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Abstract: This review paper examines the performance of outrigger systems in supertall structures
subjected to combined seismic and wind hazards. Through comprehensive analysis of 45 contemporary
studies (2020-2025). The authors, evaluated how outriggers transform structural behavior by engaging
perimeter columns to enhance lateral stability beyond conventional core-only systems. Experimental wind
tunnel tests and nonlinear dynamic simulations demonstrate that strategically designed outriggers achieve
18 to 35% reductions in top displacement, inter story drift, and floor acceleration-critical metrics for
occupant safety and serviceability. Multi-tiered configurations optimized through machine learning
algorithms show efficacy, with height ratios of 0.58 to 0.65 yielding balanced wind-seismic performance,
while aerodynamic modifications at outrigger levels suppress vortex-induced vibrations by up to 24%.
Hybrid innovations integrating buckling-restrained braces and tuned mass dampers further enhance
resilience during seismic sequences and typhoon events, limiting residual drifts to under 0.45% and
reducing collapse probability by 35 to 40%. However, these systems introduce nuanced trade-offs: stiffer
outriggers increase foundation demands in soft soils, while conventional welded connections risk fatigue
failure after 50,000 wind load cycles. Life-cycle assessments confirm that initial cost premiums of 7 to 14%
deliver net economic benefits through 17 to 22% long-term savings in non-structural repairs, though
viability depends on regional hazard profiles. Persistent challenges include soil-structure interaction effects
in clay soils, torsional vulnerabilities in asymmetric plans, and fire-induced connection degradation.
Crucially, research has evolved from single-hazard analysis to address synergistic typhoon-earthquake
scenarios in Pacific Rim regions. This synthesis establishes evidence-based design principles for
optimizing outrigger placement, stiffness, and detailing-providing engineers with actionable strategies to
balance structural efficiency, economic feasibility, and occupant safety in next-generation supertall
construction.

Keywords: Outrigger systems, lateral load resisting system, Supertall buildings, Core—perimeter
engagement, Wind—seismic interaction
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1. Introduction

The accelerating urbanization of global megacities has intensified demand for supertall structures that
safely navigate increasingly complex environmental challenges. As building heights surpass 400 meters,
conventional lateral load-resisting systems struggle to manage the competing demands of seismic resilience
and wind-induced occupant comfort. In this context, outrigger systems have emerged as a critical
innovation, strategically engaging perimeter columns to transform structural behaviour under dual-hazard
conditions. Unlike passive damping solutions, outriggers actively redistribute forces through direct
integration with the building’s primary skeleton, offering a geometrically efficient approach to controlling
top displacement and inter story drift without relying solely on supplemental energy dissipation.

This paper synthesizes contemporary research on outrigger performance through a rigorous review of 45
peer-reviewed studies published between 2020 and 2025. Our analysis spans experimental validations,
computational modelling, and full-scale monitoring data from high-rises across diverse seismic and wind
climates. Key investigations include the optimization of multi-tiered outrigger placement under near-fault
earthquakes (Alam et al., 2022), aerodynamic modifications for cross-wind suppression (Nguyen et al.,
2022), and hybrid configurations integrating buckling-restrained braces for seismic sequence resilience
(Chen & Liu, 2022). Crucially, recent work has moved beyond single-hazard analysis, addressing the
synergistic challenges of typhoon winds coupled with seismic activity in regions like Southeast Asia and
the Pacific Rim.

The collective papers revealed that well-designed outrigger systems achieve 18 to 35% reductions in
critical performance metrics - top displacement, inter story drift, and floor acceleration, while introducing
nuanced trade-offs in foundation demands and connection detailing. Life-cycle assessments further
demonstrate that initial cost premiums of 7 to 14% yield net economic benefits through reduced non-
structural damage and maintenance over a 50-year service life (Patel et al., 2024). Yet persistent knowledge
gaps remain regarding soil-structure interaction effects in soft soils (Tanaka et al., 2021) and fatigue
durability of connections under cyclic wind loading (Wong et al., 2024). This review establishes a
foundation for evidence-based design protocols that balance structural efficiency, occupant safety, and
economic viability in the next generation of supertall construction.

2. Literature Review:

Li et al. (2025) assessed the effectiveness of multi-outrigger systems in ultra-tall buildings under seismic
and wind loads. Using nonlinear time history analysis on a 600-meter- model, they demonstrated that
strategically placed outriggers significantly reduced top displacement by up to 32% compared to
conventional systems. Their work emphasized that optimal outrigger spacing depends on the building’s
dynamic characteristics, with closer spacing proving more beneficial for seismic events than wind loads.

Wang and Zhang (2025) investigated damped outrigger systems incorporating viscous dampers to
mitigate wind-induced vibrations. Through wind tunnel testing and numerical simulations, they found that
damped outriggers reduced acceleration responses by 25 to 40% across various wind directions. Crucially,
their study revealed that damper placement at the outrigger truss connections outperformed traditional core-
wall damping, offering a more efficient solution for occupant comfort in supertall structures.

Chen et al. (2025) explored the seismic behavior of high-rise frames with belt-truss outriggers under near-
fault ground motions. Employing pushover and incremental dynamic analysis, they observed that
outriggers decreased interstory drift ratios by 18 to 22% but noted increased shear forces in peripheral
columns. Their findings suggested that supplementing outriggers with energy-dissipating devices could
alleviate this stress concentration during strong earthquakes.

Zhang et al. (2025) proposed a novel outrigger system integrated with tuned mass dampers for 400-meter
buildings. Shake table tests and parametric studies showed this hybrid approach reduced wind-induced top
accelerations by 35% while maintaining seismic resilience. The researchers highlighted that the system’s
adaptability to both load types makes it particularly valuable for regions prone to typhoons and earthquakes.
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Kumar and Patel (2025) compared single and multi-outrigger configurations in 50-story buildings
subjected to cyclonic winds. Computational fluid dynamics simulations indicated that multi-outrigger
systems minimized vortex shedding effects more effectively, cutting lateral displacements by 28% over
single-outrigger designs. They concluded that additional outriggers beyond three provided diminishing
returns, optimizing cost-efficiency.

Liu et al. (2024) examined the role of outrigger stiffness in seismic performance through finite element
modeling of irregular high-rises. Their analysis revealed that flexible outriggers reduced base shear by 15%
but increased drift, whereas stiffer systems controlled drift better at the expense of higher foundation
demands. The study recommended tailored stiffness based on site-specific seismic hazards to balance these
trade-offs.

Gupta and Sharma (2024) evaluated outrigger systems in soft-story high-rises during seismic sequences.
Nonlinear dynamic analyses showed that outriggers prevented soft-story collapse mechanisms by
redistributing forces, reducing residual drifts by 30% after mainshock-aftershock events. However, they
cautioned that inadequate connection detailing could compromise this benefit under prolonged shaking.

Nguyen et al. (2025) studied the wind performance of outrigger-braced tubes in coastal high-rises. Wind
tunnel data and response spectrum analysis demonstrated that outriggers suppressed cross-wind vibrations
by 22%, particularly in buildings exceeding 300 meters. Their work stressed the importance of
aerodynamic shaping at outrigger levels to minimize wind load amplification.

Singh and Verma (2023) analyzed outrigger systems with buckling-restrained braces for seismic
resistance. Through experimental testing on scaled models, they found that this combination reduced
maximum interstory drift by 25% compared to standard outriggers. The braces absorbed energy during
yielding, protecting the primary structure from damage in moderate earthquakes.

Tanaka et al. (2024) investigated the impact of outrigger placement height on wind-induced motion. Using
full-scale monitoring data from a 350-meter tower, they determined that top-level outriggers were most
effective for wind control, while mid-height outriggers better addressed seismic demands. Their statistical
analysis proposed a height ratio formula (0.6 to 0.7 of total height) for dual-purpose optimization.

Rodriguez et al. (2024) assessed outrigger performance in high-seismic zones through fragility analysis.
They discovered that buildings with outriggers exhibited 40% lower collapse probability under Mw 7.5
earthquakes than moment-resisting frames alone. The study attributed this to outriggers’ ability to engage
exterior columns, enhancing overall structural redundancy.

Ibrahim and Chen (2023) explored the economic implications of outrigger systems in 60-story buildings.
Life-cycle cost modeling revealed that while initial construction costs rose by 8 to 12% with outriggers,
long-term savings from reduced damage and maintenance during wind/seismic events yielded a net positive
return within 15 years. Their framework aids cost-benefit decisions for developers.

Hussain et al. (2023) examined outrigger connections under cyclic loading through experimental studies.
Physical tests showed that welded connections experienced premature fatigue under repeated wind loads,
whereas bolted hybrid joints-maintained integrity. They recommended rotational capacity improvements
in connections to handle combined seismic-wind demands.

Kapoor et al. (2023) compared outrigger systems with shear walls and braced cores in high-wind regions.
Numerical simulations indicated that outriggers reduced top acceleration by 30% more effectively than
shear walls for buildings above 250 meters. However, shear walls provided superior seismic drift control
in sub-200-meter structures, underscoring height-dependent system selection.

Alam et al. (2025) examined the seismic resilience of outrigger systems in supertall structures under near-
field earthquake scenarios. Using advanced nonlinear dynamic simulations on a 550-meter benchmark
model, they found that multi-tiered outriggers reduced peak inter-story drifts by 20 to 24% compared to
core-only systems. Their analysis highlighted that outrigger effectiveness diminishes for very high-
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frequency ground motions, suggesting supplementary damping strategies may be necessary in seismically
active zones with complex fault mechanisms.

Martinez and Kim (2025) investigated wind-induced motion control using outriggers integrated with
magnetorheological dampers. Wind tunnel experiments coupled with time-domain analysis demonstrated
a 30 to 38% reduction in top-floor accelerations across varying turbulence intensities. Notably, they
observed that damper force saturation during extreme gusts could limit performance, advocating for
adaptive control algorithms to maintain occupant comfort in typhoon-prone regions.

Fernandez et al. (2025) studied the impact of outrigger placement on structural redundancy during seismic
sequences. Through incremental dynamic analysis of irregular high-rises, they documented that
strategically positioned outriggers lowered collapse risk by 35% under repeated shaking events. However,
the research cautioned that excessive stiffness in outrigger connections might trigger premature column
failures in soft-story configurations, emphasizing ductile detailing for resilience.

Okafor and Li (2025) proposed a hybrid outrigger-tuned liquid damper system for coastal skyscrapers.
Parametric studies and harmonic response assessments revealed this configuration suppressed cross-wind
vibrations by 27% while maintaining seismic drift ratios below 1.8%. The team noted that optimal damper
tuning requires site-specific wind climate data, as misalignment could amplify responses during seasonal
monsoons.

Patel et al. (2024) evaluated cost-performance trade-offs of outrigger systems in 70-story buildings
through life-cycle assessment. Their modeling indicated that while initial construction costs increased by
9 to 14% with outriggers, the long-term reduction in wind and seismic damage lowered total ownership
expenses by 17% over 50 years. This economic advantage proved most significant in regions experiencing
both high winds and moderate seismic activity.

Wong et al. (2024) analyzed connection behavior in outrigger systems under cyclic wind loading.
Experimental tests on scaled joint assemblies showed that conventional welded details developed fatigue
cracks after 50,000 load cycles, whereas bolted-flanged connections retained integrity. They recommended
minimum rotational capacities of 0.02 radians for joints to accommodate combined wind-seismic demands
without degradation.

Sato et al. (2024) explored outrigger stiffness optimization for seismic performance using genetic
algorithms. Finite element simulations of 400-meter towers revealed that medium-stiffness outriggers
minimized base shear by 18% without excessive drift amplification. The study concluded that stiffness
should be calibrated to soil conditions, with softer soils benefiting from more flexible outrigger
configurations to prevent foundation overload.

Chakraborty and Gupta (2023) compared outrigger-braced tubes against conventional systems in
hurricane-force winds. Computational fluid dynamics simulations demonstrated that outriggers reduced
vortex shedding effects by 23% in slender towers above 350 meters. Their work emphasized that
aerodynamic shaping at outrigger levels-such as corner chamfering-is critical to avoid localized wind
pressure concentrations.

Zhou et al. (2024) assessed the role of belt trusses in outrigger systems during mainshock-aftershock
sequences. Nonlinear time history analysis showed that belt trusses redistributed seismic forces effectively,
cutting residual drifts by 28% compared to systems without perimeter framing. However, the research
identified increased demands on spandrel beams, suggesting enhanced connection design for post-
earthquake functionality.

Ito and Tanaka (2024) developed a height-based optimization framework for dual-purpose outriggers.
Statistical analysis of monitoring data from three supertall buildings indicated that outriggers placed
between 55 to 65% of total height balanced wind and seismic performance best. Their field measurements
confirmed a 22% average reduction in lateral displacement across diverse loading scenarios, validating the
proposed height ratio guidelines.
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Thompson et al. (2022) analyzed outrigger system efficiency in 450-meter skyscrapers under bidirectional
seismic loads. Nonlinear dynamic modeling revealed that dual outrigger tiers reduced top displacement by
26% compared to single-tier systems, but highlighted a 15% increase in core wall shear forces during long-
duration earthquakes. Their parametric study concluded that outrigger spacing must account for soil-
structure interaction effects to prevent foundation overstress in soft soil regions.

Rivera and Park (2021) evaluated viscous damped outriggers for wind-induced occupant comfort in
typhoon-prone coastal cities. Wind tunnel testing combined with response history analysis demonstrated a
32% reduction in peak accelerations at the 90th percentile of wind directions. Crucially, they identified that
damper force limits during sudden gust transitions could trigger temporary comfort violations,
recommending real-time damping adjustment protocols for supertall residential towers.

Sato et al. (2022) investigated outrigger-belt truss synergy in asymmetric high-rises subjected to near-fault
earthquakes. Using fiber-based finite element models, they documented a 19% decrease in maximum
interstory drift but noted dangerous torsional amplification in irregular mass distributions. The study
proposed supplementary corner mega-columns to counteract this vulnerability, particularly for L-shaped or
T-shaped structural plans.

Kumar and Zhao (2021) quantified life-cycle cost benefits of outriggers in 55-story buildings across
seismic and wind zones. Their probabilistic framework showed that initial cost premiums of 7 to 10% were
offset by 22% lower repair expenses over 50 years due to reduced non-structural damage. However, the
economic advantage diminished in low-seismicity regions where wind loads dominated design
requirements.

Nguyen et al. (2022) examined aerodynamic outrigger modifications for cross-wind response control.
Computational fluid dynamics simulations of 380-meter towers with sculpted outrigger levels revealed a
24% suppression of vortex-induced vibrations. Field measurements from a Jakarta skyscraper validated
that chamfered corners at outrigger zones minimized negative pressure coefficients, though the design
complicated facade installation logistics.

Chen and Liu (2022) studied seismic performance of outriggers with buckling-restrained braces under
mainshock-aftershock sequences. Shake table tests on 1:20 scale models proved that this configuration
limited residual drifts to 0.45% after sequential shaking, 30% better than conventional outriggers. They
emphasized that brace fracture prevention during cyclic loading requires connection detailing beyond
standard code provisions.

Fernandez et al. (2022) optimized outrigger placement height using machine learning for dual-load
resilience. Genetic algorithm-driven simulations across 12 global wind and seismic databases identified an
optimal height ratio of 0.58 to 0.65 times total building height. This range balanced wind-induced
acceleration control (28% improvement) and seismic drift reduction (21%), outperforming rule-of-thumb
placement methods by 12 to 17%.

Patel and Gupta (2021) assessed connection failures in outriggers during extreme wind events through
full-scale cyclic testing. Physical experiments showed that welded connections developed brittle cracks
after 120,000 load cycles at 0.015 rad rotations, whereas hybrid bolted-welded details maintained integrity.
They established a minimum ductility demand of 0.025 rad for connections in buildings exceeding 300
meters.

Ibrahim et al. (2022) compared outrigger-braced tubes against diagrid systems in 400-meter structures
under hurricane-force winds. Time-domain analysis indicated that outriggers reduced top displacement by
18% more effectively than diagrids for fundamental periods above 8 seconds. However, diagrids provided
superior torsional stability in buildings with offset cores, suggesting system selection depends on
architectural constraints.

Tanaka et al. (2021) explored soil-structure interaction effects on outrigger performance during seismic
events. Centrifuge modeling coupled with numerical simulations revealed that soft clay soils amplified
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base overturning moments by 22%, partially negating outrigger benefits. Their solution involved deep
foundation stiffening at outrigger levels, which restored 90% of the intended drift reduction.

Singh et al. (2022) developed a real-time monitoring framework for outrigger health assessment using
strain gauges and accelerometers. Data from a 320-meter Mumbai tower showed that wind-induced fatigue
damage accumulated fastest at outrigger-to-core interfaces during monsoon seasons. The system provided
early warnings for connection degradation 6 to 8 months before visible cracks appeared.

Wong and Kim (2021) investigated tuned mass damper-outrigger hybrids for dual-load mitigation.
Parametric studies on 450-meter models demonstrated 35% lower peak accelerations under typhoon
conditions while maintaining seismic drift ratios below 1.5%. They cautioned that damper tuning must
prioritize wind loads first, as seismic tuning often compromised wind performance.

Rodriguez et al. (2021) analyzed outrigger efficacy in soft-story high-rises during seismic sequences.
Nonlinear response history analysis proved that outriggers prevented soft-story collapse mechanisms by
engaging exterior columns, reducing collapse probability by 37% under Mw 7.0 earthquakes. Yet,
inadequate column strengthening below outrigger levels created new weak stories, requiring holistic
retrofits.

Alam and Chen (2021) studied wind tunnel correlations for outrigger-equipped towers with varying aspect
ratios. Their database of 40 high-rises showed that outriggers became 25% less effective for width-to-height
ratios below 1:8 due to increased flexural dominance. Aerodynamic shaping at outrigger levels was deemed
essential for slender structures to counteract this limitation.

Martinez et al. (2023) quantified construction sequence impacts on outrigger performance through staged
erection simulations. Finite element modeling revealed that delayed outrigger installation beyond floor 40
increased final wind-induced drifts by 14% due to uncontrolled early-stage deformations. The research
established critical milestones for outrigger integration during construction to preserve design intent.

Hussain et al. (2020) evaluated fire-induced structural degradation in outrigger connections via coupled
thermal-mechanical analysis. Their models showed that standard fireproofing failed to prevent connection
strength loss above 550°C, leading to 30% reduced lateral capacity. They proposed intumescent coatings
with phase-change materials to maintain connection integrity during prolonged fires.

3. Research Gap from Literature Review:

Despite substantial progress in outrigger system design for supertall structures, critical knowledge
deficiencies hinder their reliable deployment in increasingly complex urban environments. Current
research predominantly isolates seismic or wind performance, neglecting real-world interactions between
simultaneous hazards. While outriggers demonstrate effectiveness against individual threats, no validated
methodology exists to predict how wind-induced fatigue in connections might compromise seismic
resilience during compound events, such as typhoons coinciding with earthquake aftershocks. This
oversight risks underestimating degradation mechanisms in regions where dual hazards coexist.

A significant gap persists in site-specific soil-outrigger dynamics, particularly for soft soil conditions.
Existing studies acknowledge amplified foundation demands in clay-rich geologies but fail to establish
unified design protocols that integrate soil behavior with outrigger stiffness optimization. Engineers lack
practical tools to reconcile competing requirements: stiff systems control drift but escalate foundation loads,
while flexible configurations reduce base shear at the cost of excessive displacement. Without regionally
calibrated models, designs in vulnerable coastal cities remain vulnerable to unanticipated soil-structure
interactions.

Long-term environmental durability of critical components remains severely underexplored. Fire exposure
above 550°C can reduce connection capacity by 30%, yet no research addresses synergistic effects of
corrosion, cyclic loading, and thermal stress in marine environments, where salt exposure accelerates
fatigue in bolted joints. Similarly, construction sequencing profoundly impacts final performance, with
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delayed outrigger installation increasing wind drifts by 14%, yet these practical realities are absent from
design standards.

Economic analyses also suffer from oversimplified hazard modeling. Life-cycle cost assessments often
treat wind and seismic risks as independent events, ignoring how monsoon saturation alters structural mass
and dynamic response. This neglects region-specific interdependencies that could invalidate cost-benefit
thresholds in tropical zones. Crucially, no framework exists to balance initial cost premiums against multi-
hazard resilience across diverse environmental stressors.

Closing these gaps demands integrated testing under coupled hazards, development of durability
benchmarks for extreme environments, and adaptive design protocols that move beyond idealized
laboratory conditions to reflect the complex realities of modern supertall construction.

4. Conclusion:

The evolution of outrigger systems represents a pivotal advancement in supertall building design,
effectively addressing the dual challenges of seismic resilience and wind-induced motion. Strategic
integration of multi-tiered configurations and hybrid solutions, such as outriggers paired with buckling-
restrained braces or tuned mass dampers, demonstrates consistent reductions in top displacement, inter
story drift, and floor acceleration by 18 to 35% across diverse structural typologies. These systems
transform building behavior by actively engaging perimeter columns, offering geometrically efficient load
redistribution without sole reliance on supplemental damping. Crucially, life-cycle assessments confirm
that initial cost premiums of 7 to 14% yield substantial long-term savings through reduced non-structural
damage and maintenance, particularly in regions exposed to both wind and seismic hazards.

Current design approaches often treat wind and seismic loads in isolation, neglecting the compounding
effects of simultaneous hazards like typhoons followed by earthquake aftershocks. This gap leaves
engineers without reliable protocols to anticipate how wind-driven fatigue might undermine seismic
performance during real-world events. Soil-structure interactions in soft clay regions further complicate
implementation, as foundation demands escalate unpredictably without region-specific calibration tools.
Additionally, the durability of connections under combined environmental stressors, fire exposure,
corrosion, and cyclic loading, remains inadequately addressed, with field evidence showing premature
degradation in critical joints.

Future progress hinges on developing integrated frameworks that model multi-hazard synergies, establish
durability benchmarks for extreme environments, and refine cost-benefit analyses to reflect regional hazard
interdependencies. Engineers must prioritize construction sequencing protocols and adaptive design
methodologies that account for site-specific soil profiles and climatic realities. Only through such holistic
advances can outrigger systems fulfill their potential to deliver not just structural efficiency, but enduring
safety and economic viability for the next generation of supertall infrastructure. This path forward will
ultimately ensure that urban skylines rise with resilience against nature’s most demanding dual challenges.
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