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

Seismic Design of High Rise Structures

Seismic hazard refers to the probability that a given level of ground shaking will be experienced at a site
over a specified period. It is quantified using hazard curves that plot exceedance probability against
intensity measures such as peak ground acceleration (PGA) or spectral acceleration (Sa). For high‑rise
structures, the hazard assessment must consider regional tectonic settings, fault proximity, and historical
seismicity. A typical hazard analysis might produce a 475‑year return period PGA of 0.35 g for a
metropolitan area, which then serves as the basis for design ground motions.

Peak ground acceleration (PGA) is the maximum horizontal acceleration recorded during an earthquake. It is
often used as a simple scaling factor for design forces, especially in the equivalent lateral force method.
However, PGA alone does not capture the frequency content of the motion, which is critical for tall
buildings whose natural periods often lie between 0.5 and 5 seconds. For example, a building with a
fundamental period of 2 seconds may experience lower forces if the design PGA is derived from a motion
with low spectral acceleration at that period.

Spectral acceleration (Sa) is the maximum acceleration response of a single‑degree‑of‑freedom (SDOF)
system subjected to a particular ground motion, plotted as a function of natural period and damping. The
design spectrum is derived from site‑specific hazard data and is a key tool for determining the seismic
forces acting on each story of a high‑rise building. Engineers often read the spectrum at the building’s
fundamental period and at higher modes to capture modal contributions.

Design spectrum is a simplified representation of the site‑specific response spectrum, typically provided by
building codes. It incorporates ground motion scaling, site class adjustments, and importance factors. For a
Class C site, the design spectrum may be amplified by a factor of 1.2 relative to a reference rock site. The
spectrum is used to compute the base shear and story shear forces in the equivalent lateral force procedure.

Base shear is the total horizontal seismic force that is assumed to act at the base of the structure. It is
calculated by integrating the lateral force distribution over the height of the building. In the equivalent
lateral force method, the base shear V is given by V = C_s · W, where C_s is the seismic coefficient derived
from the design spectrum and W is the total seismic weight. For a 30‑story tower with a total weight of
200 000 kN and a C_s of 0.10, the base shear would be 20 000 kN.

Story shear refers to the portion of the base shear that is allocated to each floor level. The distribution is
typically proportional to the product of the floor mass and the height above the base, reflecting the fact
that higher floors experience larger inertial forces. The formula V_i = (V · m_i · h_i) / ∑(m_j · h_j) is commonly
used, where V_i is the story shear at level i, m_i is the floor mass, and h_i is the height.

Drift is the relative lateral displacement between two successive floors, expressed as a ratio of the
inter‑story height. Drift limits are imposed to prevent damage to non‑structural components and to ensure
occupant comfort. Typical code limits for ordinary buildings are 0.015 rad (≈ 0.86 % drift) at the fundamental
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period, while high‑rise structures may be allowed higher drifts for the top story due to increased flexibility.

Story drift ratio is the drift divided by the story height, often reported in percent. It is a convenient measure
for checking compliance with code limits. For instance, a 3.5‑meter story with a lateral displacement of
30 mm yields a drift ratio of 0.86 %.

Fundamental period (T_1) is the natural period of vibration of the structure in its first mode. It can be
estimated using empirical formulas such as T = C · H^x, where H is the building height, C and x are
coefficients dependent on structural system and material. More accurate values are obtained from modal
analysis of the detailed finite element model. For a steel moment‑frame skyscraper, T_1 might be around
2.2 seconds.

Higher modes are the additional vibration shapes beyond the fundamental mode that become significant
for tall, slender structures. Their contribution to the overall seismic response is captured through modal
participation factors and modal effective masses. Neglecting higher modes can lead to underestimation of
forces, particularly at the upper stories where mode shapes amplify displacements.

Damping quantifies the energy dissipation capacity of a structure. In seismic design, a default value of 5 %
critical damping is often assumed for concrete and steel frames, though actual damping can be higher due
to non‑structural components and soil‑structure interaction. Damping influences the shape of the response
spectrum and therefore the computed seismic forces.

Modal analysis is the process of determining the natural frequencies, mode shapes, and damping ratios of a
structure. It provides the basis for modal participation factor calculations, which are essential for assessing
the contribution of each mode to the seismic demand. The Rayleigh quotient method or eigenvalue
extraction from a stiffness matrix are typical techniques.

Mode participation factor (Γ) quantifies the degree to which a particular mode contributes to the overall
response. It is computed as Γ = (ϕ^T · M · 1) / (ϕ^T · M · ϕ), where ϕ is the mode shape vector, M is the mass
matrix, and 1 is a vector of ones representing uniform lateral loading. Large participation factors indicate
modes that dominate the response.

Effective modal mass (M_e) is the portion of the total mass that participates in a given mode, calculated as
M_e = Γ^2 · M_total. For a 45‑story tower, the first mode may capture 70 % of the total mass, while the
second and third modes capture 15 % and 8 % respectively. Summing the effective masses of the considered
modes should approach the total mass to ensure an accurate representation of the dynamic behavior.

Stiffness is the resistance of a structural element to deformation under load. In the context of seismic
design, stiffness distribution along the height of a building influences its period, mode shapes, and drift
demands. Stiffness can be altered by varying member sizes, adding shear walls, or using outriggers. A
common challenge is to avoid excessive stiffness that leads to a short period and high seismic forces.

Torsion arises when the seismic loading is not symmetrically distributed, causing the building to twist about
its vertical axis. Torsional effects are pronounced in irregular plans or when mass distribution is uneven. The
torsional mode is often analyzed together with translational modes, and torsional participation factors are
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computed similarly. Design measures such as adding shear cores or mass balancing can mitigate torsion.

Plan irregularity refers to variations in the geometry of a building floor plan that can cause concentration of
stresses or irregular mass distribution. Examples include re‑entrant corners, large openings, or asymmetric
layouts. These irregularities may lead to local stress concentrations and increase the risk of damage during
seismic events.

Vertical irregularity involves changes in stiffness or mass along the height of the structure, such as soft
stories, setbacks, or abrupt changes in structural system. A soft story, for instance, is a level with significantly
lower lateral stiffness, often due to large openings for parking or lobbies. Soft stories are prone to collapse
mechanisms and require special reinforcement or alternate load paths.

Soft story is a floor level that possesses markedly reduced shear stiffness compared to adjacent stories,
typically caused by large openings or reduced column sizes. During an earthquake, the soft story may
experience disproportionate drift and shear demand, leading to a “pancake” collapse. Mitigation strategies
include adding shear walls, moment frames, or outrigger systems at the soft story level.

Outrigger system consists of stiff horizontal members that connect the central core to perimeter columns,
thereby distributing lateral loads and increasing overall building stiffness. Outriggers are often employed in
super‑tall buildings to reduce drift and control torsional response. Their placement is typically at mechanical
floors where additional space is available.

P‑Δ effect (P‑Delta) describes the additional moments generated by axial loads acting on laterally displaced
members. In tall buildings, the vertical loads from gravity combined with seismic drifts can produce
significant secondary moments, especially in columns. Ignoring P‑Δ may underestimate demands on the
structural system. Design codes usually require a second‑order analysis to capture this effect.

Nonlinear analysis accounts for material yielding, geometric nonlinearity, and contact behavior, providing a
more realistic prediction of structural response under severe earthquakes. Methods such as
incremental‑dynamic analysis (IDA) or pushover analysis are commonly used. Nonlinear models require
detailed material constitutive laws, including strain‑hardening, cyclic degradation, and pinching.

Pushover analysis is a static, incremental load‑displacement procedure that pushes the structure to its
ultimate capacity by applying a series of scaled lateral forces. The resulting capacity curve (base shear versus
roof displacement) is compared to the demand curve derived from the design spectrum to assess
performance. The method is especially useful for performance‑based design, allowing engineers to verify
that the structure meets target performance levels such as immediate occupancy or life safety.

Capacity curve is the relationship between the base shear and the corresponding roof displacement
obtained from a pushover analysis. It reflects the progressive yielding of structural components and the
development of plastic hinges. By plotting the capacity curve against the demand curve (spectral
acceleration versus displacement), one can identify the performance point where the structure is expected
to operate under the design earthquake.

Demand curve is derived from the response spectrum and represents the seismic demand in terms of base
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shear and displacement for a given level of ground shaking. It is often expressed as Sa versus Sd (spectral
acceleration versus spectral displacement). The intersection of the demand and capacity curves yields the
performance point, which indicates whether the structure satisfies the prescribed performance level.

Performance‑based design (PBD) is an approach that defines explicit performance objectives for different
levels of earthquake intensity, such as serviceability, immediate occupancy, life safety, and collapse
prevention. PBD uses tools like the capacity spectrum method to verify that the building meets these
objectives. For high‑rise structures, PBD allows flexibility in material selection and structural system design
while ensuring safety.

Capacity spectrum method (CSM) combines the capacity curve from a pushover analysis with the demand
spectrum to determine the performance point. The method involves converting the capacity curve from
force‑displacement to acceleration‑displacement space, then locating the intersection with the demand
spectrum. CSM is widely adopted in seismic codes for tall buildings because it captures both strength and
deformation capacities.

Response spectrum is a plot of the maximum response (acceleration, velocity, or displacement) of a series of
SDOF systems of varying natural periods, each subjected to the same ground motion. Engineers use the
spectrum to estimate seismic forces for each mode of a multi‑degree‑of‑freedom (MDOF) structure. The
shape of the spectrum is influenced by site conditions, fault characteristics, and attenuation.

Ground motion record is a time history of acceleration, velocity, or displacement recorded during an actual
earthquake. Records are selected based on similarity to the target site’s hazard characteristics and are used
in time‑history analysis to capture realistic dynamic response. For a 50‑story tower, a suite of 20 records
may be required to achieve statistical confidence in the results.

Time‑history analysis involves numerically integrating the equations of motion of the structure using
recorded or synthetic ground motions. It provides detailed information about internal forces, displacements,
and energy dissipation over the duration of the earthquake. Nonlinear time‑history analysis is
computationally intensive but yields high fidelity results, especially for complex structural systems.

Equivalent lateral force procedure (ELF) is a simplified seismic design method prescribed in many building
codes. It distributes a total base shear, calculated from the design spectrum, to each story based on mass
and height. ELF assumes linear elastic behavior and is suitable for regular, low‑rise structures. For high‑rise
buildings, ELF may be supplemented with modal analysis or pushover checks to capture higher‑mode
effects.

Seismic coefficient (C_s) is a factor that relates the design base shear to the total seismic weight. It is derived
from the design spectrum, importance factor, and site class. C_s = S_a · I · S / R, where S_a is the spectral
acceleration at the fundamental period, I is the importance factor, S is the soil factor, and R is the response
modification factor. For a high‑rise office building in a moderate seismic zone, C_s might be 0.12.

Importance factor (I) adjusts the seismic forces based on the occupancy risk category of the building.
Hospitals, emergency response centers, and high‑rise residential towers typically have higher importance
factors (e.g., I = 1.5) than typical office buildings (I = 1.0). This ensures that life‑safety objectives are met for
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critical facilities.

Response modification factor (R) accounts for the energy‑dissipating capacity of the structural system.
Systems with high ductility, such as special moment frames, receive larger R values (e.g., R = 8), reducing the
seismic forces. Conversely, ordinary reinforced concrete frames may have R = 5. The selection of R influences
the required strength and detailing of members.

Site class categorizes the ground conditions based on shear‑wave velocity (V_s) or other geotechnical
parameters. Class A denotes hard rock, while Class D represents soft soils. Site class affects the amplification
of ground motions; softer sites increase spectral accelerations at longer periods, which is critical for tall
buildings. Site‑specific response analyses may be required for Class E or F soils.

Soil‑structure interaction (SSI) describes the mutual influence between the building and the underlying soil
during seismic events. SSI can lengthen the effective period of the structure, reduce base shear, but also
increase displacement demands. Modeling SSI typically involves springs and dashpots representing
foundation compliance and damping, or using sub‑structure finite element models.

Foundation system for high‑rise structures often consists of deep piles, mat foundations, or a combination
thereof. The choice influences the stiffness and damping characteristics of the building‑soil system. For
example, a pile‑supported mat may provide higher lateral stiffness but lower energy dissipation compared
to a purely mat foundation.

Shear wall is a vertical element that resists lateral forces through in‑plane shear. Incorporating shear walls in
the core of a tall building increases torsional rigidity and reduces drift. The design of shear walls must
consider crack control, reinforcement detailing, and interaction with other lateral‑force-resisting systems.

Moment‑resisting frame (MRF) consists of beams and columns connected by rigid joints that develop
bending moments under lateral loads. MRFs provide flexibility and ductility, making them suitable for
seismic design. In tall buildings, special or intermediate moment frames are often used in conjunction with
shear cores to achieve the desired stiffness‑ductility balance.

Outrigger truss is a specific type of outrigger system that uses truss members to connect the central core to
perimeter columns, providing efficient load transfer. Outrigger trusses are advantageous for their high
strength‑to‑weight ratio and ability to span large distances without excessive deflection.

Viscous damper is a supplemental energy‑dissipating device that converts kinetic energy into heat through
fluid resistance. Dampers are installed at strategic locations, such as between the core and perimeter
frames, to reduce seismic response. The effectiveness of a damper is quantified by its damping coefficient,
which is tuned to target specific modes.

Tuned mass damper (TMD) is a large mass placed near the top of a building, tuned to the fundamental
frequency to counteract resonant vibrations. While primarily used for wind‑induced motion, TMDs also
provide modest seismic mitigation. The tuning must consider potential shifts in natural frequency due to
damage or temperature variations.
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Energy dissipation in seismic design may be achieved through material yielding (plastic hinges),
supplemental devices (dampers, base isolators), or geometric nonlinearity. Effective energy dissipation
reduces the demand on primary structural elements, allowing them to remain elastic or experience limited
inelastic deformation.

Base isolation involves inserting flexible bearings between the superstructure and foundation, decoupling
the building from ground motion. Isolation lengthens the effective period, moving the response into a
region of lower spectral acceleration. Although traditional base isolation is less common for very tall
buildings due to increased displacement demands, hybrid isolation‑outrigger concepts are emerging.

Hybrid isolation combines base isolators with outriggers or supplemental damping to control both
low‑frequency and high‑frequency response components. This approach can be advantageous for super‑tall
structures where pure isolation would lead to excessive roof displacement.

Plastic hinge is a localized region where the bending moment capacity is exceeded, resulting in yielding and
rotation. In seismic design, plastic hinges are deliberately placed at beam–column connections to allow
controlled energy dissipation. The hinge length, rotation capacity, and reinforcement detailing govern the
ductility of the system.

Yielding occurs when stresses in a material reach the yield strength, causing permanent deformation.
Yielding of steel reinforcement in concrete frames is a primary mechanism for seismic energy dissipation.
The strain at yield (ε_y) for typical reinforcing steel is about 0.0021, corresponding to a stress of 500 MPa.

Strain hardening describes the increase in stress capacity after yielding, allowing the material to sustain
higher loads before failure. In seismic design, strain‑hardening behavior contributes to the post‑yield
strength and is accounted for in nonlinear material models.

Cyclic degradation refers to the reduction in stiffness and strength of a material or component when
subjected to repeated loading reversals. Concrete, steel, and shear walls exhibit cyclic degradation, which
must be captured in hysteretic models used for pushover and time‑history analyses.

Hysteretic model characterizes the relationship between force and displacement during cyclic loading.
Common models include the bilinear, trilinear, and Takeda models. Accurate hysteresis modeling is essential
for predicting energy dissipation and residual deformations after an earthquake.

Residual drift is the permanent lateral displacement remaining after the seismic event. Excessive residual
drift can impair the functionality of building services and cause occupant discomfort. Codes often limit
residual drift to a small fraction of story height (e.g., 0.5 %) for critical facilities.

Seismic detailing encompasses the reinforcement patterns, anchorage lengths, and confinement
requirements for concrete elements to achieve the intended ductility. Key detailing provisions include
minimum transverse reinforcement spacing, confinement reinforcement in plastic hinge regions, and
adequate development lengths for tension bars.

Confinement reinforcement consists of closely spaced transverse bars (stirrups or ties) placed around
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longitudinal reinforcement in concrete columns and beams. Confinement improves ductility by delaying
concrete spalling and increasing the compressive strength of the core. Typical confinement ratios for
seismic columns range from 0.04 to 0.06.

Development length is the length of reinforcement required to develop the full tensile strength of a bar in
concrete. For seismic applications, development lengths are often increased to ensure reliable anchorage
under large cyclic strains. The required length depends on bar diameter, concrete strength, and the
presence of transverse reinforcement.

Shear capacity of a concrete element is the ability to resist shear forces without forming diagonal cracks. In
seismic design, shear capacity must be sufficient to avoid brittle failure. Shear reinforcement (stirrup bars) is
provided based on the calculated shear demand, with additional provisions for seismic loading.

Seismic load path describes the route through which seismic forces are transmitted from the foundation to
the superstructure. A continuous, redundant load path is essential to prevent unexpected failures. Designers
verify the load path by tracing force flow through columns, walls, cores, and outriggers.

Redundancy in seismic design means that multiple independent mechanisms can carry the load if one
element fails. Redundant systems improve robustness and reduce collapse probability. For tall buildings,
redundancy is achieved by combining moment frames, shear cores, and outrigger systems.

Robustness is the capacity of a structure to withstand unexpected damage without disproportionate
collapse. Robustness is enhanced through regular geometry, tie forces, and alternative load paths. Code
provisions often require robustness checks for buildings taller than a certain height or located in
high‑seismic zones.

Irregularity factor (R_ir) is a modifier applied to the response modification factor when the building exhibits
significant plan or vertical irregularities. The factor reduces the effective R value, increasing seismic forces.
For example, a building with a pronounced soft story may have R_ir = 0.7, reducing the nominal R of 8 to an
effective value of 5.6.

Design base shear reduction can be achieved by increasing the system’s ductility or by employing
supplemental damping devices. The reduction is reflected in a higher response modification factor (R) or a
lower seismic coefficient (C_s). Engineers must balance the cost of additional damping devices against the
savings in member sizes.

Seismic performance level defines the expected behavior of a building under a given earthquake intensity.
Levels include operational, immediate occupancy, life safety, and collapse prevention. Each level has
associated drift and damage criteria, guiding the selection of design targets.

Fragility curve is a probabilistic model that expresses the likelihood of a building reaching or exceeding a
particular damage state as a function of seismic intensity. Fragility curves are derived from nonlinear
time‑history analyses and are used in risk assessments and insurance calculations.

Risk‑targeted design aligns the design intensity with an acceptable probability of exceeding a target
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damage state. This approach allows designers to tailor the seismic performance to the economic value of
the building and the acceptable level of risk.

Seismic risk assessment evaluates the probability and consequences of earthquake‑induced damage over
the building’s lifetime. It combines hazard analysis, vulnerability models, and exposure data. For high‑rise
structures, risk assessments often focus on loss of life, economic loss, and downtime.

Loss of life is quantified using casualty models that relate building occupancy, evacuation time, and injury
severity to seismic demand. The models incorporate factors such as floor height, exit width, and egress time.
Designing to limit loss of life often leads to stricter drift and residual deformation limits.

Economic loss includes repair costs, equipment replacement, and business interruption. Seismic design
strategies that reduce damage—such as enhanced ductility or supplemental damping—can lower the
expected economic loss, justifying higher initial construction costs.

Business interruption measures the loss of revenue due to building unavailability after an earthquake. In
high‑rise office towers, rapid re‑occupancy is a key performance objective. Designers may adopt
performance‑based criteria that limit drift to ensure quick post‑earthquake recovery.

Seismic retrofitting involves upgrading existing structures to improve their seismic performance. Common
retrofitting techniques for tall buildings include adding shear walls, installing dampers, reinforcing columns,
and enhancing connections. Retrofitting must respect the existing architectural constraints and minimize
disruption.

Seismic code provisions are the regulatory requirements that govern the design of structures in
earthquake‑prone regions. International codes such as the International Building Code (IBC), Eurocode 8,
and the National Building Code of Canada provide guidelines on material properties, load calculations, and
detailing. Regional codes may have additional provisions addressing local seismicity.

Design iteration is the process of repeatedly adjusting the structural model, member sizes, and detailing to
meet code requirements and performance objectives. For tall buildings, iteration often involves updating
modal properties after each design change, re‑evaluating the capacity spectrum, and refining the pushover
analysis.

Computational modeling utilizes finite element software to simulate the behavior of high‑rise structures
under seismic loading. Models range from simple macro‑element representations (e.g., shear building
models) to detailed 3‑D models with individual beams, columns, and shear walls. Model fidelity must be
balanced against computational cost.

Macro‑element model simplifies the building into a series of lumped masses and springs representing story
stiffness and mass. This approach is efficient for modal analysis and preliminary design but may overlook
local effects such as stress concentrations in openings.

3‑D finite element model captures the full geometry, material nonlinearity, and interaction between
structural components. It enables accurate prediction of plastic hinge formation, torsional response, and the
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effect of irregularities. However, it requires significant computational resources and careful calibration.

Model calibration aligns the numerical model with observed behavior from past earthquakes or
experimental tests. Calibration parameters include stiffness, damping, and material constitutive laws. For tall
buildings, calibration often uses ambient vibration testing or past seismic response data.

Ambient vibration testing records the natural frequencies and mode shapes of a building under
low‑amplitude excitations such as wind or traffic. These data provide a baseline for validating the analytical
model and detecting changes in stiffness over time.

Dynamic amplification factor (DAF) quantifies the increase in response due to dynamic effects compared to
a static analysis. For tall structures, DAF can be significant, especially for higher modes. Designers use DAF
to assess whether a static equivalent method is appropriate.

Modal participation factor (Γ) is computed for each mode and expresses the contribution of that mode to
the overall response. Modes with high Γ values dominate the seismic demand. In practice, engineers often
consider the first three modes for a 60‑story building, as they may together account for over 90 % of the
total effective mass.

Effective height (h_eff) is the height at which the equivalent lateral forces are assumed to act for a particular
mode. It is calculated as h_eff = (∑(m_i · h_i · ϕ_i)) / (∑(m_i · ϕ_i)), where ϕ_i is the mode shape value at level i.
Effective height influences the computation of story forces and drifts.

Mode shape depicts the relative displacement of each floor in a particular vibration mode. For the first
mode of a regular tower, the shape is approximately linear, while higher modes exhibit curvature and
possible nodes. Understanding mode shapes helps in placing supplemental damping devices at locations of
maximum modal displacement.

Modal superposition combines the responses of individual modes to obtain the total response. Linear
elastic analysis uses the square‑root‑of‑sum‑of‑squares (SRSS) or the complete quadratic combination
(CQC) methods to account for modal coupling. The CQC method is preferred when modes are closely
spaced, as is common in tall buildings.

Square‑root‑of‑sum‑of‑squares (SRSS) assumes that modal responses are statistically independent,
summing them as the square root of the sum of squares of each modal contribution. While simpler, SRSS
may underestimate the response when modes are not well separated.

Complete quadratic combination (CQC) incorporates the correlation between modes by using a
frequency‑dependent weighting factor. CQC provides a more accurate estimate of the combined response
for closely spaced modes, a typical situation in super‑tall structures.

Seismic load factor (γ) is a factor applied to the calculated seismic forces to account for uncertainties in
loading, modeling, and material behavior. Codes prescribe load factors ranging from 1.0 to 1.5, depending
on the design approach and the level of conservatism required.

Seismic performance criteria define acceptable limits for drift, acceleration, and damage. For instance, the
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Immediate Occupancy level may limit inter‑story drift to 0.5 % and require that no plastic hinges form. The
Life‑Safety level may allow drift up to 1.5 % with limited hinge formation.

Seismic design optimization seeks to achieve the required performance at minimum cost. Techniques
include varying the distribution of shear walls, adjusting the location of outriggers, and selecting
appropriate damping devices. Multi‑objective optimization algorithms can balance material cost,
construction time, and performance targets.

Construction sequencing affects the seismic resilience of a tall building. Early stages may involve temporary
bracing, while later stages rely on the permanent lateral‑force‑resisting system. Engineers must ensure that
the structure remains stable throughout construction, often by designing temporary lateral support
systems.

Temporary bracing provides lateral stability during the erection of the core and perimeter frames. Types
include diagonal steel bracing, earth anchors, and shear‑wall panels that are later removed. The design of
temporary bracing follows the same seismic principles as permanent elements but with reduced load levels.

Construction stage analysis evaluates the seismic demands at various stages of building erection. It ensures
that each stage complies with the applicable code provisions and that the transition from temporary to
permanent systems does not introduce vulnerabilities.

Seismic qualification of materials involves testing and certification that the used steel, concrete, and
damping devices meet the required performance standards. For high‑rise projects, material grades with
high yield strength and toughness are often selected to improve ductility.

High‑strength steel (e.g., Grade 550) provides greater load‑carrying capacity while allowing smaller
cross‑sections, which can be advantageous for architectural constraints. However, high‑strength steel may
exhibit reduced ductility, necessitating careful detailing to achieve the desired seismic performance.

Self‑consolidating concrete (SCC) offers improved workability and uniformity, which can enhance the quality
of reinforcement placement and reduce voids. For seismic applications, SCC must be designed to retain
adequate strength and durability, and its mix design may include fibers to improve post‑cracking behavior.

Fiber‑reinforced polymer (FRP) wraps are used to strengthen existing columns and beams. FRP provides
high tensile strength and corrosion resistance, making it suitable for retrofitting applications where added
stiffness and confinement are needed without significantly increasing member dimensions.

Seismic instrumentation includes accelerometers, strain gauges, and displacement transducers installed in
the building to monitor real‑time response during earthquakes. Data collected can be used for post‑event
assessment and for calibrating analytical models.

Performance monitoring involves analyzing the recorded data to evaluate whether the building behaved as
predicted. Discrepancies may indicate the need for model updates, additional retrofitting, or changes in
maintenance practices.

Maintenance of seismic devices is essential to ensure their functionality over the building’s lifespan.
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Dampers, for example, may require periodic inspection for fluid leakage or loss of stiffness. Service manuals
typically prescribe inspection intervals and criteria for replacement.

Seismic design software packages such as ETABS, SAP2000, and OpenSees provide tools for modal analysis,
pushover procedures, and nonlinear time‑history simulations. Users must understand the underlying
assumptions of each software module to avoid misinterpretation of results.

OpenSees is an open‑source platform that allows for advanced nonlinear dynamic analysis, including
custom material models and complex boundary conditions. It is widely used in research and for detailed
performance‑based design of tall buildings.

Design verification is the process of confirming that the final design satisfies all code requirements and
performance objectives. Verification includes checking that story drifts, member stresses, and hinge
rotations are within allowable limits under the prescribed seismic loads.

Peer review of seismic design is often required for critical high‑rise projects. Independent experts evaluate
the modeling approach, assumptions, and compliance with codes. Peer review helps identify potential
oversights and enhances confidence in the safety of the structure.

Seismic resilience measures the ability of a building to absorb, recover, and adapt after an earthquake.
Resilience goes beyond immediate safety, encompassing aspects such as rapid re‑occupancy, minimal
repair costs, and continuity of essential services.

Resilience metrics can be quantitative, such as the ratio of post‑event functionality to pre‑event
functionality, or qualitative, such as the level of occupant confidence. Designing for resilience may involve
incorporating redundancy, flexible service systems, and robust fire protection.

Fire‑seismic interaction acknowledges that fire damage can compromise seismic performance and vice
versa. For tall buildings, fire protection of structural steel and concrete is critical, as loss of material strength
can reduce the capacity to withstand seismic forces.

Seismic isolation of service cores is a technique where the central core, which houses elevators, stairs, and
utilities, is separated from the exterior frame by isolators. This configuration reduces the transmission of
seismic forces to the core, protecting critical services.

Elevator system design must consider the effects of seismic drift on guide rails and car movement. Seismic
restraints, such as shear keys and flexible couplings, are employed to maintain alignment and prevent
damage to the elevator machinery.

Wind‑seismic interaction becomes relevant for super‑tall buildings where wind‑induced vibrations can alter
the dynamic characteristics, affecting seismic response. Coupled analysis may be required to capture the
combined effect of wind and earthquake loading.

Coupled wind‑seismic analysis involves creating a combined load case where wind loads are superimposed
with seismic loads, often using stochastic simulation methods. The resulting response helps assess whether
the design meets both wind and seismic serviceability criteria.

Read online: https://learnuni.com/guides/21869541/seismic-design-of-
high-rise-structures

LearnUNI · 15 Jul 2026



G U I D E

Serviceability limit state (SLS) defines acceptable performance for everyday use, such as limiting drift to
prevent damage to façade panels and interior finishes. For high‑rise structures, SLS criteria are often stricter
for wind-induced vibrations than for seismic events, but both must be satisfied.

Strength limit state (SLS) – note: same abbreviation – defines the maximum load that structural elements
can sustain without failure. Seismic design typically targets the Strength Limit State for life‑safety
performance, ensuring that plastic hinges form in a controlled manner without causing collapse.

Damage control strategies aim to limit the extent and severity of damage after an earthquake. Techniques
include distributing plastic hinges, providing ductile detailing, and installing energy‑dissipating devices.
Effective damage control improves post‑earthquake functionality and reduces repair costs.

Post‑earthquake inspection protocols outline procedures for assessing structural integrity after a seismic
event. Inspections focus on checking for cracked concrete, deformed steel, and the condition of
connections. Rapid assessment tools, such as visual grading systems, help determine whether the building is
safe for re‑entry.

Re‑occupancy classification categorizes the building’s status after an earthquake: Immediate Occupancy,
Limited Use, or Restricted Access. The classification is based on observed damage, drift, and residual
deformations. Proper classification guides emergency response and repair planning.

Seismic design philosophy has evolved from prescriptive “force‑based” methods to performance‑oriented
approaches that emphasize ductility, energy dissipation, and resilience. Modern codes encourage the use of
capacity‑based methods and require explicit performance objectives for high‑rise structures.

Code evolution reflects lessons learned from past earthquakes, advances in material science, and
improvements in computational tools. Notable updates include higher response modification factors for
special moment frames, refined site class definitions, and the incorporation of probabilistic seismic hazard
analysis.

Probabilistic seismic hazard analysis (PSHA) integrates the uncertainties in earthquake occurrence,
magnitude, and ground motion attenuation to produce hazard curves with confidence intervals. PSHA
results feed into design spectra, allowing engineers to select appropriate design ground motions.

Deterministic seismic hazard analysis (DSHA) focuses on a specific scenario earthquake, often the maximum
credible event, to derive design forces. DSHA is
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