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Article Info Abstract _ _
Background: Earthquakes remain among the most devastating natural hazards
globally, causing catastrophic structural failures and significant human loss.

E-1SSN: 3107-7099 Conventional construction methods have proven inadequate in seismically active

Volume: 02 zones, necessitating the development of advanced mitigation strategies.

Issue: 02 Objective: This study evaluates and compares contemporary seismic resistance

Received: 14-03-2026 technologies—base isolation, structural dampers, and energy dissipation systems—to
’ identify optimal configurations for earthquake-resilient infrastructure.

Accepted: 12-04-2026 Methods: Finite element analysis (FEA) was performed on a representative 12-story

Published: 10-05-2026 reinforced concrete building using SAP2000 and ETABS platforms. Simulations

Page No: 18-21 incorporated four seismic hazard scenarios (PGA 0.1g-0.4g) and compared five

structural configurations across displacement, drift, and acceleration metrics.
Results: Lead-rubber bearing (LRB) base isolation achieved the greatest inter-story
drift reduction (62%), while the hybrid damper configuration reduced peak floor
acceleration by 58%. Tuned mass dampers offered the most cost-effective
performance at moderate seismic intensities.

Conclusion: Hybrid integration of seismic protection systems substantially
outperforms single-strategy approaches. A resilience-based design framework
combining base isolation with energy dissipators is strongly recommended for high-
seismicity regions.

Keywords: Base Isolation, Structural Dampers, Seismic Resilience, Energy Dissipation, Earthquake Engineering, Finite
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1. Introduction

Seismic events pose an existential threat to the built environment, with major earthquakes responsible for trillions of dollars in
infrastructure damage and hundreds of thousands of fatalities in recent decades. The 2023 Turkey-Syria earthquake sequence
(Mw 7.8), the 2015 Nepal earthquake (Mw 7.8), and the 2011 Tohoku disaster each exposed critical deficiencies in conventional
structural design philosophies I 2. As climate variability increasingly influences tectonic stress patterns, the imperative for
earthquake-resilient construction has never been greater.

Traditional seismic design relied primarily on strength-based approaches—building heavier, stiffer structures capable of
absorbing lateral forces. While effective for low-to-moderate seismicity, this paradigm proves insufficient when confronted with
near-fault ground motions characterized by high-frequency pulses and prolonged shaking duration 1. Contemporary seismic
engineering has, therefore, undergone a fundamental paradigm shift toward performance-based earthquake engineering (PBEE),
which quantifies and controls structural response at multiple hazard levels 1.

Three families of advanced mitigation technology have emerged as primary tools in the earthquake engineer’s arsenal: (a)
seismic base isolation, which decouples the structure from ground motion; (b) supplemental energy dissipation devices, including
viscous and viscoelastic dampers; and (c) passive and active mass damping systems. Each technology exhibits distinct
mechanical behavior, cost profiles, and applicability constraints [> €1, This paper systematically evaluates these technologies
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through numerical simulation and proposes an integrated
framework for selecting optimal configurations based on
hazard level, building typology, and lifecycle cost objectives.

2. Related Work

Earthquake engineering research over the past three decades
has yielded an extensive body of knowledge on seismic
performance technologies. Kelly [ pioneered the application
of lead-rubber bearings (LRBs) in New Zealand,
demonstrating that base-isolated structures could reduce floor
accelerations by up to 75% compared to fixed-base
equivalents. Subsequent large-scale shake-table experiments
at UC San Diego and E-Defense (Japan) validated these
findings across diverse structural configurations (€,

Fluid viscous dampers (FVDs) were extensively studied by
Constantinou and Symans ), who established analytical
models linking damper velocity exponents to energy
dissipation efficiency under various ground-motion
intensities. Viscoelastic dampers, originally deployed in the
World Trade Center towers for wind-induced vibration
control, were later adapted for seismic applications with
documented 30-50% drift reduction in mid-rise steel frames
[10]

Tuned mass dampers (TMDs) have received renewed
attention following their documented performance during the
1989 Loma Prieta earthquake, where buildings equipped with
TMDs exhibited measurably lower damage indices 4,
Recent advances in semi-active TMD technology,
incorporating magnetorheological (MR) fluid actuators, have
extended the operational bandwidth and robustness of these
systems 12, Earthquake-resistant design codes, including
ASCE 7-22 and 1S:1893, have progressively incorporated
provisions for performance-based design; however, gap areas
remain in addressing hybrid protective systems and long-
period ground motions 31,

3. Advanced Seismic Resistance Framework

3.1. Seismic Hazard Characterization

Seismic hazard characterization underpins the entire
framework, drawing on probabilistic seismic hazard analysis
(PSHA) to define site-specific ground-motion intensity
measures (IMs) at multiple return periods (72, 475, and 2,475
years). Spectral acceleration at the fundamental period Sa(T1)
and peak ground acceleration (PGA) serve as primary IMs.
Near-fault directivity effects and basin amplification are
incorporated via site-response factors consistent with
NEHRP site classification 4,

3.2. Base Isolation Systems

Lead-rubber bearings (LRBs) and high-damping rubber
bearings (HDRBs) constitute the primary isolation
technologies evaluated. LRBs consist of alternating layers of
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natural rubber and steel shims, with a central lead plug
providing supplemental damping (equivalent viscous
damping ratio { = 20-30%). The bilinear hysteretic model
characterizes their force-deformation behavior, with
characteristic strength Qd and post-yield stiffness kd as key
design parameters. Friction pendulum systems (FPS)
utilizing a spherical sliding surface represent an alternative
with self-centering capability and period elongation governed
by the pendulum radius B,

3.3. Structural Dampers and Energy Dissipation

Fluid viscous dampers (FVDs) dissipate energy through
internal orifice flow, with force proportional to velocity
raised to an exponent a (typically 0.3-1.0). Lower a values
yield higher energy dissipation at moderate velocities.
Viscoelastic dampers operate through shear deformation of
polymeric materials, providing stiffness and damping
simultaneously, making them well-suited for combined wind
and seismic control. Tuned mass dampers (TMDs) consist of
a secondary mass-spring-dashpot subsystem tuned to the
primary structure’s fundamental frequency; when properly
tuned (optimal mass ratio p = 1-3%), peak displacement can
be reduced by 25-40% [*9],

4. Materials and Methods

A 12-story reinforced concrete moment-resisting frame
(height: 48 m, floor plan: 24 m x 18 m) was adopted as the
reference building. Structural properties were: concrete
compressive strength f’c = 35 MPa, reinforcing steel yield
strength fy = 500 MPa, and a seismic weight of 18,500 kN.
The building was modeled in SAP2000 v24 using fiber-based
beam-column elements with  distributed  plasticity
formulations to capture nonlinear response 1,

Five structural configurations were analyzed: (C1) Fixed-
base reference frame; (C2) LRB base isolation (Qd/W = 0.05,
kd = 0.12W/m); (C3) FVD supplemental damping (a0 = 0.5,
C =450 kN-s/m per device, 16 units); (C4) TMD (mass ratio
pu = 2%, tuned to T: = 2.8 s); (C5) Hybrid LRB + FVD.
Ground mation records were selected from the PEER NGA-
West2 database, comprising 20 pairs scaled to the design-
basis earthquake (DBE, 475-year return) and maximum
considered earthquake (MCE, 2,475-year return) spectra at a
representative Delhi site (1S:1893 Seismic Zone V).
Nonlinear response history analysis (NRHA) was performed
per ASCE 7-22 Chapter 17. Performance was evaluated via
maximum inter-story drift ratio (ISDR), peak floor
acceleration (PFA), and structural displacement [16],
Cost-benefit analysis followed FEMA P-58 loss-estimation
methodology, incorporating direct repair costs, business
interruption losses at three intensity levels, and nominal
device installation premiums. Lifecycle costs were computed
over a 50-year horizon with a 5% annual discount rate 7,
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Fig 1: Conceptual model of the hybrid earthquake-resilient structural system analyzed in this study.

Table 1: Comparative Overview of Advanced Seismic Resistance Techniques

Technique Mechanism Drift Reduction | Accel. Reduction | Retrofit Applicable | Relative Cost
LRB Isolation Period elongation, hysteretic energy 55-62% 45-55% Limited High
Friction Pendulum Sliding friction, re-centering 50-58% 40-50% Moderate High
Fluid Viscous Damper | Velocity-dependent energy dissipation 38-48% 35-45% Yes Moderate
Viscoelastic Damper Shear deformation of polymer 30-40% 28-38% Yes Moderate
Tuned Mass Damper Inertial counterforce, resonance 25-35% 20-32% Yes Low—Moderate
Hybrid (LRB + FVD) Combined isolation + dissipation 65-75% 55-68% Limited Very High

Source: Compiled from numerical simulations and literature review.

5. Results and Comparative Analysis

Across all 20 ground-motion records at the DBE level, the
fixed-base reference frame (C1) exhibited mean peak ISDR
of 2.81%, exceeding the ASCE 7-22 life-safety threshold of
2.0%. The LRB configuration (C2) reduced ISDR to 1.07%
(62% reduction), whereas the FVD configuration (C3)
yielded 1.59% (43% reduction). The TMD system (C4)
provided a more modest 1.94% drift (31% reduction), while
the hybrid system (C5) achieved the lowest value of 0.91%
(68% reduction). At MCE intensity, reductions were
comparably maintained, with C5 remaining below the
collapse-prevention limit across all records 81,

Peak floor acceleration (PFA) results at the roof level showed
that the hybrid system (C5) reduced PFA from 0.91g (C1) to

0.38g, representing a 58% reduction—critical for protecting
acceleration-sensitive nonstructural components and building
contents. LRB alone (C2) achieved 52% PFA reduction,
confirming its superior base shear attenuation characteristics.
The FVD system reduced PFA by 41%, with viscoelastic
contributions adding an additional 7% when combined !,
Lifecycle cost analysis revealed that while the hybrid system
(C5) carries the highest upfront premium (approximately
8.5% of total construction cost), its 50-year lifecycle cost is
23% lower than the fixed-base design due to avoided
earthquake losses. The TMD system (C4) offered the best
cost-benefit ratio for buildings in moderate seismicity zones
(PGA < 0.2g), with break-even achieved at the first major
seismic event within a 25-year window [*°,

Table 2: Structural Performance Outcomes — Nonlinear Response History Analysis (DBE Level)

Configuration Peak ISDR (%) | Roof PFA (g) | Base Shear (kN) | ISDR Red. (%) Lifecycle Cost X Cr.)
C1 — Fixed Base 2.81 0.91 14,820 — 28.4
C2 — LRB Isolation 1.07 0.44 6,240 62 241
C3 — FVD Dampers 1.59 0.54 8,930 43 22.8
C4 — TMD System 1.94 0.63 11,350 31 21.6
C5 — Hybrid (LRB+FVD) 0.91 0.38 5,710 68 21.8

Note: ISDR = Inter-Story Drift Ratio; PFA = Peak Floor Acceleration; Lifecycle Cost normalized to 50-year horizon.

6. Discussion
The results confirm that no single seismic protection strategy
is universally optimal; performance advantages and cost-

effectiveness depend critically on the seismic hazard level,
structural period, and occupancy requirements. Base isolation
(LRB) excels in high-intensity zones where ground-motion
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period content is short relative to the isolated period, but its
effectiveness diminishes for soft soil sites where long-period
components can re-enter the isolation bearing’s operating
range. Supplemental FVDs demonstrate robust performance
across a broader frequency range and integrate readily into
existing building stock, addressing the urgent need for retrofit
strategies in aging infrastructure 619,

The TMD system’s narrowband effectiveness underscores
the importance of precise frequency tuning. Detuning caused
by stiffness degradation during strong shaking can reduce
TMD effectiveness by 15-25%, a limitation addressable
through semi-active control with real-time frequency
adjustment. The hybrid LRB+FVD configuration, while
exhibiting  superior  performance  metrics, requires
sophisticated design coordination between isolation and
superstructure  engineers, and introduces interface
compatibility challenges that demand careful detailing 2 3,
Future developments in seismic resilience will likely center
on smart materials and adaptive systems. Shape-memory
alloy (SMA)-based dampers offer self-centering behavior
that eliminates residual drift—a key driver of post-earthquake
functional loss. Magnetorheological (MR) fluid dampers,
controllable in real time through embedded structural health
monitoring (SHM) networks, represent the frontier of active
seismic control. Integration of Internet-of-Things (1oT)
sensors with building management systems will enable
predictive structural assessments immediately following
seismic events, facilitating rapid return to occupancy 14 151,

7. Conclusion

This study presented a rigorous comparative evaluation of

advanced seismic resistance technologies through nonlinear

response history analysis of a representative 12-story RC
structure. The principal findings are as follows:

1. LRB base isolation provides the greatest inter-story drift
reduction (62%) among single-system approaches and is
recommended as the primary technology for new
construction in high-seismicity zones.

2. The hybrid LRB+FVD system achieves superior overall
performance (68% drift reduction, 58% PFA reduction)
with a lifecycle cost advantage of 23% over conventional
design.

3. TMDs offer the most cost-effective solution for
moderate seismicity applications and retrofit scenarios
due to their non-invasive integration.

4. Future seismic resilience frameworks should incorporate
adaptive, sensor-integrated protective systems to address
the limitations of passive technologies under near-fault
and long-period ground motions.

Adoption of a resilience-based design philosophy, guided by
PBEE principles and lifecycle cost optimization, is strongly
recommended for all new construction and major retrofits in
seismically active regions of India and internationally.
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