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ABSTRACT
Article info: Background: Improving the seismic performance of high-rise structures and

reducing earthquake-induced damage are major concerns in earthquake
Article History: engineering. This study investigates the seismic performance of single tuned mass
Received: 8 February 2026 dampers (STMDs) and multiple tuned mass dampers (MTMDs) in a 14-story steel
Revised: 2 March 2026 moment frame. The objective is to compare the efficiency of these systems in
Accepted: 6 March 2026 enhancing seismic capacity, reducing structural response, and evaluating the effect
Published: 4 April 2026 of height-wise distribution based on the modal energy index.

Methods: A 14-story steel frame was modeled in different cases in OpenSees and
evaluated using Incremental Dynamic Analysis (IDA). Fourteen ground motion
records, including 7 far-fault and 7 pulse-like near-fault records, were used. Seven
models were analyzed: one uncontrolled structure, three STMD models with mass
ratios of 1%, 3%, and 5%, and three MTMD models with the same mass ratios.
Structural responses were assessed in terms of roof displacement, interstory drift
ratio, base shear, IDA curves, and fragility curves.

Results: Both damping systems improved seismic performance compared to the
uncontrolled structure; however, MTMDs generally performed better than STMDs
in most indices. The highest median collapse intensity was obtained for the MTMD
model with a 5% mass ratio, reaching 4.492, a 77.37% increase over the
uncontrolled structure. MTMDs with 1% and 3% mass ratios also reduced roof
displacement more effectively. Fragility analysis showed that MTMDs significantly
decreased the probability of exceedance.

Keywords: Conclusion: MTMDs distributed along the height based on the modal energy index
Tuned Mass Damper are more effective than a single rooftop damper in improving seismic performance
Passive Control and reducing failure probability of high-rise steel structures.
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Introduction

arthquake-induced vibrations
pose a serious threat to the
safety and serviceability of
high-rise structures, often
leading to excessive damage,
loss of functionality, and even
collapse under severe seismic
events. Therefore, improving
the seismic performance of such structures
has become one of the major concerns in
structural and earthquake engineering.
Among various passive control devices,
tuned mass dampers (TMDs) have attracted
considerable attention because of their
simplicity, low maintenance requirements,
and proven effectiveness in mitigating
structural responses. Conventional single
tuned mass dampers (STMDs) are commonly
installed at the roof level and are generally
tuned to the fundamental vibration mode of
the structure. Although this approach can be
effective in reducing response under certain
conditions, its efficiency may decrease when
higher vibration modes become significant
or when the structure experiences strong
nonlinear  behavior  during intense
earthquakes. To address these limitations,
multiple tuned mass dampers (MTMDs) have
been introduced as an alternative strategy.
By distributing several dampers along the
height of the structure and tuning them over
a range of frequencies, MTMD systems can
provide broader and more reliable control
performance. In this study, the seismic
effectiveness of STMD and MTMD systems is
investigated for a 14-story steel moment
frame using Incremental Dynamic Analysis
(IDA), with particular emphasis on the
height-wise distribution of MTMDs based on
the modal energy index of the first three
vibration modes.

Methods

A two-dimensional, 14-story steel moment
frame was numerically modeled using the
OpenSees framework to capture its complex
nonlinear seismic response. To evaluate the
efficacy of different vibration control
strategies, the structure was subjected to
comparative analyses across seven distinct
configurations: one uncontrolled model
serving as a baseline, three models equipped
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with single tuned mass dampers (STMDs)
with mass ratios of 1%, 3%, and 5%, and
three models utilizing multiple tuned mass
dampers (MTMDs) with identical mass
ratios. In the STMD configurations, the entire
damper mass was concentrated at the roof
level, tuned specifically to the fundamental
mode. Conversely, the MTMD systems
employed a height-wise distribution
strategy, where the dampers were
strategically placed along the building height
based on the modal energy index to capture
approximately 80% of the effective modal
energy of the first three vibration modes. The
seismic performance of these models was
rigorously investigated through Incremental
Dynamic Analysis (IDA), utilizing a set of 14
ground motion records, comprising 7 far-
fault and 7 pulse-like near-fault earthquakes.
The primary response indices assessed
included roof displacement, interstory drift
ratios, and base shear, alongside the
generation of IDA and fragility curves.
Structural collapse was precisely defined by
two criteria: reaching a maximum interstory
drift ratio of 5% or observing a significant
degradation in the IDA curve slope to less
than 20% of its initial value.

Results

The numerical results demonstrate that both
STMD and MTMD systems effectively
enhanced the seismic performance of the 14-
story  structure compared to the
uncontrolled baseline. However, the MTMD
configuration consistently outperformed the
STMD in terms of median collapse capacity
for equivalent mass ratios. Specifically, the
median collapse intensity increased from
2.533 in the uncontrolled model to 3.482,
3.732, and 4.129 for STMD systems with
mass ratios of 1%, 3%, and 5%, respectively.
These values correspond to improvements of
37.5%, 47.4%, and 63% over the
uncontrolled state. Notably, the MTMD
system exhibited superior efficiency,
achieving median collapse intensities of
3.765, 4.119, and 4.492 for the same mass
ratios,  respectively. = These  figures
correspond to more significant
improvements of 48.7%, 62.6%, and 77.4%
over the uncontrolled state.
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Regarding serviceability, MTMDs with 1%
and 3% mass ratios provided greater
reductions in roof displacement than their
STMD counterparts. While the STMD ata 5%
mass ratio demonstrated a marginally better
reduction in roof displacement, the overall
performance—especially concerning
fragility curves—remained in favor of the
distributed system. The fragility analysis
confirmed that MTMDs substantially
lowered the probability of damage-state
exceedance across both Life Safety and
Collapse Prevention performance levels.
This underscores that effective seismic
mitigation in high-rise structures is not
merely dependent on damper mass but is
fundamentally driven by the strategic
height-wise distribution of dampers. By
considering multiple vibration modes
through this distributed approach, MTMDs
offer a more robust mechanism for energy
dissipation than traditional, roof-
concentrated STMDs.

Conclusion

The findings of this study provide significant
insights into the seismic control of high-rise
steel frames, demonstrating that multiple
tuned mass dampers (MTMDs) distributed
along the structural height—strategically
based on the modal energy index—offer
superior effectiveness compared to a
conventional single rooftop tuned mass
damper (STMD). The comparative analysis
reveals that MTMD systems not only
significantly enhance the seismic capacity of
the structure but also reduce critical
structural responses and lower the
probability of damage exceedance more
efficiently than STMDs across various mass
ratios. A key takeaway from this research is
that simply increasing the total mass of the
damping system at the roof level is
insufficient for achieving optimal control.
Instead, the results highlight that the
strategic distribution of mass along the
height and the simultaneous consideration of
multiple vibration modes through frequency
tuning are the most decisive factors in
performance enhancement. This study
confirms that MTMDs provide a much more
robust defense against nonlinear seismic
excitations by addressing higher-mode
effects that STMDs often neglect.
Consequently, MTMD configurations can be
recommended as a highly reliable and

efficient passive control strategy for the
seismic rehabilitation and advanced design
of tall steel structures. Future research could
further explore the optimization of these
distribution patterns under various soil-
structure interaction scenarios to refine
their practical implementation.
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