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Graduate Certificate in Design and Analysis of Tall Buildings (Part II)

Performance Based Design of Tall Buildings

Performance Based Design is a methodology that defines the desired performance of a tall building under
specific hazard scenarios rather than relying solely on prescriptive code provisions. In this approach the
designer selects performance objectives such as immediate occupancy, life safety, or collapse prevention
and then evaluates whether the structural system can meet those objectives through analytical modelling
and simulation. For example, a 60-story office tower may be required to retain its structural integrity after a
design basis earthquake with a 2% probability of exceedance in 50years, ensuring that occupants can safely
evacuate. The key advantage of this method is that it allows engineers to tailor the structural system to the
building's intended use, site conditions, and risk tolerance, but it also introduces challenges related to
model validation, uncertainty quantification, and the need for advanced computational tools.

Limit State refers to a condition beyond which the building no longer fulfills the relevant design criteria. Two
primary categories are the serviceability limit state and the ultimate limit state. The serviceability limit state
addresses functionality and comfort, such as limiting inter-story drift to prevent damage to non-structural
elements. The ultimate limit state concerns safety, requiring the structure to resist collapse under extreme
loads. In tall buildings, the serviceability limit state often governs wind-induced drift, while the ultimate limit
state is typically governed by seismic forces. Recognizing which limit state governs a particular design
decision is essential for applying appropriate safety factors and for allocating material efficiently.

Interstory Drift Ratio (IDR) is a dimensionless measure of the relative lateral displacement between two
consecutive floors, expressed as the drift divided by the story height. An IDR of 0.005 (0.5 %) is a common
threshold for maintaining facade integrity under wind loading. In seismic design, a higher IDR may be
permissible if the structural system possesses sufficient ductility, but excessive drift can cause damage to
partitions, elevators, and glazing. Designers often perform wind tunnel testing or computational fluid
dynamics (CFD) simulations to estimate drift and verify that the IDR remains within acceptable limits for the
building's performance level.

Structural System describes the primary load-resisting elements of a tall building. Common systems include
the core-and-outrigger system, the tube system, the braced frame, and the moment frame. Each system
offers a different balance of stiffness, strength, and architectural flexibility. For instance, a concrete core
coupled with steel outriggers provides high lateral stiffness and reduces drift, making it suitable for
super-tall towers where wind effects dominate. Conversely, a steel moment frame may be preferred for its
speed of construction and adaptability to irregular floor plans, but it may require supplementary damping
devices to control wind-induced vibrations.

Core is the central vertical element, typically composed of reinforced concrete or steel, that houses
elevators, stairwells, and service shafts. The core acts as a primary shear wall, providing stiffness and
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strength against lateral loads. In performance based design, the core’s contribution to the overall load path
is quantified through finite element models that capture its interaction with floor slabs and outriggers. A
well-designed core can significantly reduce the need for external bracing, thereby enhancing the building’s
usable floor area. However, concentrating stiffness in the core can lead to torsional effects if the mass
distribution is not symmetric, presenting a challenge that must be addressed through careful mass planning
and supplemental structural elements.

Outrigger is a horizontal structural member that connects the stiff central core to the perimeter frames or
columns, effectively widening the building’s “effective width” and increasing its lateral stiffness. Outrigger
systems are often combined with belt trusses to distribute forces evenly around the building's
circumference. A typical configuration for a 70-story tower may include outriggers at the 20th, 40th, and
60th floors, each coupled with belt trusses that tie the perimeter columns together. The presence of
outriggers reduces inter-story drift but introduces complexity in the analysis of load transfer, especially
under seismic excitation where the outriggers may experience large shear forces and require detailed

nonlinear modelling.

Shear Wall is a vertical structural element that resists lateral loads primarily through shear deformation. In
tall buildings, shear walls are frequently used in conjunction with the core to achieve the required stiffness.
Concrete shear walls provide high strength and fire resistance, while steel shear walls allow for thinner
sections and greater flexibility in floor layout. The performance based design process must consider the
interaction between shear walls and other lateral-resisting components, ensuring that the overall system
behaves in a predictable manner under both wind and seismic actions.

Tube System treats the building’s perimeter as a hollow cantilevered tube, providing high lateral stiffness
with relatively thin walls. The tube concept was popularized by the John Hancock Center and the World
Trade Center towers. In a tube system, the exterior columns and spandrel beams form a rigid box that
resists wind and seismic forces efficiently. Designers may enhance the tube’s performance by adding a
“tube-in-tube” configuration, where an inner tube (often the core) works together with the outer tube,
offering redundancy and improved load distribution. While tube systems are highly efficient, they can limit
architectural expression and may require careful coordination with facade design.

Composite Action occurs when two different materials, such as steel and concrete, work together to resist
loads, resulting in a system that is stronger than the sum of its parts. In tall buildings, composite floor slabs
are common, where a concrete topping is poured over a profiled steel deck, creating a composite beam
that carries both gravity and lateral loads. The composite action enhances stiffness, reduces floor thickness,
and improves overall structural efficiency. However, achieving reliable composite action demands precise
construction tolerances and quality control, especially in the placement of shear connectors that transfer
forces between the steel and concrete layers.

Load Combination is a set of loads that are applied simultaneously to a structure to represent realistic
loading scenarios. The International Building Code (IBC) and Eurocode prescribe specific load combination
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factors for dead load, live load, wind load, and seismic load. In performance based design, engineers often
develop custom load combinations that reflect the building’s intended performance levels. For example, a
combination that includes 1.2 x dead load + 1.0 x live load + 1.0 x wind load may be used to assess
serviceability, while a more severe combination such as 1.0 x dead load + 1.0 x seismic load may be
employed to evaluate the ultimate limit state. Properly defining load combinations is critical for ensuring
that the analysis captures the most demanding scenarios without being overly conservative.

Load Path describes the route through which external forces are transferred from the point of application to
the foundation. In tall buildings, the load path typically follows from wind pressures on the facade, through
the floor slabs, to the core and perimeter frames, and finally to the foundations. A clear and continuous load
path is essential for structural integrity; any interruption can lead to unexpected stress concentrations and
failure. Performance based design requires engineers to model the load path accurately, often using
three-dimensional finite element analysis, to verify that forces are distributed as intended under both wind
and seismic actions.

Redundancy refers to the presence of alternative load-carrying paths that allow a structure to sustain
damage without catastrophic failure. High-rise buildings achieve redundancy through multiple
lateral-resisting systems, such as a combination of core, outriggers, and perimeter bracing. Redundancy
enhances resilience, especially under seismic events where one component may yield while others continue
to carry loads. However, excessive redundancy can increase construction cost and complexity, so designers
must balance the benefits of redundancy against economic considerations, often using probabilistic risk
assessments to quantify the value of added safety.

Resilience is the ability of a building to absorb, adapt to, and recover from adverse events while maintaining
its essential functions. In the context of performance based design, resilience is quantified through
performance levels that describe post-event functionality, such as immediate occupancy or limited use. A
resilient tall building may incorporate features like base isolation, energy-dissipating devices, and robust
service utilities that enable rapid re-occupation after an earthquake. Designing for resilience involves
interdisciplinary collaboration, as architects, engineers, and facility managers must align on acceptable
downtime, repair strategies, and life-safety requirements.

Probabilistic Design employs statistical methods to account for uncertainties in loads, material properties,
and modelling assumptions. Rather than applying deterministic safety factors, probabilistic design
calculates the probability of failure for each performance level. The reliability index () is a common metric,
with higher B values indicating lower failure probabilities. For instance, a reliability index of 3.5 may
correspond to a 0.02 % probability of collapse for a given seismic event. Implementing probabilistic design
in tall building projects often requires Monte-Carlo simulations or reliability-based optimization, which can
be computationally intensive but provide a more rational basis for safety decisions.

Fragility Curve represents the probability that a structure reaches or exceeds a specific damage state as a
function of an intensity measure, such as peak ground acceleration (PGA) or spectral acceleration (Sa).

Read online: https://certificates.gsbf.co.uk/guides/21869543/ Greenwich School of Business and Finance - 23 Jul 2026
performance-based-design-of-tall-buildings



GSBF

Greenwich School of
Business and Finance

Change your life. Start from here

Fragility curves are derived from nonlinear pushover or time-history analyses and are essential for
risk-based assessment of tall buildings. For example, a fragility curve may show a 10 % probability of
moderate damage at Sa=0.4g and a 1% probability of collapse at Sa=0.7 g. These curves enable
stakeholders to evaluate the expected losses under different seismic scenarios and to prioritize retrofitting
measures.

Seismic Hazard quantifies the likelihood of different levels of ground shaking occurring at a site over a
given time period. It is typically expressed through hazard curves that relate exceedance probability to
intensity measures like PGA, Sa, or spectral displacement. Seismic hazard maps, such as those produced by
the USGS, provide regional values that can be incorporated into performance based design. For a tall
building located in a high-hazard zone, the design basis earthquake may correspond to a 10 % probability
of exceedance in 50years, while a more stringent performance level might use a 2% probability in 50years,
demanding a higher spectral acceleration input.

Ground Motion is the actual time-history record of seismic shaking at a site. In performance based design,
engineers select appropriate ground motion records that match the target hazard level and the building's
fundamental period. Records are scaled to achieve the desired spectral shape, and a set of representative
motions is used to capture variability. The selection process often follows the “minimum number of records”
approach, typically 10-20 motions, to ensure statistical robustness. Accurate representation of ground
motion is crucial for predicting the building’s response, especially the development of plastic hinges and the
distribution of inelastic demand.

Response Spectrum is a plot of the maximum response (acceleration, velocity, or displacement) of a
single-degree-of-freedom (SDOF) system as a function of its natural period, subjected to a particular
ground motion. Designers use response spectra to estimate seismic forces on each floor of a tall building
based on modal analysis. Modern performance based design may employ site-specific spectra derived from
recorded motions, which better reflect the local soil conditions and basin effects. The spectrum provides the
basis for computing modal participation factors, which in turn influence the distribution of forces across the
structural system.

Modal Analysis is a linear dynamic technique that decomposes a building’s response into a set of
independent vibration modes. For tall structures, the first few modes often dominate the response, but
higher modes can become significant for wind loading due to the large height and slenderness. Modal
analysis yields modal shapes, frequencies, and participation factors, which are essential inputs for both
spectral and time-history analyses. Engineers must verify that the chosen number of modes captures at least
95 % of the total kinetic energy to ensure accurate force estimation.

Time History Analysis simulates the building’s response to a specific ground motion record over time,
capturing the nonlinear behavior of materials and connections. This analysis is computationally demanding
but provides detailed insight into the development of plastic hinges, damage localization, and energy
dissipation mechanisms. In performance based design, time history analysis is often used to validate the
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results of pushover or incremental dynamic analysis (IDA), especially for performance levels that involve
large inelastic deformations. The choice of integration time step, damping model, and convergence criteria
can significantly affect the accuracy of the results.

Nonlinear Analysis accounts for material yielding, geometric nonlinearity, and large deformations, allowing
the engineer to capture the true inelastic behavior of a tall building under extreme loads. Nonlinear static
pushover analysis, for example, incrementally applies lateral loads until a target displacement is reached,
tracking the formation of plastic hinges. Nonlinear dynamic analyses, such as IDA, combine the benefits of
time history simulation with a parametric sweep of intensity measures, producing a suite of capacity curves
that can be used to generate fragility functions. While nonlinear analysis offers richer information, it requires
careful calibration of material models, appropriate mesh refinement, and robust solution algorithms to
avoid convergence difficulties.

Pushover Analysis is a widely used nonlinear static method where a predefined lateral load pattern is
incrementally increased until the structure reaches a target drift or collapses. The resulting capacity curve
(base shear versus roof displacement) provides a concise representation of the building’s seismic
performance. For tall buildings, engineers often employ a “modal pushover” approach that scales the load
pattern according to the first-mode shape, ensuring realistic distribution of forces. The pushover results are
then compared against target displacement limits derived from performance criteria, enabling rapid
assessment of whether the design meets the required performance level.

Incremental Dynamic Analysis (IDA) extends the pushover concept by subjecting the building model to a
suite of scaled ground motion records, each incrementally increased in intensity. The output is a series of
capacity curves that capture the probabilistic nature of seismic demand. IDA is particularly valuable for tall
buildings because it accounts for the influence of higher modes, duration effects, and record-to-record
variability. The resulting data can be used to construct fragility curves, estimate collapse probabilities, and
perform risk-based cost-benefit analyses. However, IDA demands substantial computational resources and
careful selection of ground motion scaling procedures.

Structural Health Monitoring (SHM) involves the installation of sensors within a tall building to track its
dynamic properties over time. Parameters such as natural frequencies, mode shapes, and damping ratios
are continuously recorded, providing early warning of damage or degradation. In a performance based
design framework, SHM data can be used to update analytical models, refine fragility estimates, and guide
post-event assessments. For instance, a sudden shift in the first-mode frequency after an earthquake may
indicate stiffness loss in the core, prompting targeted inspections. Implementing SHM requires integration
of data acquisition hardware, wireless communication, and data-processing algorithms, which adds
complexity but yields valuable insight into the building’s long-term behavior.

Base Isolation is a seismic protection strategy that decouples the building from ground motion by inserting
flexible bearings or sliders at the foundation level. The isolation system lengthens the natural period of the
structure, reducing the seismic forces transmitted to the superstructure. For a 55-story tower, a base

Read online: https://certificates.gsbf.co.uk/guides/21869543/ Greenwich School of Business and Finance - 23 Jul 2026
performance-based-design-of-tall-buildings



GSBF

Greenwich School of
Business and Finance

Change your life. Start from here

isolation system can lower the effective period from 2.5s to 55, dramatically decreasing base shear. While
base isolation enhances performance, it introduces challenges such as increased story drift, the need for
robust isolation bearings, and coordination with architectural requirements for ground-level access.

Energy Dissipation devices, such as viscous dampers, hysteretic dampers, and tuned mass dampers (TMDs),
are employed to absorb and dissipate kinetic energy generated by wind or seismic actions. Viscous
dampers provide force proportional to velocity, offering predictable performance across a range of
frequencies. Hysteretic dampers, like yielding steel plates, dissipate energy through plastic deformation,
contributing to the overall ductility of the system. Tuned mass dampers consist of a mass—spring-damper
system tuned to the building’s dominant vibration mode, reducing peak accelerations and improving
occupant comfort. The selection and placement of these devices must consider the building’s modal
characteristics, cost constraints, and maintenance requirements.

Viscous Damper generates a resisting force that is proportional to the relative velocity between its end
points, typically expressed as F = cv", where c is the damping coefficient and n is an exponent (often close
to 1). In tall buildings, viscous dampers are frequently installed in the perimeter frames or at the outriggers
to complement the stiffness provided by the core. Their semi-active nature allows for tuning after
construction, adapting to changes in building mass distribution or alterations in the dynamic environment.
However, viscous dampers require a reliable power supply and periodic maintenance to ensure long-term
effectiveness.

Yielding is the onset of plastic deformation in a structural component when stresses exceed the elastic limit
of the material. In performance based design, controlled yielding is desirable because it provides energy
dissipation while preserving the overall integrity of the structure. Plastic hinges form at locations of high
moment, such as at the base of columns or at beam-column joints. The capacity of these hinges to rotate
without loss of load-carrying ability is a key factor in achieving the target ductility. Designers must ensure
that the hinge region has sufficient confinement, often by providing transverse reinforcement or using
high-strength steel, to prevent premature buckling.

Plastic Hinge is a localized region where the material has yielded and can rotate under applied loads,
allowing the rest of the structural element to remain essentially elastic. The length of a plastic hinge is
typically assumed to be 0.05-0.10 times the member depth, but more refined models may calculate hinge
length based on strain distribution. In tall buildings, the formation of plastic hinges at the base of the core
columns is a common mechanism for seismic energy dissipation. The design of these hinges must consider
overstrength, strain hardening, and the potential for strain localization, which can affect the overall ductility
of the system.

Ductility is the capacity of a structural component or system to undergo large deformations beyond the
elastic range without losing its load-carrying capability. Ductility is quantified by the ratio of ultimate
displacement to yield displacement (u=A_u/A_y). A ductility factor of 4-6 is often targeted for seismic
performance levels that require life safety. Achieving high ductility in tall buildings involves careful detailing
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of reinforcement, provision of confinement reinforcement, and selection of materials with favorable
strain-hardening characteristics. However, excessive ductility can lead to large permanent deformations,
complicating post-event repair and re-occupancy.

Post-Yield Stiffness describes the slope of the load-displacement curve after yielding has commenced. A low
post-yield stiffness indicates that the structure continues to deform with relatively little additional load,
providing effective energy dissipation. In performance based design, the post-yield stiffness influences the
shape of the pushover capacity curve and, consequently, the predicted drift demands. Engineers may adjust
the post-yield stiffness through the use of specialized damping devices or by modifying the reinforcement
layout in critical regions to achieve the desired balance between strength and deformation capacity.

Overstrength is the additional load-carrying capacity of a structural component beyond the nominal design
strength, often arising from conservative design assumptions, material variability, and redundancy.
Overstrength is exploited in performance based design to reduce the required design forces, as the actual
capacity can be higher than the analytical estimate. For example, a concrete column designed for 30 %
reinforcement may possess an overstrength factor of 1.3 due to confinement and material safety margins.
Accurately estimating overstrength requires detailed material testing and calibration of analytical models, as
overestimation can lead to unsafe designs while underestimation reduces the economic benefits of
performance based methods.

Design Factor is a multiplicative coefficient applied to loads or capacities to achieve a target level of safety.
In traditional code-based design, factors such as 1.2 for dead load and 1.6 for live load are common. In
performance based design, the design factor may be tailored to the specific performance level, allowing for
a more nuanced balance between safety and economy. For instance, a reduced load factor may be used for
the serviceability limit state, while a higher factor is retained for the ultimate limit state. The selection of
appropriate design factors is critical for ensuring that the building meets its intended performance
objectives without incurring unnecessary material costs.

Safety Factor is the ratio of the theoretical strength of a component to the applied load, providing a margin
against failure. While safety factors are embedded in traditional prescriptive codes, performance based
design expresses safety in probabilistic terms, such as reliability indices. Nonetheless, explicit safety factors
may still be applied to account for uncertainties in modelling, construction quality, and material properties.
For example, a safety factor of 1.25 might be applied to the ultimate capacity of a steel brace to
accommodate fabrication tolerances. Balancing safety factors with performance targets is a central task for
engineers seeking to optimize material use while maintaining acceptable risk levels.

Service Load includes loads that are regularly applied during the building’s normal operation, such as live
loads from occupants, equipment, and furniture. Service loads are a primary driver of serviceability limit
states, influencing criteria like floor vibration and drift. In a performance based framework, the service load
level is combined with dynamic amplification factors derived from wind or seismic analyses to assess
occupant comfort. For example, a floor with a high live load density may require additional damping to limit
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acceleration to values below 0.2 g, ensuring a comfortable environment for office workers.

Live Load is a variable load that reflects the weight of occupants, movable furniture, and equipment.
Building codes prescribe minimum live load values based on occupancy type, such as 2.4 kN/m? for office
spaces. In tall buildings, the distribution of live loads can affect the dynamic characteristics, as heavier floors
shift the mass towards the top, increasing the fundamental period. Accurate modelling of live load
distribution is essential for wind-induced response prediction, especially for vortex shedding phenomena
that are sensitive to mass distribution.

Dead Load represents the permanent weight of the structural elements, finishes, and fixed equipment. It is
the primary contributor to the building’s static gravity load and influences the axial forces in columns and
the shear forces in cores. In performance based design, dead loads are combined with dynamic loads using
appropriate load factors to evaluate both serviceability and ultimate limit states. Precise calculation of dead
loads is crucial for determining the building’s natural frequencies, as errors can lead to misprediction of
resonance with wind or seismic excitations.

Wind Load is the pressure exerted by atmospheric motion on the building's exterior surfaces. For tall
buildings, wind loads dominate the lateral force system and can cause significant drift, acceleration, and
occupant discomfort. Wind load assessment typically involves aerodynamic analysis, such as wind tunnel
testing or CFD simulations, to capture effects like vortex shedding, buffeting, and aerodynamic damping.
The resulting pressure coefficients are applied to the facade to generate equivalent lateral forces for
structural analysis. Designers must also consider wind-induced acceleration limits, often expressed as a
fraction of gravity, to ensure occupant comfort and equipment functionality.

Wind Tunnel Testing is an experimental technique in which a scaled model of the building is subjected to
controlled wind conditions to measure pressure distribution, forces, and moments. The data obtained are
used to develop pressure coefficients and to calibrate computational models. For super-tall towers, wind
tunnel testing can capture complex phenomena such as building-wake interactions, corner vortices, and the
effect of neighboring structures. The results inform the selection of damping devices, the placement of
outriggers, and the design of facade systems to mitigate wind-induced responses. However, wind tunnel
testing is costly and time-consuming, requiring careful planning and accurate scaling of Reynolds numbers.

Computational Fluid Dynamics (CFD) provides a numerical approach to simulate wind flow around and
through tall buildings, offering detailed insight into pressure fields and turbulence characteristics. CFD can
complement wind tunnel testing, especially for early-stage design when physical models are not yet
available. By solving the Navier-Stokes equations, CFD predicts vortex formation, separation points, and
pressure gradients that influence structural response. The accuracy of CFD depends on mesh quality,
turbulence modeling, and boundary condition selection, making validation against experimental data
essential. When properly calibrated, CFD enables rapid exploration of design alternatives, such as facade
modifications or aerodynamic shaping, to reduce wind loads.
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Aerodynamic Damping is the reduction of structural vibration amplitude due to the interaction between the
moving air and the building surface. As wind flows past a tall building, aerodynamic forces can either add
energy (negative damping) or dissipate energy (positive damping). Positive aerodynamic damping helps
control wind-induced motions, reducing the need for supplemental mechanical dampers. Designers can
enhance aerodynamic damping by incorporating features such as rounded corners, setbacks, or perforated
facades that disrupt vortex formation. Quantifying aerodynamic damping requires wind tunnel
measurements or CFD analysis, and its contribution must be included in the overall damping model used
for dynamic analysis.

Vortex Shedding occurs when alternating low-pressure vortices are formed downstream of a bluff body,
such as a rectangular tower, creating periodic lateral forces. The shedding frequency is related to the
Strouhal number and the wind speed, and can coincide with the building’s natural frequency, leading to
resonance and large oscillations. Mitigation strategies include altering the building's cross-section shape,
adding aerodynamic appendages, or installing tuned mass dampers. For example, a tapering profile can
shift the shedding frequency away from the dominant structural mode, reducing acceleration levels.
Understanding vortex shedding is essential for ensuring occupant comfort and preventing fatigue damage
to structural components.

Flutter is an aeroelastic instability that can occur when the coupling between structural bending and
torsional modes interacts with aerodynamic forces, potentially leading to divergent oscillations. While more
common in slender bridges, tall buildings with flexible facade elements can be susceptible under certain
wind conditions. Designers must evaluate flutter susceptibility through coupled fluid-structure interaction
analysis, ensuring that the combined damping exceeds the critical threshold. Incorporating stiffening
elements, increasing structural damping, or modifying the facade geometry are typical mitigation measures.

Building Code provides the regulatory framework that defines minimum safety and performance
requirements for construction. Codes such as the International Building Code (IBC), Eurocode 8, and ASCE7
prescribe load combinations, material specifications, and design procedures. In performance based design,
the code serves as a baseline, while the designer may exceed or supplement code provisions to achieve
higher performance levels. For instance, a building may be designed to meet the code’s seismic provisions
for life safety, but the performance based approach may target an additional level of immediate occupancy,
requiring more detailed analysis and verification.

Performance Levels categorize the expected behavior of a building after a hazard event. Common levels
include Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP). Each level defines specific
criteria for damage, functionality, and repairability. For a 80-story office tower, the 10 level may require that
structural damage be limited to minor cracking, allowing occupants to remain in the building after a
moderate earthquake. The LS level permits safe evacuation but may involve significant non-structural
damage, while the CP level ensures that the building remains standing, preventing total collapse. Selecting
appropriate performance levels guides the selection of analysis methods, design factors, and mitigation
measures.
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Performance Objectives are the quantitative targets that a building must achieve for each performance
level. Objectives may include limits on inter-story drift, peak floor acceleration, residual displacement, and
damage to critical systems. For example, an objective for the LS level might specify a maximum inter-story
drift of 1.5% to protect life-safety systems, while the 10 level could require drift below 0.5% to maintain
functionality. These objectives are used to evaluate the results of pushover or IDA analyses, determining
whether the design satisfies the required performance criteria.

Performance Criteria are the specific measurable parameters that indicate compliance with performance
objectives. They can be expressed in terms of engineering demand parameters (EDPs) such as drift,
acceleration, or hinge rotation, and are compared against limit states defined by performance objectives. In
a performance based design workflow, the analyst extracts EDPs from nonlinear dynamic simulations and
checks them against the predefined criteria. If any criterion is not met, the design is iterated, possibly by
adding stiffness, increasing damping, or revising the structural layout.

Cost-Benefit Analysis evaluates the economic trade-offs between the additional investment required to
achieve higher performance levels and the expected reduction in loss from hazard events. For tall buildings,
the analysis may consider construction costs, maintenance expenses, insurance premiums, and potential
downtime after an earthquake. By quantifying the expected losses using fragility curves and probabilistic
risk models, engineers can determine the optimal performance level that balances safety and cost. For
instance, investing in base isolation may increase construction costs by 10 %, but the resulting reduction in
expected earthquake loss could justify the expense over the building’s lifetime.

Sustainability in the context of performance based design addresses the environmental impact of
construction, operation, and eventual decommissioning. Sustainable tall building design seeks to minimize
embodied carbon, improve energy efficiency, and incorporate renewable energy systems while maintaining
the required performance levels. Integrating high-performance glazing, efficient HVAC systems, and
renewable energy sources can affect the building’s mass and stiffness, influencing its dynamic response.
Therefore, sustainability measures must be coordinated with structural design to avoid adverse effects on
wind or seismic performance.

Life-Cycle Cost encompasses all costs associated with a building from conception to demolition, including
initial construction, operation, maintenance, and eventual retrofitting. Performance based design can reduce
life-cycle cost by optimizing the structural system for both safety and durability, thereby decreasing the
frequency of repairs and the need for extensive retrofits after hazard events. For example, selecting a
high-ductility steel grade may increase material cost but reduce the need for post-earthquake repairs,
leading to lower overall life-cycle expenditures.

Maintenance is a critical consideration for the long-term performance of tall buildings. Damping devices,
base isolators, and other energy-dissipating components require periodic inspection and replacement.
Performance based design includes provisions for accessibility, monitoring, and replacement planning,
ensuring that the building’s performance does not degrade over time. A well-maintained tuned mass
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damper, for instance, will retain its effectiveness in reducing wind-induced accelerations throughout the
building's service life.

Retrofit refers to the modification of an existing building to improve its performance under hazard loads.
For tall structures, retrofitting strategies may involve adding outrigger systems, installing supplemental
damping devices, or strengthening existing columns with steel jacketing. The retrofit design process follows
the same performance based principles as new construction, defining performance objectives, conducting
nonlinear analyses, and verifying that the upgraded system meets the desired performance levels.
Cost-effective retrofitting is essential for extending the service life of existing skyscrapers in seismically
active regions.

Seismic Isolation is a specific form of base isolation that uses flexible bearings, sliding devices, or
lead-rubber systems to decouple the superstructure from ground motion. In tall buildings, seismic isolation
can dramatically reduce the demands on the core and perimeter frames, allowing for lighter structural
members and increased architectural freedom. However, isolation introduces additional displacement at the
base, requiring careful design of the building’s foundation and utility connections to accommodate the
movement without damage.

Sustainability also intersects with performance based design through the concept of resilient design, where
the building is capable of maintaining essential services after a hazard event, thereby supporting
community recovery. Incorporating redundant power supply, water storage, and robust communication
networks contributes to resilience, while also aligning with sustainability goals by reducing reliance on
external resources during emergencies.

Life-Cycle Assessment (LCA) evaluates the environmental impacts of a building’s materials, construction
processes, and operational energy consumption. When integrated with performance based design, LCA can
guide material selection, such as choosing high-performance concrete mixes that reduce carbon intensity
while providing the required strength and ductility. The LCA results may also influence decisions on the use
of renewable energy systems, which affect the building’s mass distribution and dynamic characteristics.

Design Optimization is an iterative process that seeks the most efficient combination of structural elements,
materials, and mitigation devices to achieve the target performance levels at minimum cost. Optimization
algorithms, such as genetic algorithms or gradient-based methods, can be coupled with performance based
analysis tools to explore a large design space. Constraints may include limits on drift, acceleration, cost, and
construction schedule. By automating the trade-off analysis, designers can identify innovative solutions,
such as hybrid core-outrigger systems with strategically placed dampers, that meet performance objectives
while reducing material usage.

Dynamic Amplification is the factor by which a structure’s response to a dynamic load exceeds the static
response. For tall buildings, dynamic amplification is significant for both wind and seismic loads due to the
building's flexibility. The amplification factor depends on the ratio of the excitation frequency to the natural
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frequency and on the damping ratio. Accurate prediction of dynamic amplification requires modal analysis
and, for more complex loading, time-history simulations. Designers often use the amplification factor to size
members conservatively when detailed dynamic analysis is not feasible.

Modal Participation Factor quantifies the contribution of each mode to the overall response of a structure
under a given load. The first mode typically dominates the response for wind loads, while higher modes
become increasingly important for seismic loads, especially in very tall or irregular buildings. Participation
factors are calculated from the modal shapes and mass distribution, and they are used to combine modal
contributions in response spectrum analysis. Ignoring significant higher modes can lead to underestimation
of forces and drift, compromising performance.

Higher-Mode Effects refer to the influence of modes beyond the first on the building’s response. In wind
loading, higher modes affect the distribution of forces along the height, leading to non-uniform shear and
moment diagrams. In seismic loading, higher modes become critical when the building’s fundamental
period is long relative to the dominant spectral range. Accounting for higher-mode effects typically involves
including several modes in the analysis until the cumulative kinetic energy exceeds a prescribed threshold,
often 95 %. Failure to incorporate higher-mode effects may result in designs that do not satisfy performance
objectives for drift or acceleration.

Shear Lag is a phenomenon where the shear force distribution in a beam or girder is non-uniform, causing
reduced effectiveness of certain elements, especially in wide floor systems. In tall buildings with large floor
plates, shear lag can affect the performance of perimeter frames and outrigger trusses. Designers mitigate
shear lag by providing additional stiffeners, using deep beams, or employing composite action between
steel and concrete. Accurate modelling of shear lag is necessary for realistic prediction of member forces
and for ensuring that the structural system meets the targeted performance levels.

Geotechnical Interaction addresses the coupling between the building foundation and the underlying soil.
Soil stiffness, damping, and potential for liquefaction influence the seismic response of tall buildings.
Performance based design incorporates site-specific geotechnical data, using nonlinear soil models or
equivalent linear methods to simulate foundation behavior. For example, a deep pile foundation may be
required in soft soil to provide adequate lateral resistance, while a shallow raft foundation might be
sufficient in stiff clay. The interaction effects also affect the design
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