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Abstract: High-rise buildings are more vulnerable to earthquakes due to their slenderness, increased
flexibility, and complex dynamic behavior. Earthquakes can cause excessive inter-storey drift and floor
acceleration, leading to potential structural damage, loss of non-structural components, and significant
discomfort for occupants. The strategies used to mitigate drift and acceleration in tall buildings are
presented in this paper. Structural optimization, base isolation, passive energy dissipation devices, semi-
active and active control systems, and the use of advanced materials are examined. The paper further
introduces a comparative framework for evaluating each strategy based on parameters such as effectiveness,
implementation cost, maintenance requirements, and suitability for different building heights. Real-world
applications are illustrated through case studies and numerical simulations.

The benefits of hybrid approaches are highlighted in the study. The adoption of a performance-based
seismic design methodology tailored to the building's function, location, and structural characteristics is
emphasized. Future directions in smart materials and adaptive control systems are also discussed. Recent
innovations in Al-based structural monitoring, modular dampers, and responsive facades offer promising
advancements in real-time performance tuning. The implications of code-based versus performance-driven
design strategies are also examined in the paper. By offering a multi-dimensional analysis, this study serves
as a reference for engineers, architects, urban planners, and policymakers aiming to develop resilient and
sustainable high-rise structures in earthquake-prone regions.

Index Terms - High-rise structures; Earthquake effects; Inter-storey drift; Seismic acceleration; Base
isolation; Tuned mass damper (TMD); Viscous damping; Core-outrigger system; Seismic control strategies;
Performance-based seismic design.

I. INTRODUCTION

The increasing demand for efficient land use and urban expansion has led to a rise in the construction of
high-rise buildings in major metropolitan areas. Vertical structures offer a practical solution to population
density and urban sprawl, but they also pose significant engineering challenges in regions with high seismic
risk. During an earthquake, high-rise buildings are subjected to complex dynamic forces that can cause
displacement and floor-level acceleration. Structural damage, such as cracking and yielding of critical
components, and non-structural failures, including facade damage, elevator malfunction, and compromised
occupant safety, may result from these seismic responses if not properly controlled (Nigam and Jennings,
2000).
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Strength and ductility are vital to modern seismic design, but controlling drift and acceleration is equally
important. High floor accelerations negatively impact occupant comfort and the performance of sensitive
equipment. Engineers are increasingly exploring control mechanisms that go beyond conventional
strengthening techniques. Performance-based design, base isolation, and the use of smart materials have
become central to the discussion of resilience in tall structures (McKenna, Fenves, and Scott, 2000).

Advances in computational modeling and structural health monitoring have enhanced the ability to predict
and assess earthquake effects. Machine learning-assisted diagnostics, finite element simulations, and time-
history analyses allow for accurate evaluation of drift and acceleration under seismic scenarios (Sinha and
Ghosh, 2017), (Krawinkler, 2000). These tools enable the comparison of multiple control strategies under
the same loading conditions.

Serviceability and life-safety performance are emphasized in regional codes. Shear walls and moment-
resisting frames are often insufficient for high-rise applications (American Society of Civil Engineers,
2016). As urban skylines continue to rise, it becomes increasingly important to integrate advanced seismic
mitigation techniques early in the design process to ensure structural safety.

Structural and technological innovations have evolved to address earthquake vulnerability in tall buildings.
A careful evaluation of these strategies can provide insight into their relative performance.

The challenge in designing tall buildings lies in balancing flexibility and stiffness. Highly flexible systems
can experience excessive displacement, which may result in structural or non-structural damage. A critical
design decision is the choice of structural system. The ability to control drift by linking the central core with
perimeter columns is one reason core-outrigger systems are widely adopted (Meguro and Tagel-Din, 1997).
Diagrid systems can be used to resist both wind and seismic loads (Moon, Kim, and Lee, 2007).

Combining base isolation with supplemental dampers is a promising solution. Such systems can reduce both
base shear and drift. The performance of hybrid base-isolated buildings has shown significant improvement
in simulations (Mahmoud and Abbas, 2013). Smart materials and adaptive control technologies are gaining
attention due to their ability to respond to real-time loading conditions (Symans et al., 2008). Despite
challenges in cost and implementation complexity, ongoing research is pushing these technologies toward
practical application.

There is no one-size-fits-all solution for tall buildings. In the context of a building's geometry, function,
importance category, and regional seismicity, the effectiveness of drift and acceleration control strategies
must be carefully evaluated. There is a growing need for a comparative and performance-based approach to
seismic design. The purpose of this paper is to investigate, compare, and evaluate a range of strategies
aimed at reducing seismic drift and acceleration.

1. SEIsmIC BEHAVIOR OF HIGH-RISE BUILDINGS

High-rise buildings exhibit complex dynamic behavior. They are more susceptible to higher mode effects
than low-rise structures. Increased inter-storey drift in the upper stories can be detrimental to structural
integrity and non-structural components (Moehle, 2014).

The seismic response of tall buildings is significantly influenced by their structural system. The fundamental
natural period of a high-rise building increases with height, potentially placing it within the resonance range
of long-period ground motions common in large earthquakes (Chopra, 2016). This resonance effect
increases displacement demands in flexible structures.

Additional moments, known as P-Delta effects, become increasingly significant in tall buildings due to their
slender geometry and higher drift potential. These second-order effects can lead to instability or progressive
collapse if not properly considered in the design process (Paulay and Priestley, 1992).

Torsional irregularities are also a major concern in seismic design. Ground motion can induce torsional
responses if the mass or stiffness distribution is not symmetrical. This can lead to uneven demands in tall
buildings (Taranath, 2016). The effects of torsion can be exacerbated in structures with irregular fagades,
setbacks, or eccentric core placement.

Tall buildings are more vulnerable to earthquakes due to their higher mass and smaller base-to-height ratio.
The fundamental interaction between the structure and its surrounding environment alters the building’s
seismic response. Soil-structure interaction (SSI) can cause base instability, especially on liquefiable soils
(Das, 2009).
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Engineers must employ advanced analytical methods to address these challenges. These tools help capture
the complex behavior of high-rise buildings. Supplemental dampers or control systems can be used to tailor
the dynamic response and limit drift (Krawinkler and Miranda, 2004). High-rise buildings are governed by a
delicate interplay of structural configuration, material properties, soil conditions, and ground motion
characteristics. The dynamics of drift and acceleration control are explored in the next section of this paper.

I1l. STRATEGIES FOR MINIMIZING DRIFT AND ACCELERATION IN HIGH-RISE BUILDINGS

Minimizing drift and acceleration in high-rise buildings is one of the most critical objectives in structural
and earthquake engineering. A variety of strategies are employed to enhance the resilience of these
structures, as they are more susceptible to seismic effects. The following subsections explore the most
widely adopted and emerging techniques.

3.1 Structural System Optimization

The design of the load-resisting system is crucial in earthquake engineering. Moment-resisting frames
(MRFs) offer significant ductility and energy dissipation, but they often lack the stiffness required to
effectively control drift in taller structures. Engineers often integrate MRFs with other structural systems to
enhance performance.

Shear walls can be highly effective in resisting large loads and enabling efficient load transfer. In taller
buildings, a central shear core is often connected to perimeter columns. These configurations increase
resistance and reduce top-story drift, as demonstrated in case studies from Japan and the United States
(Taranath, 2016).

Diagonally intersecting structural elements act in tension and compression, effectively managing both
vertical and lateral forces. The iconic Hearst Tower in New York is a notable example of the diagrid
system's ability to reduce structural weight (Ali and Moon, 2007). Mega-frame and bundled-tube systems
also allow for efficient force distribution across multiple stories and structural layers.

3.2 Passive Energy Dissipation Systems

Passive damper systems enhance a building’s ability to absorb and dissipate seismic energy. These devices
function by converting mechanical energy into heat or strain energy. Viscous dampers, tuned mass dampers
(TMDs), metallic yielding devices, and buckling-restrained braces (BRBs) are among the most widely used.

Structural bracing is employed to reduce overall vibration and is effective across a wide frequency range
(Constantinou et al., 1998). The upper levels of a building often host a tuned mass. For instance, the 660-
short ton TMD used in some skyscrapers demonstrates significant control over both wind- and earthquake-
induced displacement (Chan and Poon, 2007).

Clash and metallic dampers are valued for their reliability and minimal maintenance requirements.
Buckling-restrained braces (BRBs) have the capacity to yield under both compression and tension. Studies
show that well-placed passive devices can reduce inter-storey drift by up to 40% (Kasai et al., 2004).

3.3 Base Isolation Systems

Base isolation is a strategy that decouples the superstructure from ground motion by introducing damping
components at the base level. This approach increases the fundamental period of the building, effectively
reducing seismic forces. Lead rubber bearings (LRBs), friction pendulum bearings, and high-damping
rubber bearings are some of the most commonly used isolation devices.

LRBs contain a central lead core. Base isolation is especially suitable for hospitals, museums, and heritage
buildings that are vulnerable to earthquake damage (Naeim and Kelly, 1999). The sliding interface of these
devices provides stable and repeatable performance. Synthetic additives enhance the properties of rubber
compounds used in these systems.

Base isolation is generally more efficient in low- to mid-rise buildings, particularly those with natural
periods that fall within the long-period range of ground motion. It can be supplemented with energy
dissipation systems to enhance performance. During strong ground shaking, special attention must be given
to soil-structure interaction, isolator uplift, and torsional responses.
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3.4 Active and Semi-Active Control Systems

The cutting edge of seismic response control lies in active and semi-active systems. These systems utilize
real-time feedback and control mechanisms to adjust a building's dynamic behavior during an earthquake.
Active Tuned Mass Dampers (ATMDs) are one of the key technologies in this domain.

ATMDs adjust the amplitude and frequency of structural response waves. These systems have been
implemented in buildings in Tokyo and South Korea. Magnetorheological (MR) dampers use fluids that
rapidly change viscosity under magnetic fields (Spencer and Sain, 1997), enabling them to respond
effectively to seismic motion.

Studies show up to a 70% reduction in drift under certain scenarios, but these systems are often limited by
cost, maintenance requirements, and energy demand. Conventional passive systems may not be sufficient
for high-value structures. Ongoing research into low-energy, fault-tolerant control systems is paving the
way for more widespread adoption in future smart buildings.

3.5 Hybrid Approaches

Hybrid approaches are gaining popularity as modern buildings face increasingly complex seismic demands.
These systems aim to combine the strengths of structural stiffness, energy dissipation, and adaptive control
to provide enhanced protection against earthquakes.

It is possible to reduce drift and acceleration in high-rise buildings by combining base isolation and damping
techniques. San Francisco City Hall, for example, incorporates both isolators and supplemental dampers.
The Taipei 101 Tower demonstrates how integrating tuned mass dampers (TMDs) into a core-outrigger
system enhances seismic performance.

Magnetorheological (MR) dampers can be integrated into shear wall systems to enable rapid-response
damping. Performance-based design methodologies favor configurations that meet multiple performance
objectives—ranging from immediate occupancy to collapse prevention—ensuring robust and resilient high-
rise buildings (Whittaker, Fenves, and Kircher, 2001).

IV. COMPARATIVE ANALYSIS AND PERFORMANCE EVALUATION OF SEISMIC CONTROL STRATEGIES

It is important to compare and evaluate various drift- and acceleration-minimization strategies to make
informed design decisions. These include considerations such as reduced structural response, cost and
feasibility of implementation, adaptability to different building heights, and long-term maintenance
requirements. Simulation data, literature reviews, and case studies are included in the evaluation section.

4.1 Performance Metrics for Evaluation

Performance indices are used to assess the effectiveness of seismic control strategies. These metrics help
ensure the safety and serviceability of the structure:

o Inter-Storey Drift Ratio (IDR): Measures the relative displacement between two floors. High IDR
values can cause damage. Most building codes specify maximum allowable drift limits (Chopra,
2012).

e Peak Floor Acceleration (PFA): Refers to the maximum horizontal acceleration experienced
during an earthquake. Ensuring occupant comfort and protecting sensitive equipment is critical.
Control systems that reduce PFA are particularly advantageous (Fajfar, 2008).

o Base Shear: Represents the total lateral force transmitted to the foundation. A reduction in base
shear lowers the risk of foundation failure (Reinhorn, Bruneau, and Constantinou, 2017).

o Energy Dissipation Capacity: Indicates the ability of a seismic system to absorb and dissipate input
energy. Effective energy dissipation reduces the demand on the primary structural frame and
enhances compliance with performance criteria (Symans et al., 2001).

e Cost Index: Includes installation cost, retrofitting feasibility, long-term maintenance, and
operational expenses. Hybrid systems often offer higher performance despite increased initial costs
(Sause and Ricles, 2004).

The strategies can be evaluated using numerical models. Time-history or response spectrum analyses often
utilize standardized ground motion records such as El Centro, Kobe, and Northridge earthquakes (PEER
Ground Motion Database).
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4.2 Comparative Table of Seismic Mitigation Strategies

An overview of different strategies is presented in Table 1. Drift and acceleration reduction, cost,
maintenance requirements, and suitability for various building types are considered in the table.

Table 1: Comparative Analysis of Seismic Control Strategies

Drift Acceleration || Cost || Suitable Maintenance
Strategy | Reduction| Reduction | Index ||for High- Level Remarks
(%) (%) (1-5) Rise
Effective in reducing lateral
deformation; economical
Shear and widely used. Best suited
Walls/Core 3040 10-20 2 Moderate Low f id-rise str 'ct res: ma
Walls or mid-rise structures; may
increase stiffness-induced
acceleration.
Improves overturning
Outriager resistance by tying core to
and Belt | 4050 20-25 3 | High | Medium perimeter columns.
Tries Pla_cemenf[ at strategic
heights significantly
enhances stiffness.
Offers both structural
Diagrid . . efficignpy and e_lrchitectural
Structures 30-45 20-30 4 High Medium flexibility. Trla}n_gulated
geometry efficiently
distributes seismic loads.
Passive energy dissipation
Viscous . . system that works across
Dampers 35-50 30-45 3 High Medium Wlde_frequency ranges.
Effective in both new and
retrofitted high-rises.
Targets specific vibration
Tuned Mass frequencies; excels in
Dampers 2040 35-50 4 High High reducing occupant
(TMD) discomfort. Often used atop
tall, flexible structures.
Yield symmetrically in both
Buckling- tension and cc_)r_npress_ion;
Restrained | 35-55 20-30 3 | Moderate | oy | enhances ductility. Widely
Braces (BRB) to High adopted in seismic ret_roflts
and modular high-rise
frames.
Shifts natural period of the
Base Low to _ structure to avoid_r_esonance.
Isolation 60-70 50-65 5 Moderate Medium !deal for_ sensitive or
heritage buildings, but less
effective in tall towers.
Active Uses sensors and actuators
Control 60-70 60-75 5 High High | to apply real-time corrective
Systems forces. Provides superior
response control but requires
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power and complex systems.

Combines passive and active
strategies for multi-hazard
mitigation. Achieves
comprehensive seismic
performance but at higher
cost and complexity.

Hybrid

Systems 65-80 60-70 5 High High

The table provides a quick comparison of various strategies, but it is evident that no single method offers a
universal solution. There are several constraints influencing the choice of strategy. Multi-strategy solutions
are often more effective in balancing performance requirements in high-rise buildings (Naeim and Kelly,
1999).

Figure 1 provides a visual summary of average performance outcomes for each seismic control strategy. It
highlights that hybrid systems and active control mechanisms achieve the highest reduction in both drift and
acceleration but also come with higher cost indices. On the other hand, shear walls and buckling-restrained
braces offer moderate-to-high performance at a lower cost, and suitable for budget-constrained scenarios.
This figure 1 helps illustrate the trade-offs and supports decision-making during the design phase.
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Figure 1: Comparative evaluation of seismic control strategies in terms of average drift reduction,
acceleration reduction, and cost index.

4.3 Case Study Comparison of Seismic Control Strategies

Several real-world examples of high-rise buildings are analyzed to validate the theoretical and simulation-
based performance evaluations:

e A 660-short ton tuned mass damper was installed between the 88th and 92nd floors of Taipei 101.
Building sway was reduced by 40% during Typhoon Soudelor (Chen et al., 2009).

o Torre Mayor remained unaffected during the 2003 and 2017 earthquakes due to its passive damping
system (EERI, 2005).

e During the 1989 Loma Prieta earthquake, San Francisco City Hall was retrofitted with lead-rubber
base isolators (Hanson, 1998).

e The Shiodome Tower in Tokyo implements a hybrid system, which successfully reduced both drift
and acceleration (Kobori et al., 1999).

e« One World Trade Center employs integrated protection against both wind and seismic forces.
Analysis shows significant reductions in drift and acceleration (Skidmore, Owings & Merrill, 2014).
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Figure 2 summarizes the performance outcomes observed in various high-rise buildings across the globe.
The chart confirms that base-isolated and hybrid systems achieve the highest reductions in both inter-storey
drift and acceleration. But TMDs and passive dampers like those used in Taipei 101 and Torre Mayor yield
moderate improvements. And integrated and hybrid configurations offer balanced and significant
enhancements across both parameters. These findings reinforce the empirical effectiveness of advanced and
combined approaches in real-world seismic design.
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Figure 2: Drift and acceleration reduction observed in selected real-world high-rise buildings
implementing different seismic control strategies

Performance-based seismic design can offer significant improvements in building resilience. Control
systems can be utilized to enhance occupant safety.

V. FUTURE TRENDS AND INNOVATIONS IN SEISMIC CONTROL FOR HIGH-RISE BUILDINGS

As seismic demands evolve due to urban densification, increasing building heights, and shifting climatic
conditions, the future of earthquake-resistant design must move beyond traditional strategies. Emerging
technologies are shaping the next generation of seismic control systems. Key trends, innovations, and
research directions are highlighted in this section.

5.1 Smart and Adaptive Control Systems

Recent advances in sensor technology, machine learning, and real-time data processing have enabled the
development of smart and adaptive structural control systems. Structural responses are monitored in real
time using a network of sensors. Fuzzy logic systems can be employed to adjust the output in active or semi-
active dampers (Carlson and Jolly, 2000).

Structural health monitoring can be conducted during earthquakes. Magnetorheological (MR) dampers
adjust their properties in response to applied voltage, enabling dynamic adaptation to changing load
conditions.

5.2 Integration with Sustainable and Modular Designs

High-rise buildings are increasingly expected to be both sustainable and resilient. Green building models are
being integrated more frequently with future seismic control systems. Viscoelastic dampers can serve both
as thermal breaks and architectural components.

Modular construction practices make it easier to install or replace seismic mitigation units. Making
advanced retrofitting systems accessible to older structures is a key aspect of this approach (Ellis, 2012).

5.3 Performance-Based and Resilience-Based Design Frameworks

Performance-based seismic design and resilience-based models allow engineers to target specific
performance levels. These approaches encourage the use of control systems that reduce both structural
damage and functional losses (FEMA P-58, 2018).
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The scope of earthquake design has expanded with the adoption of resilience-based approaches. This
holistic perspective is expected to promote the integration of seismic control systems into city-level hazard
mitigation strategies.

5.4 Use of Advanced Materials and Meta-Structures

Materials science is shaping the future of seismic control. Synthetically reinforced materials are being
explored for their lightweight strength and unique properties. These materials can help restore a structure to
its original condition after sustaining damage (Tobushi et al., 1999).

Meta-structures—engineered lattices with programmable mechanical properties—are also gaining attention.
These can be tuned to absorb specific frequencies, functioning as “seismic cloaks” that redirect ground
motion around a building’s core structural elements.

5.5 Digital Twins and Predictive Simulation

Digital twin technology enables real-time mirroring of a building’s performance by integrating sensors,
structural models, and Internet of Things (loT) data into a virtual replica. Engineers can simulate various
earthquake scenarios, monitor system degradation, and test control system responses before actual
deployment. This enhances decision-making for emergency response planning (Khajehzadeh, Pradel, and
Wang, 2022).

The development points toward a shift in design—from passive, isolated components to smart, holistic
systems capable of real-time adaptation and long-term resilience.

VI. CONCLUSIONS

High-rise buildings exhibit complex dynamic behavior and critical functional significance, requiring
advanced seismic design strategies that go beyond conventional code-based provisions. This study
examined various approaches to minimizing drift and acceleration—two key response parameters vital for
structural and non-structural safety during earthquakes.

The challenges faced by tall buildings were highlighted in the composition. Structural enhancements such as
shear walls, diagrid systems, and outrigger trusses were among the techniques discussed. These strategies
were analyzed in terms of effectiveness, implementation feasibility, and cost-efficiency.

A detailed comparative evaluation using performance metrics such as Inter-Storey Drift Ratio, Peak Floor
Acceleration, Base Shear Reduction, and Cost Index revealed that no single strategy outperforms all others.
Performance-based design and hybrid systems emerged as the most promising approaches.

Future innovations—such as smart damping systems, Al-based adaptive control, digital twins, and meta-
materials—have the potential to transform seismic design. Integration of these technologies with
sustainability goals and modular construction practices is expected to make earthquake-resilient high-rises
more feasible and accessible.

Next-generation seismic design for tall buildings will involve multidisciplinary collaboration, continuous
performance monitoring, and data-driven adaptive systems. By adopting an integrated approach, engineers
and urban planners can ensure that future skyscrapers are not only tall, but also resilient, intelligent, and
earthquake-ready.
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