of the hybrid connections
is generally lower than that of the reference
specimen because a greater portion of the
response is associated with the recentering
mechanism rather than plastic dissipation in
the steel damper. The maximum observed
reduction in dissipated energy is
approximately 15%, corresponding to the
specimens with the greatest reduction in
residual rotation. These findings indicate
that the proposed parallel arrangement can
improve strength and introduce a limited
flag-shaped response, but it cannot provide
substantial residual-drift control.

Conclusion

The numerical investigation demonstrates
that combining a steel slit damper with a
small-area Nitinol self-centering component
in a parallel configuration is structurally
feasible and can be implemented without
increasing the overall target stiffness of the
reference connection. The hybrid detail can
significantly enhance connection strength
and can introduce a measurable, although
limited, self-centering effect. The maximum
reduction in  residual rotation s
approximately 15%, while the yield moment
can increase by up to about 50%. The study
also identifies the necessity of stiffeners
beneath the beam seat for specimens in
which the Nitinol component has a relatively
large force contribution. Overall, the parallel
configuration is more effective as a strength-
enhancement mechanism than as a residual-

drift-control system. If substantial residual-
drift reduction is required, a series
arrangement of the dissipative and self-
centering components appears more
promising, but such a system would require
a larger quantity of Nitinol and a practical
connection detail. Further studies should
therefore focus on the constructability, cost,
durability, and seismic performance of
alternative configurations.
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