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ABSTRACT

Background: Conventional friction dampers, despite their adequate energy
dissipation capacity, can limit the seismic resilience of structures due to the
residual deformations they induce. To address this limitation, this study proposes
incorporating self-centering capability into a double-level friction damper with the
aim of reducing residual drift and improving seismic performance, thereby
facilitating the restoration of structural serviceability after an earthquake.

Methods: To evaluate the effectiveness of the self-centering double-level friction
damper, its performance was numerically compared with those of the conventional
single-level friction damper without self-centering capability and the self-centering
single-level friction damper. For this purpose, three-dimensional 6-, 12-, and 18-
story steel special moment-resisting frames equipped with each of the three
damper types were designed in accordance with code provisions using the
Application Programming Interface (API) of ETABS. Nonlinear time-history
analyses were then conducted in OpenSeesPy using a set of earthquake records at
two hazard levels: the Maximum Considered Earthquake (MCE) and the Design
Basis Earthquake (DBE).

Results: The results showed that, although the conventional single-level friction
damper exhibited mean acceleration responses that were 32.7% and 22.6% lower
than those of the self-centering double-level and self-centering single-level friction
dampers, respectively, its mean residual drift responses were 342.7% and 416.3%
higher, respectively. More importantly, the proposed self-centering double-level
friction damper exhibited performance comparable to that of the self-centering
single-level friction damper, while requiring approximately half the self-centering
force to achieve a similar self-centering capability. The reduction in the required
self-centering force makes the double-level friction damper a highly suitable option
for use in prestressed structures to provide self-centering behavior.

Conclusion: Overall, self-centering friction dampers provide superior seismic
performance compared with friction dampers without self-centering capability
and can improve the seismic resilience of structures by substantially reducing
residual drift. The findings highlight the importance of employing self-centering
systems to enhance structural safety and maintain serviceability following an
earthquake.
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Introduction

onventional seismic design
primarily relies on inelastic
deformation and structural
ductility to dissipate
earthquake  energy and
prevent collapse. Although
this philosophy has proven
effective for life safety, it often
results in considerable residual
deformations after severe earthquakes,
leading to costly repairs or demolition of
otherwise safe buildings. Consequently, self-
centering structural systems have attracted
increasing attention because they can
substantially reduce residual drift while
maintaining adequate energy dissipation.

Among passive energy dissipation devices,
friction dampers have become widely used
owing to their simplicity, low construction
cost, stable hysteretic behavior, and ease of
installation. Nevertheless, conventional
friction dampers are generally designed with
a single slip force and therefore exhibit
limited adaptability to earthquakes with
different intensity levels. To overcome this
limitation, double-level friction dampers
have been introduced to provide multiple
slip forces under different displacement
demands. In parallel, several researchers
have incorporated self-centering
mechanisms into friction dampers using
post-tensioned tendons, disc springs, or
shape memory alloys.

Despite these developments, limited
research has investigated the combination of
double-level friction mechanisms with
complete self-centering capability.
Therefore, this study proposes a novel self-
centering double-level friction damper and
evaluates its seismic performance in
comparison with conventional single-level
friction dampers and self-centering single-
level friction dampers.

Methods

Three steel special moment-resisting frames
with 6, 12, and 18 stories were designed
according to ASCE 7-2022 using the ETABS
application programming interface (API),
allowing automatic model generation and
design. Each building was equipped with
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three different damper configurations: 1-
Conventional single-level friction damper; 2-
Self-centering single-level friction damper;
3-Proposed  self-centering  double-level
friction damper.

Nonlinear numerical simulations were
carried out using OpenSeesPy. Beams and
columns were modeled using nonlinear
beam-column elements with Steel01
material.  Self-centering braces were
modeled using the Self-Centering material
model, while the proposed double-level
friction damper was constructed by
combining Steel01 and Gap materials to
accurately reproduce the experimentally
validated hysteretic behavior.

Eleven FEMA P-695 ground motions were
used for structural design, and the complete
FEMA P-695 record set was employed for
performance evaluation under both Design
Basis Earthquake (DBE) and Maximum
Considered Earthquake (MCE) hazard levels.
The damping ratio was assumed to be 5%,
and nonlinear response-history analyses
were performed for all structural
configurations. Damper capacities and
prestressing forces were iteratively adjusted
until both drift and residual drift satisfied the
prescribed performance limits.

Results

The numerical analyses demonstrate that all
three damper systems provide comparable
control of maximum inter-story drift.
However, substantial differences are
observed in residual drift and self-centering
performance.

The conventional single-level friction
damper consistently produces the smallest
floor accelerations because more energy is
dissipated through friction with fully
rectangular hysterersis behavior.
Nevertheless, this advantage is accompanied
by significantly larger residual deformations
after earthquakes. On average, its residual
drift is approximately 343% larger than that
of the proposed self-centering double-level
friction damper and about 416% larger than
that of the self-centering single-level friction
damper.
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The proposed self-centering double-level
friction damper achieves structural
responses that are nearly identical to those
of the self-centering single-level damper in
terms of drift, residual drift, and
acceleration. More importantly, the required
prestressing force for achieving self-
centering behavior is nearly 50% lower. This
reduction is achieved because the
prestressing force only needs to exceed the
first-level slip force, while the second-level
friction capacity is responsible for
controlling larger seismic demands.

The analyses also indicate that the
advantages of self-centering systems
become increasingly evident as building
height increases. Furthermore, the proposed
damper exhibits lower sensitivity to
different earthquake records, resulting in
more stable seismic performance under
various hazard levels.

Conclusion

A novel self-centering double-level friction
damper was proposed, and its seismic
performance was evaluated against those of
a conventional single-level friction damper
and a self-centering single-level friction
damper through nonlinear response-history
analyses of steel moment-resisting frames
equipped with each damper.The study
demonstrates that:

e Both self-centering systems
significantly reduce residual inter-story
drift compared with conventional
friction dampers.

e (Conventional friction dampers provide
slightly lower floor accelerations but at
the expense of substantially larger
permanent deformations.

e The proposed self-centering double-
level friction damper achieves seismic
performance comparable to that of the
self-centering single-level system while
requiring approximately half of the
prestressing force.

e The reduced self-centering demand
improves the practical implementation
of post-tensioned self-centering

systems and enhances structural
resilience following severe earthquakes.

Overall, the proposed damper represents an
efficient and practical solution for resilient
seismic design by simultaneously controlling
drift, minimizing residual deformation, and
reducing the required self-centering force.
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