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Unit 1 – Earthquake Engineering: Intro to
Seismology
1.1 Fundamentals of plate tectonics and earthquake mechanisms
Earth's structure is like a layered onion, with the crust, mantle, and core each playing a unique role. These
layers interact through plate tectonics, causing the Earth's surface to shift and change over millions of
years.

Plate boundaries are the hotspots for earthquake activity. As plates collide, separate, or slide past each
other, they build up stress. When this stress is suddenly released, it causes earthquakes, shaping our
planet's surface and creating natural hazards.

Earth Structure and Plate Tectonics

Structure of Earth's layers
• Crust forms Earth's outer layer varies in thickness and composition

• Oceanic crust averages 5-10 km thick composed of dense basaltic rocks

• Continental crust ranges 30-50 km thick made of lighter granitic rocks (Andes Mountains)

• Mantle extends from base of crust to outer core ~2900 km deep

• Upper mantle solid rock flows plastically over geological time scales

• Lower mantle denser more rigid due to increased pressure

• Core divided into two distinct layers

• Outer core liquid iron and nickel generates Earth's magnetic field

• Inner core solid iron and nickel extremely hot under immense pressure

• Mohorovičić discontinuity (Moho) marks boundary between crust and mantle

• Lithosphere rigid outer layer comprises crust and uppermost mantle ~100 km thick

• Asthenosphere partially molten layer beneath lithosphere allows plate movement

Theory of plate tectonics
• Plate tectonics Earth's lithosphere divided into large rigid plates

• Plates move on asthenosphere due to convection currents in mantle

• Plate movement rates typically range 2-10 cm per year (Indian Plate)

• Earthquakes occur primarily at plate boundaries from stress accumulation

• Intraplate earthquakes less common within stable continental regions (New Madrid Seismic Zone)

• Plate motion types: 1. Convergent plates move towards each other 2. Divergent plates move away
from each other 3. Transform plates slide past each other horizontally
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• Subduction zones areas of intense seismic activity oceanic crust sinks beneath continental crust
(Pacific Ring of Fire)

Plate Boundaries and Earthquake Mechanisms

Types of plate boundaries
• Convergent boundaries

• Ocean-continent subduction triggers deep earthquakes forms volcanic arcs (Andes Mountains)

• Continent-continent collision builds mountains causes shallow to intermediate earthquakes
(Himalayas)

• Ocean-ocean subduction creates island arcs generates deep earthquakes (Mariana Islands)

• Divergent boundaries

• Mid-ocean ridges produce shallow earthquakes drive seafloor spreading (Mid-Atlantic Ridge)

• Continental rifts shallow earthquakes potential for new ocean basins (East African Rift)

• Transform boundaries

• Strike-slip faults cause shallow earthquakes lateral motion (San Andreas Fault)

• Triple junctions where three plate boundaries meet complex seismic patterns (Afar Triple Junction)

Elastic rebound theory
• Elastic rebound theory explains energy storage and release in earthquakes

• Stress accumulation tectonic forces cause rocks to deform elastically over time

• Fault friction prevents immediate slip allows stress buildup

• Critical stress threshold point where rock strength exceeded

• Sudden slip rapid release of stored elastic energy

• Energy release forms:

• Seismic waves cause ground shaking

• Heat generated by friction during fault movement

• Fault rupture characteristics:

• Hypocenter point where rupture initiates

• Epicenter point on Earth's surface directly above hypocenter

• Aftershocks smaller earthquakes follow main shock caused by stress redistribution

• Earthquake cycle repeated process of stress accumulation and release over time
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1.2 Seismic waves and their propagation
Seismic waves are the Earth's way of communicating earthquakes. They come in two flavors: body waves
that zip through the planet's interior, and surface waves that ripple along its skin. Each type has its own
quirks and impacts on structures.

P-waves and S-waves are the speedy body waves, while Love and Rayleigh waves are the slower but
more destructive surface waves. Understanding how these waves move and change is key to predicting
earthquake effects and designing safer buildings.

Types of Seismic Waves

Body waves vs surface waves
• Body waves penetrate Earth's interior propagating faster than surface waves

• P-waves and S-waves comprise two main types of body waves

• Surface waves travel along Earth's surface moving slower than body waves

• Love waves and Rayleigh waves make up two primary types of surface waves

• Surface waves generally exhibit larger amplitudes causing more structural damage

• Body waves decay more rapidly with distance compared to surface waves

Properties of P-waves and S-waves
• P-waves (Primary waves) compress and expand material as fastest seismic waves

• P-waves propagate through solids, liquids, and gases (rock, water, air)

• P-wave particle motion aligns parallel to wave propagation direction

• P-wave velocity in typical rock calculated as 

• S-waves (Secondary waves) create shear deformation moving slower than P-waves

• S-waves travel only through solids (rock, not water or air)

• S-wave particle motion occurs perpendicular to wave propagation direction

• S-wave velocity in typical rock determined by 

Wave Propagation and Attenuation

Wave propagation through Earth
• Wave propagation transfers energy through a medium

• Wavelength and frequency relate through velocity equation 

• Seismic waves travel as direct, reflected, or refracted paths

• Huygens' Principle states every wavefront point acts as new wave source

• Snell's Law describes wave refraction at interfaces: 
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• Waves interact with Earth's layers through reflection and refraction at boundaries

• Wave velocity changes due to varying material properties in different layers

Factors in seismic wave behavior
• Geometric spreading distributes energy over larger areas as waves propagate

• Intrinsic attenuation converts energy to heat through internal friction

• Dispersion varies wave velocity with frequency, spreading wave packets over time

• Material properties (density, elasticity) influence attenuation and dispersion

• Heterogeneity of the medium affects wave behavior

• Frequency content of seismic waves impacts propagation characteristics

• Quality factor (Q) measures energy loss per cycle, higher Q indicates lower attenuation

• Attenuation relationships in seismic hazard analysis account for energy loss with distance from source

1.3 Earthquake measurement and scales
Earthquakes pack a powerful punch, and measuring their impact is crucial. From the Richter scale to the
Modified Mercalli Intensity scale, scientists use various methods to quantify shaking and assess damage.
These tools help us understand and prepare for seismic events.

But not all scales are created equal. The Richter scale, while groundbreaking, has limitations. Enter the
moment magnitude scale, which provides a more accurate picture of earthquake energy across all types
and depths. It's the gold standard for modern seismology.

Earthquake Measurement Fundamentals

Earthquake magnitude measurement
• Earthquake magnitude quantifies energy released at source using logarithmic scale

• Richter scale developed by Charles Richter in 1935 measures largest seismic wave amplitude

• Calculated using formula  (M: Magnitude, A: Maximum wave amplitude, :
Standard reference amplitude)

• Seismographs record ground motion produce seismograms for analysis

Magnitude vs intensity
• Magnitude objectively measures earthquake energy single value independent of location

• Intensity subjectively assesses effects varies by location distance from epicenter local factors
(geology, building quality, population density)

• Higher magnitude generally correlates with higher intensity decreases with distance from epicenter



Fiveable archived study guides Page 6

Advanced Measurement Scales

Modified Mercalli Intensity scale
• 12-point scale (I to XII) developed by Giuseppe Mercalli modified by Wood and Neumann

• Assesses observed effects on people structures environment

• Key levels: 1. I-III: Weak shaking barely noticeable 2. IV-V: Light to moderate shaking felt by most 3.
VI-VII: Strong shaking minor to moderate damage 4. VIII-IX: Severe shaking considerable damage 5.
X-XII: Extreme shaking widespread devastation

• Used for rapid impact assessment historical analysis public communication

Limitations of Richter scale
• Saturates at higher magnitudes (> 6.5-7.0)

• Regional bias due to California-specific calibration

• Inaccurate for deep earthquakes

• Moment magnitude scale developed by Kanamori and Hanks in 1979 addresses limitations

• Based on seismic moment  ( : Rock rigidity, A: Rupture area, D: Average displacement)

• Moment magnitude formula 

• Advantages: no saturation applicable to all earthquake types depths directly related to fault properties

1.4 Historical development of earthquake engineering
Earthquake engineering has come a long way since ancient times. From flexible materials to modern
seismographs, our understanding has grown immensely. Key events like the 1906 San Francisco quake
sparked research and led to crucial seismic design concepts.

Seismic design codes have evolved from basic safety measures to performance-based approaches.
Monitoring tech has advanced too, with digital instruments and global networks enhancing our ability to
study and prepare for earthquakes. These tools are vital for building safer structures.

Early History and Evolution of Earthquake Engineering

Evolution of earthquake engineering
• Ancient civilizations crafted earthquake-resistant structures using flexible materials (wood, bamboo)
and interlocking stone techniques (Machu Picchu)

• Scientific understanding of earthquakes advanced through John Milne's seismograph invention
sparked global seismological observatory establishment

• 1906 San Francisco earthquake catalyzed modern earthquake engineering research introduced
seismic design concepts

• Structural analysis techniques progressed from static lateral force methods to dynamic analysis
approaches incorporating time-history and response spectrum analyses
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• Geotechnical considerations integrated soil-structure interaction studies and liquefaction research
improved foundation design practices

Influential earthquakes in engineering
• 1755 Lisbon earthquake influenced European Enlightenment thinking prompted early
earthquake-resistant building proposals (reinforced masonry)

• 1906 San Francisco earthquake revealed importance of site conditions spurred creation of building
codes (1927 Uniform Building Code)

• 1923 Great Kanto earthquake (Tokyo) advanced Japanese earthquake engineering developed first
seismic design requirements

• 1964 Alaska earthquake enhanced understanding of ground motion amplification improved tsunami
warning systems

• 1971 San Fernando earthquake exposed vulnerabilities in critical infrastructure (hospitals, power
plants) influenced California's seismic safety legislation

• 1989 Loma Prieta earthquake advanced bridge design and retrofit techniques increased focus on
lifeline engineering (transportation, utilities)

Seismic Design Codes and Instrumentation

Seismic design codes and standards
• Early building codes emerged (1927 Uniform Building Code in US, 1924 seismic design requirements
in Japan) standardized basic safety measures

• Seismic design philosophy evolved from strength-based to performance-based design introduced
capacity design principles prioritizing ductile failure modes

• International code development expanded (Eurocode 8, International Building Code) harmonized
design practices across regions

• Seismic design codes standardize practices incorporate latest research findings continuously update
based on post-earthquake observations

Advancements in seismic monitoring
• Seismographs evolved from Wood-Anderson torsion seismometer (1922) to modern digital
instruments increased sensitivity and data accuracy

• Strong motion accelerographs captured first records from 1933 Long Beach earthquake enabled
detailed ground motion studies through dense instrumentation arrays

• Global Seismographic Network (GSN) established worldwide high-quality seismic stations facilitates
real-time data sharing and analysis

• Satellite-based monitoring techniques (InSAR, GPS) enhanced ground deformation and crustal
movement studies

• Early warning systems developed rapid earthquake detection algorithms implemented in
earthquake-prone countries (Japan, Mexico) provide crucial seconds for protective actions
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Unit 2 – Seismic Hazard Analysis:
Probabilistic Methods
2.1 Deterministic and probabilistic seismic hazard analysis
Seismic hazard analysis is crucial for understanding earthquake risks. It comes in two flavors:
deterministic, which focuses on a single worst-case scenario, and probabilistic, which considers multiple
scenarios and their likelihoods.

These methods help engineers and planners prepare for potential earthquakes. Deterministic analysis is
simpler but may overestimate risks, while probabilistic analysis is more comprehensive but complex. Both
approaches have their place in earthquake engineering and risk assessment.

Seismic Hazard Analysis Methods

Deterministic vs probabilistic hazard analysis
• Deterministic Seismic Hazard Analysis (DSHA) evaluates single earthquake scenario based on
worst-case or most likely event provides single ground motion value ignores uncertainties

• Probabilistic Seismic Hazard Analysis (PSHA) assesses multiple earthquake scenarios incorporates
uncertainties in occurrence and ground motion yields probability-based estimates accounts for all
possible events and likelihoods (San Andreas Fault, New Madrid Seismic Zone)

Application of deterministic analysis
• DSHA process: 1. Identify and characterize seismic sources 2. Select controlling earthquake
(magnitude and distance) 3. Determine site conditions 4. Choose appropriate ground motion prediction
equations (GMPEs) 5. Calculate ground motion parameters

• Key parameters: Peak Ground Acceleration (PGA) spectral acceleration at different periods

• Factors affecting estimation: source-to-site distance earthquake magnitude fault mechanism
(strike-slip, normal, reverse) site geology (rock, soil)

Probabilistic Analysis and Result Interpretation

Probabilistic analysis for ground motion
• PSHA process: 1. Identify and characterize seismic sources 2. Develop earthquake recurrence
relationships 3. Select appropriate GMPEs 4. Integrate probabilities of all possible scenarios

• Earthquake occurrence models: Poisson process assumes events independent of time
time-dependent models consider elapsed time since last event

• Hazard curves plot ground motion parameter vs annual exceedance probability

• Deaggregation identifies controlling earthquake scenarios

• Monte Carlo simulation generates random samples to estimate probabilities

• Logic trees handle uncertainties by assigning weights to different branches (source models, GMPEs)
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Interpretation of hazard analyses
• DSHA interpretation: evaluate significance of controlling earthquake assess conservatism of approach

• PSHA interpretation: analyze hazard curves understand return periods and exceedance probabilities

• Engineering applications: develop seismic design spectra implement performance-based earthquake
engineering conduct risk assessment and management

• DSHA vs PSHA comparison: DSHA simpler but may overestimate hazard PSHA more comprehensive
but complex

• Sensitivity analysis identifies key parameters influencing hazard estimates (fault slip rates,
magnitude-frequency distributions)

• Communicating results: present findings clearly to stakeholders and decision-makers use visual aids
(maps, graphs) explain uncertainties and limitations

2.2 Seismic source characterization
Earthquakes don't just happen randomly. They come from specific places called seismic sources. These
can be faults, zones where tectonic plates meet, or even areas inside continents. Scientists use various
methods to find and study these sources.

Understanding seismic sources is crucial for assessing earthquake risks. We look at things like where they
are, their shape, how fast they move, and how often big quakes happen. This info helps us figure out what
kind of shaking we might expect in different areas.

Seismic Source Identification and Characterization

Potential seismic sources
• Seismic sources encompass various geological features capable of generating earthquakes

• Faults split into active faults currently producing earthquakes and inactive faults no longer moving

• Seismogenic zones include large-scale tectonic features generating significant seismic activity

• Subduction zones where tectonic plates collide (Pacific Ring of Fire)

• Intraplate regions experiencing earthquakes within continental plates (New Madrid Seismic Zone)

• Characterization methods employ multiple techniques to identify and analyze seismic sources

• Geological mapping involves field surveys to document surface expressions of faults

• Remote sensing techniques utilize satellite imagery and LiDAR to detect landscape changes

• Geophysical surveys measure subsurface properties (seismic reflection, gravity anomalies)

• Key source parameters provide essential information for seismic hazard assessment

• Location pinpoints the geographical position of the seismic source

• Geometry describes the three-dimensional shape and orientation of the fault or zone

• Slip rate quantifies the average movement along a fault over time (mm/year)

• Recurrence interval estimates the time between major earthquakes on a specific source
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• Tectonic settings influence the distribution and behavior of seismic sources

• Plate boundaries concentrate seismic activity along zones of tectonic interaction (San Andreas Fault)

• Continental interiors experience less frequent but potentially large earthquakes (New Madrid Seismic
Zone)

Geometry of seismic sources
• Fault geometry characterizes the three-dimensional structure of seismic sources

• Strike measures the compass direction of the fault line at the Earth's surface

• Dip indicates the angle of the fault plane relative to the horizontal

• Length represents the horizontal extent of the fault (can range from meters to hundreds of km)

• Width describes the down-dip dimension of the fault plane

• Slip rate estimation employs various methods to quantify fault movement

• Geodetic measurements use GPS and InSAR to track surface deformation over time

• Paleoseismic studies analyze geological evidence of past earthquakes (fault trenching)

• Historical earthquake data provides information on recent seismic activity and fault behavior

• Maximum magnitude potential assesses the largest possible earthquake a source can generate

• Empirical relationships link fault characteristics to potential earthquake magnitudes

• Fault length vs magnitude correlations (longer faults typically produce larger earthquakes)

• Rupture area vs magnitude scaling (larger rupture areas associated with higher magnitudes)

• Seismic moment calculation estimates the energy released during an earthquake

•  where  is shear modulus,  is rupture area, and  is average slip

• Magnitude scales provide standardized measures of earthquake size

• Moment magnitude ( ) offers a physically meaningful measure of earthquake energy

• Relationship to seismic moment:  connects  to 

Uncertainty and Hazard Analysis

Uncertainty in source parameters
• Types of uncertainty affect the reliability of seismic source characterization

• Aleatory variability stems from inherent randomness in earthquake processes

• Epistemic uncertainty arises from incomplete knowledge or model limitations

• Sources of uncertainty impact the accuracy of seismic source parameters

• Incomplete historical records limit our understanding of long-term seismic patterns

• Limited paleoseismic data creates gaps in our knowledge of prehistoric earthquakes
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• Measurement errors introduce inaccuracies in fault geometry and slip rate estimates

• Uncertainty quantification methods aim to assess and represent parameter uncertainties

• Logic trees incorporate alternative models and parameter values with assigned weights

• Monte Carlo simulations generate numerous scenarios to explore parameter space

• Sensitivity analysis evaluates the impact of parameter variations on hazard results

• Helps identify which source parameters most strongly influence hazard estimates

• Expert elicitation combines knowledge from multiple experts to constrain uncertainties

• Structured process to gather and synthesize expert opinions on seismic source parameters

Incorporation of source characterization
• Deterministic Seismic Hazard Analysis (DSHA) focuses on specific earthquake scenarios

• Scenario-based approach considers individual earthquake events

• Selection of controlling earthquake identifies the most impactful event for a site

• Ground motion prediction equations estimate shaking intensity at a site

• Probabilistic Seismic Hazard Analysis (PSHA) accounts for all possible earthquake scenarios

• Incorporates the full range of potential earthquakes and their probabilities

• Earthquake recurrence relationships describe frequency-magnitude distributions

• Gutenberg-Richter law:  relates earthquake frequency to magnitude

• Integration of source characterization combines fault and area source models

• Fault sources represent known active faults with specific geometries

• Area sources account for distributed seismicity in regions without mapped faults

• Hazard curves plot annual exceedance probability against ground motion intensity

• Seismic hazard maps provide spatial representations of hazard levels across regions

• Useful for building code development and regional planning (USGS National Seismic Hazard Maps)

• Time-dependent vs time-independent models consider earthquake timing

• Time-dependent models account for earthquake cycles and stress accumulation

• Time-independent models assume constant earthquake probability over time

• Site-specific hazard assessments tailor analyses to local conditions

• Incorporate local geological conditions (soil type, basin effects) to refine hazard estimates

2.3 Ground motion prediction equations
Ground motion prediction equations (GMPEs) are crucial tools in earthquake engineering. They help
estimate how intense ground shaking will be at a specific site during an earthquake, guiding engineers in
designing safer structures and assessing seismic risk.
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GMPEs consider various factors like earthquake magnitude, distance from the source, and local soil
conditions. By combining these elements, they provide estimates of key ground motion parameters like
peak ground acceleration and spectral acceleration, which are essential for understanding potential
earthquake impacts.

Ground Motion Prediction Equations (GMPEs)

Purpose of ground motion prediction equations
• Predict ground motion intensity measures at a site enabling engineers to estimate potential
earthquake impacts

• Estimate seismic hazard for engineering design and risk assessment guiding structural design
decisions and safety measures

Components of GMPEs
• Source characteristics shape ground motion prediction

• Magnitude quantifies earthquake energy release

• Fault mechanism describes rupture orientation (strike-slip, normal, reverse)

• Stress drop affects high-frequency content of ground motion

• Path effects influence wave propagation

• Distance from source to site determines energy decay

• Geometric spreading accounts for energy distribution over larger areas

• Anelastic attenuation considers energy loss due to material properties

• Site effects modify ground motion

• Local soil conditions amplify or deamplify shaking (soft vs. stiff soils)

• Topography affects wave propagation and amplification (basin effects, ridge effects)

• Ground motion parameters describe shaking intensity

• Peak ground acceleration (PGA) measures maximum acceleration

• Peak ground velocity (PGV) indicates potential for structural damage

•

Spectral acceleration (SA) relates to building response at specific periods

•

Mathematical form captures complex interactions

• General equation: 

• Y represents ground motion parameter (PGA, PGV, SA)

• M denotes magnitude

• R indicates source-to-site distance
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• S accounts for site conditions

•  represents aleatory variability capturing natural randomness

Selection criteria for GMPEs
• Factors influencing GMPE selection ensure appropriate model choice

• Tectonic setting determines applicable models

• Subduction zones (Japan, Cascadia)

• Crustal regions (California, Turkey)

• Stable continental regions (Central US, Australia)

• Magnitude range limits model applicability

• Distance range affects prediction accuracy

•

Site classification guides model selection

• Rock sites require different models than soil sites

•

Regional applicability considers local conditions

• Global vs. region-specific GMPEs balance generalization and specificity

•

Consideration of local geological conditions improves prediction accuracy

•

Validation and performance metrics assess model reliability

• Residual analysis identifies systematic biases

•

Goodness-of-fit measures quantify model performance

•

GMPE databases and selection tools aid decision-making

• PEER NGA-West2 database provides comprehensive model collection

• Global Earthquake Model (GEM) OpenQuake Engine offers selection guidance

Estimation of ground motion parameters
• Input parameters define earthquake scenario

• Earthquake magnitude characterizes event size

• Source-to-site distance determines energy decay
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• Fault mechanism influences radiation pattern

•

Site conditions (Vs30) account for local amplification

•

Calculation process generates ground motion estimates 1. Determine median ground motion using GMPE
2. Apply aleatory variability to capture natural randomness 3. Consider epistemic uncertainty to account for
model limitations

•

Output interpretation guides engineering decisions

• Mean and median estimates provide central tendency

•

Standard deviation and confidence intervals quantify uncertainty

•

Consideration of multiple GMPEs improves robustness

• Logic tree approach assigns weights to different models

• Weighted average of predictions combines multiple expert opinions

Uncertainties in seismic hazard analysis
• Sources of uncertainty affect prediction reliability

• Aleatory variability stems from natural randomness in ground motions

•

Epistemic uncertainty arises from incomplete knowledge

• Model uncertainty reflects limitations in GMPE formulation

• Parameter uncertainty relates to input variable accuracy

•

Limitations of GMPEs constrain applicability

• Extrapolation beyond calibration data range increases uncertainty

• Near-field effects and directivity may not be fully captured

•

Basin effects and complex site response require additional consideration

•

Sensitivity analysis assesses parameter importance

•
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Impact of input parameter variations on predictions guides focus areas

•

Treatment of uncertainties in hazard analysis informs decision-making

• Probabilistic seismic hazard analysis (PSHA) incorporates all possible scenarios

•

Deterministic seismic hazard analysis (DSHA) focuses on worst-case scenarios

•

Ongoing research and improvements advance GMPE accuracy

• Non-ergodic GMPEs account for spatial variability

• Physics-based simulations complement empirical approaches

• Machine learning approaches leverage large datasets for improved predictions

2.4 Hazard curves and uniform hazard spectra
Seismic hazard analysis is crucial for understanding earthquake risks. It involves creating hazard curves
that show the likelihood of different ground motion intensities. These curves help engineers and planners
make informed decisions about building design and safety measures.

Uniform hazard spectra take this analysis further by showing equal-probability ground motions across
different frequencies. This tool is invaluable for seismic design, risk assessment, and infrastructure
planning. It helps create safer buildings and more resilient communities in earthquake-prone areas.

Seismic Hazard Analysis

Construction of seismic hazard curves
• Probabilistic Seismic Hazard Analysis (PSHA) identifies seismic sources characterizes earthquake
magnitude-recurrence relationships uses ground motion prediction equations (GMPEs)

• Annual exceedance probability calculation applies total probability theorem integrates over all possible
earthquake scenarios

• Hazard curve components plot ground motion intensity measure (PGA, spectral acceleration) against
annual probability of exceedance

• Curve generation process discretizes ground motion levels computes exceedance probabilities for
each level

• Consideration of uncertainties accounts for aleatory variability in ground motion prediction and
epistemic uncertainty in seismic source characterization

Interpretation of hazard curves
• Return period concept inverse of annual exceedance probability (Return Period = 1 / Annual
Exceedance Probability)

• Reading hazard curves identifies ground motion level for a given annual probability interpolates
between data points
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• Common return periods in seismic design include 475 years (10% probability of exceedance in 50
years) and 2,475 years (2% probability of exceedance in 50 years)

• Conversion between probabilities and return periods uses equation  where P is
probability of exceedance, t is time period of interest, T is return period

Uniform Hazard Spectra and Applications

Generation of uniform hazard spectra
• Uniform Hazard Spectrum (UHS) represents spectral accelerations with equal probability of
exceedance across all periods

• UHS construction process: 1. Generate hazard curves for multiple spectral periods 2. Select target
annual exceedance probability 3. Extract spectral accelerations at target probability for each period

• UHS representation plots spectral period against spectral acceleration

• Comparison with deterministic spectra contrasts scenario-based vs probabilistic approach

• Limitations of UHS include conservative nature at longer return periods potential overestimation of
spectral ordinates

Application in seismic design
• Seismic design applications select design ground motions determine seismic design parameters (
, ) implement performance-based design approaches

• Risk assessment utilization develops fragility curves estimates annual probability of structural failure
conducts cost-benefit analysis for retrofit decisions

• Code-based design implementation integrates hazard information into building codes establishes
site-specific hazard analysis requirements

• Infrastructure planning and resilience assesses lifeline systems risk maps regional seismic risk

• Scenario-based vs probabilistic risk assessment weighs advantages and limitations of each approach
selects appropriate method based on project requirements (dam safety, nuclear power plants)



Fiveable archived study guides Page 17

Unit 3 – Earthquake Ground Motion and
Site Effects
3.1 Time history and response spectra representations
Earthquake ground motions are complex, but time history records help us visualize them. These records
show acceleration, velocity, and displacement over time, revealing key info about earthquake intensity and
potential damage.

Response spectra simplify this data, showing how structures might react to shaking. They're crucial for
designing earthquake-resistant buildings and assessing seismic hazards. Understanding both tools is key
for effective earthquake engineering.

Time History Records and Response Spectra in Earthquake
Engineering

Interpretation of earthquake ground motions
• Time history records graphically represent ground motion over time including acceleration, velocity,
and displacement components (seismographs)

• Key characteristics encompass PGA, PGV, PGD, duration of strong motion, and frequency content
reveal earthquake intensity and potential damage

• Interpretation techniques identify arrival times of P-waves and S-waves, recognize site amplification
effects, assess energy content through Arias Intensity

• Influencing factors include earthquake magnitude, source-to-site distance, local site conditions (soil vs
rock), fault mechanism (strike-slip, normal, reverse)

Concept of response spectra
• Response spectrum graphs maximum response of SDOF systems against natural period or frequency
for given ground motion

• Types include displacement, velocity, and acceleration response spectra provide different insights into
structural behavior

• Applications span structural design, seismic hazard assessment, performance-based engineering
inform building codes and retrofit strategies

• Construction involves using time history records as input, calculating response for multiple SDOF
systems, plotting maximum responses across periods

Elastic vs inelastic response spectra
• Elastic spectra assume linear elastic behavior used for structures remaining in elastic range directly
relate to forces and displacements

• Inelastic spectra account for nonlinear behavior and energy dissipation used for structures expected to
yield incorporate ductility and strength reduction factors
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• Key differences include shape and amplitude variations, influence of damping on spectral ordinates,
applicability to different structural systems (steel vs concrete)

• Inelastic response affected by hysteretic behavior of materials, ductility demand, strength reduction
factor (R) determine building performance during strong shaking

Time history records vs response spectra
• Connection links time domain (time history) to frequency domain (response spectra) compact
representation of earthquake effects

• Time history characteristics influence spectra PGA relates to spectral acceleration, duration affects
spectral shape, frequency content determines spectral peaks

• Limitations of spectra include loss of phase information, inability to capture duration effects important
for liquefaction analysis

• Methods generate time histories from spectra using spectral matching techniques, artificial time
history generation for dynamic structural analysis

• Combined analysis applications predict structural response, select ground motions for analysis,
develop seismic codes and standards (ASCE 7, Eurocode 8)

3.2 Site classification and amplification factors
Soil properties and site conditions play a crucial role in earthquake engineering. They determine how
ground shaking is amplified or attenuated, affecting the intensity of motion structures experience.
Understanding these factors is key to designing buildings that can withstand seismic forces.

Site classification systems help engineers categorize ground conditions and predict their behavior during
earthquakes. This information is used to calculate site amplification factors, which modify design spectra
and influence structural design parameters. Properly accounting for site effects is essential for safe and
efficient seismic design.

Site Classification and Soil Properties

Classification of soil sites
• Site classification systems categorize ground conditions (NEHRP, IBC)

• Soil properties determine classification shear wave velocity, SPT N-value, undrained shear strength

• Site classes range from hard rock to special soils A: Hard rock, B: Rock, C: Very dense soil and soft
rock, D: Stiff soil, E: Soft soil, F: Special soil requiring site-specific evaluation

•  calculation uses weighted average method for top 30 meters

Influence of site conditions
• Soil amplification increases ground motion amplitude modifies frequency content

• Site response affected by soil stiffness, thickness, impedance contrast between layers

• Basin effects trap seismic waves prolong shaking duration

• Topographic effects amplify motion at ridge tops and steep slopes
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• Soil nonlinearity reduces amplification at high strain levels

• Liquefaction potential in loose, saturated sandy soils (coastal areas)

Site Amplification Factors and Seismic Design

Calculation of site amplification
• Site coefficients in building codes  (short-period)  (long-period)

• Amplification factors influenced by site class, spectral acceleration at rock site

• Design spectral acceleration determined by  and 

• Nonlinear site effects considered for high ground motion levels

• Site-specific analysis required for complex conditions (soft clay deposits)

Impact of site effects
• Design response spectrum modified changes spectral shape affects structural period and base shear

• Soil-structure interaction considers foundation flexibility, kinematic and inertial interactions

• Soft soil sites require increased displacement demands, soil failure potential assessment

• Liquefaction mitigation uses ground improvement (soil mixing) deep foundations (piles)

• Site-specific hazard analysis crucial for critical facilities (hospitals) complex geology areas

• Performance-based design incorporates site-specific ground motions considers soil nonlinearity in
analysis

3.3 Liquefaction and lateral spreading
Liquefaction turns solid ground into a liquid-like state during earthquakes, causing devastating effects. This
phenomenon occurs when saturated soil loses strength due to increased pore water pressure, leading to
ground failures and structural damage.

Understanding liquefaction is crucial for earthquake engineering. We'll explore its triggering mechanisms,
susceptibility factors, and consequences. We'll also delve into assessment methods and mitigation
strategies to protect buildings and infrastructure in vulnerable areas.

Understanding Liquefaction and Lateral Spreading

Liquefaction and triggering mechanisms
• Liquefaction transforms saturated granular soil into liquid-like state temporarily loses strength due to
increased pore water pressure

• Cyclic loading from earthquake shaking rapidly increases pore water pressure decreases effective
stress between soil particles

• Soil behavior during liquefaction loses shear strength reduces stiffness allows large deformations
(sand boils, ground fissures)
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Factors of liquefaction susceptibility
• Soil characteristics affect susceptibility uniformly graded sands most prone loose soils more
vulnerable than dense

• Groundwater conditions influence risk depth to water table and degree of saturation crucial

• Geologic factors impact susceptibility age of deposit and depositional environment (alluvial, coastal)
matter

• Earthquake characteristics determine likelihood magnitude duration and peak ground acceleration key
factors

Consequences and Assessment of Liquefaction

Consequences of liquefaction
• Ground surface manifestations include sand boils mud spouts and ground fissures

• Lateral spreading causes horizontal movement of soil masses on gentle slopes or near free faces
(riverbanks, waterfronts)

• Settlement leads to vertical deformation differential settlement damages structures

• Built environment suffers foundation failures buoyancy of buried structures damage to pipelines and
utilities

Assessment of liquefaction potential
• Simplified Procedure (Seed and Idriss) calculates Cyclic Stress Ratio

• Determines Cyclic Resistance Ratio based on field tests (SPT, CPT, Vs)

• Factor of Safety against liquefaction computed as 

• Liquefaction-induced settlement estimated using volumetric strain approach or empirical correlations

• Lateral spreading displacement predicted with Youd et al. (2002) model or Newmark sliding block
analysis

Mitigation for liquefaction-prone sites
• Ground improvement techniques include densification (vibro-compaction) drainage (stone columns)
and stabilization (grouting)

• Structural solutions involve deep foundations (piles) ground anchors and reinforced earth structures

• Design considerations encompass site-specific seismic hazard analysis performance-based approach
proper drainage

• Regulatory measures implement zoning restrictions building code requirements mandatory
geotechnical investigations
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Unit 4 – Structural Dynamics in
Earthquakes
4.1 Single-degree-of-freedom systems
Earthquakes shake buildings, but how do we predict their effects? Single-degree-of-freedom (SDOF)
systems simplify complex structures into manageable models. These systems use mass, stiffness, and
damping to represent a building's key properties and analyze its response to ground motion.

SDOF analysis forms the foundation of earthquake engineering. By solving equations of motion and
applying various solution methods, engineers can estimate a structure's behavior during seismic events.
This knowledge helps design safer buildings and assess existing ones for earthquake resistance.

Single-Degree-of-Freedom Systems in Earthquake Engineering

Components of SDOF systems
• SDOF system characterizes structural behavior with single coordinate represents primary motion
direction (lateral displacement)

• Mass (m) models inertial properties resists acceleration (building floors, bridge deck)

• Stiffness (k) represents system's ability to resist deformation returns to equilibrium (columns, beams)

• Damping (c) dissipates energy reduces vibration amplitude over time (structural connections, material
properties)

• Simple pendulum exemplifies SDOF motion single point mass swings in arc

• Mass-spring-damper system demonstrates interplay of SDOF components

• Single-story building simplified as SDOF assumes rigid floor diaphragm

Equation of motion for ground motion
• Newton's Second Law  forms basis for deriving equation

• Inertial force  opposes acceleration

• Damping force  opposes velocity

• Elastic restoring force  opposes displacement

• Ground motion force  external excitation

• Equation balances forces 

• Relative motion  separates total displacement from ground movement

•  represents absolute displacement of mass

•  denotes ground displacement caused by earthquake
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Solution methods for SDOF systems
• Duhamel integral method solves linear systems using convolution

•  gives displacement response

• Numerical integration techniques solve complex nonlinear systems

• Central Difference Method uses finite difference approximations

• Newmark's Method assumes acceleration variation within time step

• Runge-Kutta Method provides high-accuracy solution for ODEs

• Free vibration solution characterizes system's inherent dynamic properties

• Natural frequency  determines oscillation rate

• Damped natural frequency  accounts for damping effect

• Damping ratio  quantifies energy dissipation

SDOF response to ground excitations
• Harmonic excitation produces steady-state response amplified at resonance

• Earthquake excitation analyzed through time history or response spectrum methods

• Displacement response tracks structural deformation

• Velocity response indicates energy content

• Acceleration response relates to inertial forces

• Natural period influences response magnitude duration

• Damping ratio affects peak response energy dissipation

• Ground motion frequency content determines excitation effectiveness

• Peak response values assess maximum demands (drift, base shear)

• Ductility demand evaluates inelastic deformation capacity

• Energy dissipation quantifies system's ability to absorb seismic input

4.2 Multi-degree-of-freedom systems
Multi-degree-of-freedom systems are crucial in earthquake engineering, offering a more accurate
representation of complex structures. These systems feature multiple masses, stiffness elements, and
damping components, allowing for the analysis of coupled motion and higher mode effects in buildings.

Matrix notation simplifies the representation of MDOF systems, using mass, stiffness, and damping
matrices. The general equation of motion for MDOF systems incorporates displacement, velocity, and
acceleration vectors, providing a comprehensive framework for analyzing structural responses to external
forces.
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Fundamentals of Multi-Degree-of-Freedom Systems

Extension to MDOF systems
• SDOF vs MDOF systems differ in degrees of freedom and motion complexity

• MDOF systems feature multiple masses, stiffness elements, and damping components

• Coupled motion in MDOF systems results in interdependent movement of different parts

• MDOF analysis in earthquake engineering provides more accurate representation of complex
structures (high-rise buildings) and captures higher mode effects (torsional responses)

Matrix notation for equations of motion
• MDOF systems represented by mass [M], stiffness [K], and damping [C] matrices

• General MDOF equation: 

• Equation components include displacement , velocity , acceleration , and external force
 vectors

• Global matrices assembled from element matrices consider structural connectivity

• Boundary conditions incorporated into matrices reflect support conditions (fixed, pinned)

Analysis and Response of MDOF Systems

Natural frequencies and mode shapes
• Undamped free vibration eigenvalue problem: 

• Characteristic equation roots yield natural frequencies (eigenvalues)

• Natural frequencies relate to stiffness and mass distribution in structure

• Mode shapes (eigenvectors) represent vibration patterns at each natural frequency

• Orthogonality of mode shapes enables mathematical simplification

• Modal matrix compiles mode shapes as column vectors

• Eigenvalue problem solving methods: 1. Determinant search iteratively finds roots 2. Inverse iteration
refines initial estimates 3. Subspace iteration efficient for large systems

Response calculation using modal superposition
• Modal superposition decouples equations of motion for simplified analysis

• Modal participation factors quantify each mode's contribution to overall response

• Effective modal mass indicates significance of each mode in total structural mass

• Modal superposition analysis steps: 1. Transform to modal coordinates 2. Solve uncoupled modal
equations 3. Transform back to physical coordinates

• Modal combination methods (SRSS, CQC) combine individual mode responses

• Response spectrum analysis applies modal superposition to earthquake ground motion
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• Modal superposition assumes linear elastic behavior and neglects some higher-order effects

• Direct integration methods provide alternative for nonlinear or highly damped systems

4.3 Modal analysis and response spectrum method
Modal analysis simplifies complex structural responses into modes, revealing natural frequencies and
shapes. This method is crucial for understanding how buildings behave during earthquakes, helping
engineers identify critical modes for design.

Response spectra visualize structural behavior across different time scales. By plotting maximum
responses against natural periods, these tools help engineers predict how buildings will react to various
ground motions, considering factors like damping and site conditions.

Modal Analysis Fundamentals

Principles of modal analysis
• Modal analysis decomposes complex structural responses into simpler modes representing specific
deformation patterns

• Natural frequencies and mode shapes determined through eigenvalue problem reveal fundamental
frequency and higher modes crucial for structural behavior

• Modal participation factors quantify each mode's contribution to overall response enabling targeted
design interventions

• Applied to earthquake engineering predicts structural behavior under seismic loads identifies critical
modes for design considerations (tall buildings, bridges)

Construction of response spectra
• Response spectrum plots maximum response vs natural period or frequency visualizes structural
behavior across different time scales

• Types include displacement velocity and acceleration spectra each highlighting different aspects of
structural response

• Influenced by ground motion characteristics (PGA, duration, frequency content) and site conditions
(soil type, topography) affecting spectral shape

• Damping reduces spectral values higher damping leads to lower peaks in spectrum

• Construction process: 1. Perform time history analysis for single-degree-of-freedom systems 2.
Determine peak responses for various periods 3. Plot spectral values against period or frequency 4.
Repeat for different damping ratios

Response Spectrum Method and Modal Combination

Response spectrum method for MDOF systems
• Steps in response spectrum analysis: 1. Modal analysis determines natural frequencies and mode
shapes 2. Calculate modal participation factors 3. Determine spectral values for each mode 4. Compute
modal responses

• Maximum modal displacements estimated using 
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• Modal forces and stresses calculated using mode shapes and spectral accelerations enable detailed
structural assessment

Modal response combination techniques
• Modal combination needed as individual modal maxima occur at different times

• Square Root of Sum of Squares (SRSS) method  used for well-separated modes

(skyscrapers)

• Complete Quadratic Combination (CQC) method  accounts for modal coupling

in closely-spaced modes (short buildings)

• CQC reduces to SRSS for well-separated modes provides more accurate results for closely-spaced
modes

• Selection based on modal frequency ratios and damping ensures appropriate analysis for different
structural types

4.4 Nonlinear dynamic analysis
Nonlinear dynamic analysis is crucial for understanding how structures behave during earthquakes. It goes
beyond simple linear models, capturing complex responses like material yielding and large deformations
that can make or break a building's survival.

This analysis uses advanced modeling techniques to simulate structural damage, energy dissipation, and
material behavior under extreme loads. Time-stepping methods and specialized solution techniques help
engineers predict a building's performance and identify potential weak points before disaster strikes.

Fundamentals of Nonlinear Dynamic Analysis

Limitations of linear analysis
• Linear analysis assumes small displacements oversimplifies complex structural behavior

• Constant stiffness throughout loading neglects material property changes (steel yielding)

• Unable to capture material nonlinearity misses critical structural responses (concrete cracking)

• Fails to account for geometric nonlinearities (large deformations in tall buildings)

• Cannot accurately predict P-Delta effects destabilizing structures under lateral loads

Modeling nonlinear structural behavior
• Plastic hinge modeling simulates localized damage in frame structures

• Concentrated plasticity approach idealizes nonlinear behavior at element ends

• Distributed plasticity approach allows for spread of inelasticity along element length

• Moment-rotation relationships define hinge behavior (elastic-perfectly plastic)

• Hysteretic damping represents energy dissipation through cyclic loading
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• Characterizes material behavior under repeated stress reversals

• Hysteresis loop shape indicates energy absorption capacity (pinched vs. full loops)

• Material nonlinearity models capture stress-strain relationships

• Elastoplastic model simplifies behavior with distinct yield point

• Bilinear model approximates post-yield stiffness (strain hardening)

• Ramberg-Osgood model accurately represents smooth transition to plastic behavior

• Component-specific nonlinear models tailored for structural elements

• Beam-column elements with fiber sections capture axial-flexural interaction

• Shear walls modeled with multi-layer shell elements for in-plane and out-of-plane behavior

• Connections simulated with nonlinear springs (semi-rigid behavior)

Implementation of nonlinear dynamic analysis
• Time-stepping methods solve equations of motion incrementally

• Explicit methods (central difference) computationally efficient but conditionally stable

• Implicit methods (Newmark-beta) unconditionally stable but require iteration

• Newmark-beta method widely used for structural dynamics problems

• Governing equations relate displacement, velocity, and acceleration

• Parameters  and  control stability and accuracy ( ,  for average acceleration
method)

• Time step size selection balances accuracy and computational cost (Δt ≤ T/10, T = fundamental
period)

• Solution techniques for nonlinear equations handle material and geometric nonlinearities

• Newton-Raphson method converges quadratically but requires frequent stiffness updates

• Modified Newton-Raphson method uses initial stiffness, reducing computational cost

• Quasi-Newton methods (BFGS) approximate stiffness updates for improved efficiency

• Convergence criteria ensure solution accuracy

• Force-based criteria check equilibrium (unbalanced forces < tolerance)

• Displacement-based criteria monitor incremental displacements

• Energy-based criteria assess work done by unbalanced forces

Interpretation of nonlinear analysis results
• Key response parameters assess structural performance

• Maximum displacement indicates overall deformation (roof drift ratio)

• Inter-story drift ratios highlight weak stories (typically limited to 2-2.5%)
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• Base shear represents total lateral force demand on structure

• Floor accelerations affect non-structural components and occupants

• Performance-based design criteria define acceptable behavior levels

• Immediate Occupancy (IO) minimal structural damage, building remains functional

• Life Safety (LS) significant damage, but low collapse risk

• Collapse Prevention (CP) severe damage, but structure remains standing

• Damage assessment evaluates structural integrity

• Plastic hinge formation sequence reveals load redistribution

• Cumulative damage indices account for repeated cyclic loading effects

• Global stability indicators warn of potential collapse

• P-Delta sensitivity ratio identifies structures prone to overturning

• Dynamic instability observed through increasing displacements under constant load

• Energy dissipation analysis quantifies structural response mechanisms

• Input energy from ground motion

• Kinetic energy of structural masses

• Strain energy stored in elastic deformation

• Damping energy dissipated through various mechanisms (hysteretic, viscous)

• Comparison with design spectra and code requirements ensures compliance

• Capacity spectrum method graphically compares demand and capacity

• Pushover analysis correlation validates nonlinear dynamic results
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Unit 5 – Soil Dynamics and Structure
Interaction
5.1 Dynamic soil properties and behavior
Dynamic soil properties are crucial in understanding how soils behave during earthquakes. These
properties, including shear modulus and damping ratio, change with factors like strain amplitude and
confining pressure. This nonlinear behavior affects how seismic waves propagate through soil layers.

Measuring dynamic soil properties involves both lab and field tests. From resonant column tests to seismic
surveys, these methods help engineers predict soil response during earthquakes. Understanding these
properties is key to designing earthquake-resistant structures and assessing liquefaction risk.

Dynamic Soil Properties

Key dynamic properties of soils
• Shear modulus (G) measures soil stiffness under dynamic loading, calculated as ratio of shear stress
to shear strain 

• Damping ratio (D) quantifies energy dissipation during cyclic loading, expressed as percentage of
critical damping, determined from stress-strain hysteresis loops

• G and D exhibit inverse correlation as G decreases, D typically increases

• Poisson's ratio, bulk modulus, and Young's modulus also contribute to dynamic soil behavior

Factors influencing dynamic soil behavior
• Strain amplitude affects soil stiffness and damping characteristics, distinguishing between small-strain
(linear elastic) and large-strain (nonlinear) behavior (threshold strains vary by soil type)

• Confining pressure influences soil stiffness and strength, higher pressure generally increases shear
modulus

• Loading frequency impacts dynamic response, particularly in saturated soils due to pore water
pressure effects

• Soil type and gradation differentiate behavior between cohesive and cohesionless soils (clay vs sand)

• Void ratio and relative density affect shear modulus and damping ratio, related to soil compaction and
consolidation state

• Overconsolidation ratio (OCR) influences dynamic properties of cohesive soils (clays)

• Number of loading cycles leads to cumulative effects, cyclic degradation, and liquefaction potential

Methods for measuring dynamic soil properties
• Laboratory testing: 1. Resonant column test measures shear modulus and damping at small to
medium strains 2. Cyclic triaxial test evaluates behavior under larger strains, simulating field stress
conditions 3. Cyclic simple shear test replicates shear deformation, useful for liquefaction studies 4.
Torsional shear test applies torsional loads, allowing continuous rotation and larger strains
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• Field testing:

• Seismic reflection and refraction surveys measure wave velocities non-invasively (useful for large
sites)

• Crosshole and downhole seismic tests measure P-wave and S-wave velocities in situ

• Spectral analysis of surface waves (SASW) determines shear wave velocity profiles non-destructively

• Standard penetration test (SPT) correlates with dynamic properties, widely used due to simplicity

• Cone penetration test (CPT) provides continuous soil profile and correlations with dynamic properties

Nonlinear nature of dynamic soil properties
• Stress-strain relationship transitions from linear elastic at very small strains to nonlinear as strain
increases

• Modulus reduction curves show normalized shear modulus (G/Gmax) vs shear strain, forming
characteristic S-shaped curve

• Damping ratio curves demonstrate increase in damping with increasing strain amplitude

• Nonlinearity affected by plasticity index (cohesive soils) and mean effective stress (cohesionless soils)

• Seismic site response analysis requires equivalent linear or nonlinear methods, selecting
strain-compatible properties

• Cyclic strength and liquefaction resistance involve strain-dependent changes in pore water pressure,
analyzed using cyclic stress ratio (CSR) and cyclic resistance ratio (CRR)

• Nonlinear soil behavior modeled using approaches like hyperbolic models, Ramberg-Osgood model,
and Masing rules for unloading-reloading behavior

5.2 Site response analysis
Site response analysis estimates ground motion at specific locations, considering local soil conditions and
seismic wave effects. It's crucial for accurate seismic hazard assessment and designing
earthquake-resistant structures, influenced by soil properties, layering, and bedrock characteristics.

The process involves modeling one-dimensional wave propagation through soil layers, using either
equivalent linear or nonlinear methods. Results include amplification factors, response spectra, and time
histories, which inform engineers about site-specific seismic behavior and potential risks.

Site Response Analysis Fundamentals

Concept of site response analysis
• Process estimates ground motion characteristics at specific sites considers local soil conditions and
seismic wave effects

• Predicts site-specific ground motions crucial for accurate seismic hazard assessment informs
earthquake-resistant structure design

• Influenced by soil properties (stiffness, density, damping), layering, stratigraphy, bedrock depth and
characteristics
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• Applied in seismic microzonation studies, building code requirements, performance-based earthquake
engineering (PBEE)

One-dimensional wave propagation modeling
• Seismic waves (P-waves, S-waves, Rayleigh waves) propagate through earth materials

• Wave equation:  describes motion in elastic medium

• Assumes horizontal soil layers and vertically propagating shear waves

• Transfer function relates input and output motions frequency-dependent amplification

• Soil column discretized into layers assigned material properties

• Boundary conditions: free surface at top, rigid or elastic bedrock at base

Equivalent linear vs nonlinear methods
• Equivalent linear iteratively approximates nonlinear behavior using strain-compatible soil properties
(SHAKE program)

• Nonlinear performs time-domain analysis with constitutive soil models (DEEPSOIL, OpenSees)

• Input motion selection uses recorded or synthetic time histories spectral matching techniques

• Soil properties characterized by shear modulus reduction and damping ratio curves

• Groundwater effects considered in analysis

Interpretation of analysis results
• Amplification factors frequency-dependent show PGA amplification

• Response spectra display acceleration, velocity, displacement vs period compare surface and
bedrock

• Time histories output acceleration, velocity, displacement series peak values and duration effects

• Strain profiles show maximum shear strain distribution with depth identify critical layers

• Stress-strain relationships display hysteresis loops for nonlinear analysis assess energy dissipation

Limitations of site response analysis
• 1D analysis neglects basin effects and topography assumes vertical wave propagation

• Soil property uncertainties from field and laboratory measurements affect results

• Input motion variability sensitive to selection and scaling

• Nonlinear behavior challenges equivalent linear approximations complex constitutive models

• Model validation limited by scarcity of strong motion data difficulty predicting nonlinear soil behavior

• Spatial variability lateral soil heterogeneity 3D effects in complex geology not captured
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5.3 Soil-structure interaction effects
Soil-structure interaction (SSI) is a crucial concept in earthquake engineering. It examines how buildings
and the ground beneath them affect each other during seismic events, leading to complex system
responses that can significantly alter structural behavior.

Understanding SSI is vital for designing safer, more efficient structures. It considers factors like foundation
type, soil properties, and building characteristics to predict how a structure will react during an earthquake,
ultimately enabling more realistic and economical designs.

Understanding Soil-Structure Interaction in Earthquake Engineering

Soil-structure interaction in earthquakes
• Dynamic interplay between structure, foundation, and surrounding soil during seismic events alters
structural response

• Modifies free-field ground motion at foundation level due to presence of structure

• Structure's inertial forces affect foundation and soil behavior leading to complex system response

• Enables more realistic and economical designs crucial for critical structures (nuclear power plants, tall
buildings)

Factors influencing soil-structure interaction
• Foundation type impacts SSI effects shallow (spread footings, mat foundations) vs deep (piles,
caissons)

• Soil properties determine system response shear wave velocity, stiffness, strength, layering, dynamic
properties

• Structure characteristics affect interaction height, aspect ratio, fundamental period, mass distribution,
stiffness

• Site conditions influence SSI local geology, topography, groundwater table depth

• Earthquake characteristics shape SSI effects frequency content, duration, intensity of ground motion

Dynamic response changes from SSI
• Decreases fundamental frequency elongating natural period of structure

• Increases overall system damping through radiation damping and soil material damping

• Alters mode shapes incorporating foundation rocking and translation

• Potentially reduces base shear and overturning moment due to period elongation and increased
damping

• Generally increases lateral displacements affecting structural performance

• Modifies floor acceleration spectra particularly high-frequency content

Simplified methods for SSI analysis
• Equivalent fixed-base model uses springs and dashpots to represent soil flexibility
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• Substructure method analyzes kinematic and inertial interactions separately then combines results

• Direct method models entire soil-foundation-structure system using finite element or boundary
element methods

• Code-based procedures (ASCE 7) provide simplified period and damping modification factors

• Impedance function approach represents foundation-soil system with frequency-dependent springs
and dashpots

Consequences of neglecting SSI
• Overestimates seismic forces potentially leading to overly conservative, costly designs

• Underestimates displacements resulting in inadequate ductility detailing

• Misrepresents energy dissipation mechanisms neglecting beneficial foundation damping effects

• Inaccurately predicts structural performance critical for performance-based design

• Overlooks potential resonance effects due to period elongation

• Inadequately considers foundation flexibility leading to unrealistic stress distributions

• Limits assessment of soil-foundation failures (liquefaction, bearing capacity)
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Unit 6 – Seismic Design: Building Codes
and Principles
6.1 Load and resistance factor design philosophy
Load and Resistance Factor Design (LRFD) is a crucial approach in seismic engineering. It uses
probability to account for uncertainties in loads and material strengths, ensuring structures have a low
chance of failure while balancing safety and cost.

LRFD applies load factors to increase design loads and resistance factors to decrease nominal strength.
This method aligns with modern building codes, focusing on ultimate and serviceability limit states. It's
especially important in seismic design, considering earthquake loads and ductile behavior.

Load and Resistance Factor Design Philosophy in Seismic Engineering

Key principles of LRFD
• Fundamental concept applies probabilistic approach to structural design accounting for uncertainties
in loads and material strengths

• Safety and reliability ensures structures have low failure probability balancing safety with economic
considerations

• Factored loads use load factors to amplify expected loads accounting for variability and uncertainty in
load estimation

• Factored resistance applies resistance factors to reduce nominal strength considering uncertainties in
material properties and construction quality

• Limit state design focuses on ultimate limit states (strength) and serviceability limit states

• Code compliance aligns with modern building codes and standards facilitating consistent design
practices across different regions (International Building Code, ASCE 7)

Load factors vs resistance factors
• Load factors increase design loads to account for uncertainties typically greater than 1.0 (1.2 for dead
loads, 1.6 for live loads)

• Resistance factors decrease nominal strength to account for uncertainties typically less than 1.0 (0.9
for steel tension members, 0.65 for concrete columns)

• Interaction in design equations places load factors on left side and resistance factors on right side of
inequalities

• Calibration process bases load factors on statistical analysis of load data while resistance factors
derive from reliability analysis of material behavior

Design strength under seismic loads
• Design strength calculation multiplies nominal strength by resistance factor 
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• Seismic load considerations use seismic load factor in load combinations and incorporate seismic
response modification factor (R)

• Material-specific applications use strength reduction factors for different failure modes in concrete and
resistance factors for various limit states in steel

• Component design process determines factored loads including seismic effects calculates nominal
strength applies resistance factor and verifies design strength exceeds factored loads

• Special seismic detailing requirements ensure ductile behavior under earthquake loads and
implement capacity design principles (strong column-weak beam)

Reliability of LRFD structures
• Reliability index (β) measures structural reliability with target levels for different structure types and
occupancies

• Probability of failure relates to reliability index and considers acceptable risk levels in seismic design

• Sensitivity analysis assesses impact of varying load and resistance factors on reliability identifying
critical design parameters

• Performance-based design considerations integrate LRFD with performance objectives for multiple
hazard levels and performance targets

• Comparison with allowable stress design (ASD) highlights LRFD advantages in providing consistent
reliability and transition from ASD to LRFD in seismic codes

• Limitations and challenges include assumptions in probabilistic models and uncertainties in seismic
hazard assessment

• Continuous improvement updates load and resistance factors based on new data and research
refining LRFD methods for specific seismic design scenarios

6.2 Seismic design categories and importance factors
Seismic design categories rank a structure's earthquake risk from A to F. They guide engineers in applying
appropriate resistance measures, influencing everything from structural systems to non-structural
components like windows and ceilings.

Determining the right category involves assessing regional hazards, soil conditions, and building use.
Importance factors then fine-tune the design, increasing forces for critical structures to ensure better
performance during earthquakes.

Seismic Design Categories

Seismic design categories (SDC)
• Classification system for structures ranks seismic risk from A (lowest) to F (highest)

• Determines level of seismic analysis required for building design

• Influences selection of structural systems and detailing requirements

• Impacts design of non-structural components (windows, ceilings)

• Guides engineers in applying appropriate seismic resistance measures
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Determination of appropriate SDC
• Seismic hazard level of region assessed using USGS hazard maps

• Soil conditions at site classified (A to F) based on shear wave velocity

• Building's risk category evaluated considering occupancy and use

• Spectral response acceleration parameters calculated using site-specific data

• SDC lookup tables in building codes (ASCE 7) consulted for final determination

Importance Factors and Structural Classification

Importance factors in seismic design
• Numerical values reflect structure's significance to community safety

• Modify design seismic forces, typically ranging from 1.0 to 1.5

• Increase design forces for critical structures ensuring higher performance

• Influence selection of seismic design parameters (R, Cd)

• Applied in base shear calculation: , where I is importance factor

Assignment of importance factors
• Low hazard structures assigned 1.0 (agricultural facilities, storage sheds)

• Standard occupancy structures given 1.0 (residential buildings, offices)

• High occupancy structures receive 1.25 (schools, large assembly areas)

• Essential facilities assigned 1.5 (hospitals, fire stations, power plants)

• Evaluate structure's function, occupancy, and failure consequences

• Refer to building code tables (ASCE 7-16 Table 1.5-2) for specific values

• Higher factors lead to more conservative designs, increased material use

6.3 Design response spectra and seismic coefficients
Design response spectra are crucial tools in earthquake engineering. They graphically represent how
structures respond to seismic ground motion, helping engineers determine design forces and
displacements. By plotting spectral acceleration against vibration period, these spectra guide structural
system selection and analysis.

Seismic coefficients play a key role in translating spectral data into design parameters. Factors like
short-period and 1-second spectral accelerations, site coefficients, and importance factors are combined to
calculate design forces. These coefficients help engineers tailor designs to specific site conditions and
building importance.
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Design Response Spectra Fundamentals

Interpretation of design response spectra
• Design response spectrum graphically represents maximum structural response to earthquake ground
motion plots spectral acceleration against vibration period

• Short-period region reflects stiff structures' response (buildings)

• Constant acceleration region shows moderate-period structures' behavior

• Constant velocity region represents flexible structures' response (bridges)

• Constant displacement region indicates very flexible or isolated structures

• Seismic hazard level determines overall spectrum amplitude (PGA, 2% in 50 years)

• Site classification affects spectrum shape (soil vs rock)

• Importance factor scales spectrum based on structure criticality (hospitals vs residential)

• Used to determine design base shear, guide structural system selection, estimate max displacements

Calculation of seismic coefficients
•  spectral response acceleration at short periods reflects high-frequency ground motion

•  spectral response acceleration at 1-second period represents long-period motion

•  short-period site coefficient amplifies or de-amplifies  based on soil conditions

•  long-period site coefficient modifies  for site-specific effects

• Design spectral acceleration parameters: 1. Calculate  for short-period design 2.
Compute  for 1-second period design

• Seismic design category determined using , , occupancy category (A to F)

• Seismic response coefficient 

•  response modification factor accounts for ductility, overstrength (1.5 to 8)

•  importance factor prioritizes essential facilities (1.0 to 1.5)

Application of Seismic Coefficients and Site-Specific Factors

Application of seismic forces
• Seismic base shear  where  effective seismic weight includes dead load, percentage of
live load

• Vertical distribution of seismic forces 

•  vertical distribution factor considers higher mode effects

• Story shears summed from top down, overturning moments calculated

• Accidental torsion accounts for mass eccentricity (typically 5% of building dimension)

• Orthogonal effects combine responses in principal directions (100-30 rule)
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• Load combinations consider seismic forces with gravity, wind loads

Influence of soil on response spectra
• Site classes A (hard rock) to F (very poor soil) based on shear wave velocity, SPT, undrained shear
strength

• Soft soils amplify ground motions, especially at long periods

• Stiff soils, rock generally have less amplification, may deamplify high frequencies

• Site-specific geotechnical investigations required for complex sites, tall structures

• Near-fault effects: 1. Directivity pulses in fault-normal direction 2. Fling step permanent ground
displacement

• Basin effects prolong shaking duration, amplify long-period motions

• Topographic effects amplify motions at ridge tops, reduce in valleys

• Liquefaction potential assessed, may require special design considerations

• Site-specific spectra developed using: 1. Probabilistic Seismic Hazard Analysis (PSHA) for risk-based
design 2. Deterministic Seismic Hazard Analysis (DSHA) for maximum considered scenarios

6.4 Overview of international seismic design codes
Seismic design codes are crucial for building earthquake-resistant structures worldwide. These codes, like
Eurocode 8 and the International Building Code, set standards for design, hazard assessment, and
structural systems in different countries.

Comparing these codes reveals variations in design philosophy, hazard assessment methods, and
detailing requirements. Harmonizing seismic practices globally promotes safety, knowledge sharing, and
economic benefits, while applying codes to projects involves considering site-specific factors and
jurisdictional requirements.

International Seismic Design Codes

Major international seismic design codes
• Eurocode 8 (EC8) applies to European Union countries governs design of structures for earthquake
resistance

• International Building Code (IBC) used in United States incorporates ASCE 7 for seismic provisions

• New Zealand Standard (NZS 1170.5) specific to New Zealand focuses on earthquake actions for
structural design

• Japanese Building Standard Law applies to structures in Japan includes seismic design requirements

• National Building Code of Canada (NBCC) used throughout Canada contains seismic hazard maps
and design provisions

• Indian Standard (IS 1893) applicable in India covers criteria for earthquake resistant design of
structures
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Comparison of seismic design codes
• Design philosophy emphasizes performance-based design in EC8 and NZS 1170.5 contrasts with
prescriptive approach in older codes

• Seismic hazard assessment utilizes probabilistic methods in IBC and NBCC differs from deterministic
approaches in some older codes

• Ground motion parameters include peak ground acceleration (PGA) in many codes and spectral
acceleration in IBC and EC8

• Importance factors vary based on building occupancy and use employ different classification systems
across codes

• Structural systems categorize lateral force-resisting systems assign varying R-factors or behavior
factors for each system

• Detailing requirements specify provisions for ductile detailing differ in reinforcement ratios and spacing
(rebar placement)

• Drift limits range from stricter in some codes (Japanese Building Standard Law) to more relaxed in
others (older versions of IS 1893)

Harmonization of seismic design practices
• Global consistency in safety standards reduces discrepancies in building performance across borders
facilitates international collaboration in construction projects

• Knowledge sharing allows exchange of best practices and lessons learned promotes continuous
improvement in seismic design

• Economic benefits streamline design processes for multinational firms reduce barriers to entry for
international construction markets

• Research collaboration encourages joint research initiatives accelerates advancements in earthquake
engineering

• Disaster response and recovery improves coordination in post-earthquake assessment facilitates
international aid and reconstruction efforts

• Code development incorporates diverse perspectives and experiences leads to more comprehensive
and robust design standards

Application of codes to projects
• Site-specific considerations involve local seismic hazard maps and soil conditions (rock, soft soil)

• Jurisdictional requirements include building permit processes and local amendments to international
codes

• Project type and scale influence design approach for high-rise buildings vs. low-rise structures and
critical facilities (hospitals, power plants)

• Material selection guides reinforced concrete design per ACI 318 in the US and steel design following
EC3 in Europe
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• Analysis methods range from equivalent static force procedure for simple structures to response
spectrum analysis for more complex buildings

• Performance objectives vary from life safety for typical structures to immediate occupancy for
essential facilities

• Quality control and inspection involve special inspection requirements in IBC and third-party review
processes in some jurisdictions

• Documentation and reporting require seismic design calculations and drawings and compliance
statements for regulatory approval
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Unit 7 – Seismic Design: Steel & Concrete
Structures
7.1 Seismic design of moment-resisting frames
Moment-resisting frames are key structural systems for earthquake resistance. They distribute forces
through beams and columns, relying on joint rotations and plastic hinge formation. Understanding their
behavior is crucial for effective seismic design.

Designing these frames involves careful consideration of load combinations, drift limits, and capacity
design principles. Critical components like beam-column joints and connections require special attention to
ensure ductility and energy dissipation during seismic events.

Behavior and Design of Moment-Resisting Frames

Behavior of moment-resisting frames
• Lateral force distribution generates inertial forces throughout structure leads to story shear forces

• Deformation mechanisms involve beam and column bending coupled with joint rotations

• Dynamic response characteristics depend on natural periods and mode shapes influenced by
damping effects (viscous, hysteretic)

• P-Delta effects produce second-order moments impacting stability considerations (overturning)

• Plastic hinge formation sequence follows strong column-weak beam concept adheres to capacity
design principles

Design for seismic resistance
• Load combinations for seismic design incorporate dead loads, live loads, and seismic loads (ASCE 7)

• Seismic design categories determined by site conditions and building importance (A-F)

• Strength and stiffness requirements enforce drift limitations (typically 2% story drift) apply strength
reduction factors

• Capacity design procedures utilize overstrength factors ensure column-to-beam strength ratios
(typically 1.2)

• Detailing requirements vary for special, intermediate, and ordinary moment frames specify
reinforcement and confinement

• Connection design employs prequalified connections includes welded and bolted options (CJP welds,
high-strength bolts)

Ductility and Critical Components

Ductility and energy dissipation
• Ductility concepts encompass local ductility at member level global ductility at system level
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• Energy dissipation mechanisms rely on hysteretic behavior quantified by equivalent viscous damping

• Ductility demand estimation involves displacement ductility curvature ductility calculations

• Factors affecting ductility include material properties (yield strength, ultimate strength), cross-sectional
shapes (compact sections), reinforcement detailing (transverse reinforcement)

• Performance-based design considerations focus on damage control collapse prevention at different
hazard levels

Critical components for seismic resistance
• Beam-column joints transfer shear forces exhibit panel zone behavior (elastic, inelastic)

• Beam plastic hinge regions prone to flange local buckling web local buckling require proper detailing

• Column base connections designed as fixed or pinned bases necessitate proper anchor bolt design

• Beam-to-column connections utilize reduced beam section (RBS) or extended end-plate connections

• Diaphragm connections incorporate collector elements drag struts for force transfer

• Bracing and stiffeners prevent lateral-torsional buckling control local buckling in critical regions

7.2 Seismic design of braced frames
Braced frames are key players in earthquake-resistant structures. They use diagonal members to resist
lateral forces, providing stiffness and strength. Concentrically Braced Frames (CBFs) and Eccentrically
Braced Frames (EBFs) offer different approaches to energy dissipation and performance.

Seismic design of braced frames involves careful consideration of load paths, member sizing, and
connection details. Ductility and energy dissipation are crucial for withstanding earthquakes. Critical
components like braces, connections, and frame configuration all contribute to the overall system
performance.

Seismic Design Principles for Braced Frames

Principles of seismic braced frames
• Concentrically Braced Frames (CBFs) resist lateral forces through axial load in braces intersecting at
joints providing high initial stiffness (X-bracing, inverted V-bracing)

• Eccentrically Braced Frames (EBFs) combine moment frame and braced frame behavior with
intentional eccentricity between brace connections utilizing link beam for energy dissipation

• Load path considerations involve lateral force distribution through diaphragms and vertical distribution
of forces from upper to lower stories

• Seismic performance objectives guide design for different hazard levels: immediate occupancy allows
quick reoccupation, life safety prevents collapse, collapse prevention maintains structural integrity

Seismic design for braced frames
• Seismic design parameters account for hazard level (PGA, spectral accelerations), site classification
(soil type), and importance factor (building use)
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• Load combinations incorporate dead loads (self-weight), live loads (occupancy), and seismic loads
(ground motion effects)

• Member sizing involves selecting appropriate braces (HSS, wide flange), beams (floor framing), and
columns (vertical support) to resist combined loads

• Connection design focuses on gusset plates (brace-to-frame), bolted connections (field assembly),
and welded connections (shop fabrication) to ensure load transfer

• Capacity design principles emphasize strong column-weak beam concept and apply overstrength
factors to critical elements ensuring desirable failure modes

Ductility of braced frames
• Ductility factors quantify global (entire structure) and local (individual components) ability to deform
inelastically without significant strength loss

• Energy dissipation mechanisms rely on brace yielding and buckling in CBFs, link beam yielding in
EBFs

• Hysteretic behavior describes force-displacement relationships under cyclic loading revealing energy
dissipation capacity

• Performance-based design considerations include drift limits (story displacements) and damage
control (repairable vs. irreparable)

Critical components in braced frames
• Braces serve as primary lateral force-resisting elements with tension and compression capacity
influenced by slenderness ratio and potential buckling modes (flexural, torsional)

• Connections critical for load transfer: brace-to-gusset connections (pin or fixed), beam-to-column
connections (moment or shear), column base plates (anchor bolt design)

• Beam and column members designed to prevent local buckling (width-to-thickness ratios) and
lateral-torsional buckling (bracing requirements)

• Special seismic detailing includes protected zones (plastic hinge regions) and compact sections
(ductile behavior)

• Frame configuration emphasizes symmetry and regularity in plan and elevation, redundancy in load
paths to enhance overall system performance

7.3 Seismic design of shear walls and diaphragms
Shear walls and diaphragms are crucial in earthquake-resistant design. They work together to resist lateral
forces, prevent building sway, and distribute loads. Understanding their behavior is key to creating safe
structures that can withstand seismic events.

Designing these elements involves careful material selection, reinforcement detailing, and adherence to
code requirements. Ductility, energy dissipation, and structural interactions play vital roles in how buildings
perform during earthquakes. Proper design ensures controlled yielding and prevents catastrophic failure.
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Seismic Behavior and Design of Shear Walls and Diaphragms

Analysis and Design Principles

Shear walls under seismic loads
• Shear wall behavior

• In-plane and out-of-plane response resist lateral forces and prevent building sway

• Flexural and shear deformations contribute to overall wall deformation and energy dissipation

• Aspect ratio effects influence failure mode (squat walls fail in shear, slender walls in flexure)

• Diaphragm behavior

• Rigid vs. flexible diaphragms distribute lateral forces differently (concrete slabs vs. wood floors)

• In-plane shear and bending transfer loads to vertical elements

• Chord and collector forces develop at diaphragm edges and openings to maintain force equilibrium

• Load transfer mechanisms

• Lateral force distribution varies with building height and mass distribution

• Vertical distribution of forces follows inverted triangular or uniform patterns based on code
requirements

• Dynamic characteristics

• Natural frequencies and mode shapes determine building response to ground motion

• Damping effects reduce vibration amplitude over time (material damping, structural damping)

Design of seismic-resistant structures
• Shear wall design considerations

• Material selection impacts strength and ductility (reinforced concrete, masonry, wood)

• Reinforcement detailing ensures proper force transfer and ductile behavior

• Boundary elements provide confinement and increase flexural capacity

• Coupling beams for coupled shear walls enhance system ductility and energy dissipation

• Diaphragm design considerations

• Thickness and reinforcement requirements depend on span and loading

• Chord and collector design transfers forces between diaphragm and vertical elements

• Openings and discontinuities require special detailing to maintain load path

• Code-specific requirements

• Load combinations account for different earthquake scenarios

• Strength reduction factors ensure conservative design
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• Minimum reinforcement ratios prevent brittle failure modes

• Capacity design principles

• Strong column-weak beam concept promotes desirable failure mechanisms

• Overstrength factors account for material variability and system redundancy

Performance and System Interaction

Ductility in shear walls
• Ductility concepts

• Displacement ductility measures overall deformation capacity

• Curvature ductility relates to local section behavior

• Rotational ductility indicates joint and connection performance

• Energy dissipation mechanisms

• Hysteretic behavior characterizes cyclic load-deformation response

• Plastic hinge formation allows for controlled yielding and energy dissipation

• Performance levels

• Elastic response occurs under service-level earthquakes

• Yield point marks onset of inelastic behavior

• Ultimate capacity defines maximum strength before failure

• Factors affecting ductility

• Reinforcement detailing influences confinement and bond strength

• Confinement prevents concrete crushing and rebar buckling

• Aspect ratio determines dominant deformation mode (shear or flexure)

Structural interactions during earthquakes
• Load path analysis

• Vertical and horizontal force transfer ensures continuous load path to foundation

• Diaphragm flexibility effects influence force distribution to vertical elements

• Torsional effects

• Eccentricity between center of mass and center of rigidity causes building rotation

• Accidental torsion accounts for uncertainties in mass and stiffness distribution

• Foundation interaction

• Base fixity assumptions affect overall structural behavior (fixed vs. pinned)

• Soil-structure interaction modifies ground motion and building response
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• Frame-wall systems

• Dual systems behavior combines ductility of frames with stiffness of walls

• Distribution of lateral forces varies with height and relative stiffness

• Deformation compatibility

• Inter-story drift limits prevent excessive displacement and non-structural damage

• Connection detailing for differential movement accommodates relative displacements between
elements

7.4 Detailing requirements for ductile behavior
Ductile behavior is crucial in seismic design, allowing structures to bend without breaking during
earthquakes. By using special detailing techniques, engineers can create buildings that absorb energy and
stay standing when the ground shakes.

Proper detailing focuses on critical areas like beam-column joints, shear walls, and braced frames. These
strategies have proven effective through real-world performance, lab tests, and computer simulations,
helping engineers design safer buildings in earthquake-prone regions.

Principles of Ductile Behavior in Seismic Design

Importance of detailing for ductility
• Ductility in seismic design allows structures to undergo large deformations without collapse dissipating
energy through inelastic deformation

• Benefits of ductile behavior increase structural safety reduce risk of brittle failure enhance ability to
withstand strong ground motions (earthquakes)

• Inadequate detailing leads to premature failure of structural elements reduced load-carrying capacity
potential for collapse during seismic events

Detailing techniques for structural ductility
• Reinforced concrete detailing

• Confinement reinforcement in columns uses closely spaced ties or spirals increases concrete strength
in core region

• Beam-column joint detailing requires transverse reinforcement within joint region ensures proper
anchorage of longitudinal reinforcement

• Shear wall detailing incorporates boundary elements with concentrated reinforcement distributes
vertical and horizontal reinforcement

• Steel structure detailing

• Moment frame connections utilize reduced beam section (RBS) or welded unreinforced flange-welded
web (WUF-W) connections

• Braced frame connections design gusset plates for out-of-plane buckling detail brace-to-frame
connections
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• Column base plate connections require proper anchor bolt design and layout consider base plate
thickness and stiffener requirements

Critical Regions and Detailing Strategies

Critical regions for seismic detailing
• Beam-column interfaces focus on plastic hinge regions in beams panel zones in steel moment frames

• Column bases and foundations address anchorage zones consider soil-structure interaction regions

• Shear walls incorporate boundary elements detail coupling beams in coupled shear walls

• Diaphragms reinforce collector elements chords and drag struts

• Braced frame elements strengthen brace connections design gusset plates

Effectiveness of ductile detailing strategies
• Performance-based design approach employs nonlinear static (pushover) analysis nonlinear dynamic
(time-history) analysis

• Capacity design principles implement strong column-weak beam concept establish hierarchy of
strength in structural elements

• Experimental validation conducts full-scale testing of structural components performs shake table
tests of complete structural systems

• Post-earthquake damage assessment identifies failure modes correlates observed damage with
detailing practices

• Numerical simulations use finite element analysis of critical regions conduct parametric studies on
detailing variations
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Unit 8 – Performance-Based Earthquake
Design
8.1 Performance objectives and design criteria
Performance objectives in earthquake engineering shape how buildings respond to seismic events. They
guide designers in creating structures that meet specific goals for safety and functionality during and after
earthquakes, balancing risk and cost.

These objectives range from keeping buildings fully operational to preventing collapse. By setting clear
targets, engineers can tailor designs to meet the unique needs of different structures, from critical facilities
like hospitals to standard buildings like homes.

Performance Objectives in Earthquake Engineering

Role of performance objectives
• Performance objectives guide seismic design defining specific goals for building behavior during and
after earthquakes

• Objectives expressed as acceptable damage levels and functionality (minor cracking, full operability)

• Framework for evaluating structural performance allowing customization based on building importance
and owner requirements

• Key components include hazard levels (frequent, occasional, rare earthquakes) and performance
levels (operational, immediate occupancy, life safety)

Levels of seismic design performance
• Operational performance level ensures minimal structural damage building remains fully functional
(hospitals)

• Immediate occupancy level allows minor structural damage building safe to occupy may require
repairs (schools)

• Life safety level permits significant structural damage no collapse occupants can safely evacuate
(residential buildings)

• Collapse prevention level accepts severe structural damage but prevents collapse protects against
loss of life building may be total economic loss (warehouses)

Performance objectives vs design criteria
• Performance objectives inform design criteria more stringent objectives lead to demanding criteria

• Design criteria translate objectives into measurable parameters (drift limits, strength requirements,
ductility demands)

• Iterative process refines criteria based on analysis results and performance evaluations

• Criteria examples include story drift limits (0.5% immediate occupancy, 2% life safety) and strength
requirements (base shear coefficients)
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Application for earthquake-resistant structures
• Identify building importance and required performance level (critical facilities, standard occupancy)

• Determine seismic hazard level for site (probabilistic seismic hazard analysis)

• Select appropriate performance objectives based on building use and hazard level

• Translate objectives into design criteria: 1. Set allowable story drift limits 2. Determine strength
requirements 3. Specify ductility demands 4. Consider non-structural components (acceleration limits
for equipment)

• Implement in design process using pushover analysis or nonlinear time history analysis

• Iteratively refine design to meet performance objectives (adjust member sizes, reinforcement details)

8.2 Nonlinear static procedures (pushover analysis)
Nonlinear static procedures, like pushover analysis, help engineers evaluate how buildings perform during
earthquakes. These methods go beyond elastic limits, showing how structures yield and fail under seismic
loads. They're crucial for identifying weak points and understanding collapse mechanisms.

Pushover analysis involves creating a model, applying loads, and tracking structural response. It produces
a capacity curve that shows how a building behaves as forces increase. While it has limitations, pushover
analysis strikes a balance between simplicity and accuracy, making it a valuable tool in earthquake
engineering.

Nonlinear Static Procedures: Fundamentals and Applications

Concept of pushover analysis
• Analysis method evaluates seismic performance accounting for material and geometric nonlinearities

• Estimates structural capacity beyond elastic limit identifies weak points and failure mechanisms

• Determines sequence of yielding and failure in structure during seismic event

• Involves key components lateral load pattern incremental loading and capacity curve generation

• Provides insights into post-yield behavior and collapse mechanisms (soft story, shear failure)

• Commonly used in performance-based seismic design and assessment (ASCE 41, Eurocode 8)

Execution of pushover analysis
1. Create structural model accurately representing geometry and connectivity

2. Define material properties and nonlinear behavior including stress-strain relationships

3. Apply gravity loads to account for P-Delta effects

4. Select lateral load pattern based on expected seismic response (inverted triangular, uniform)

5. Incrementally increase lateral loads monitoring structural deformation

6. Monitor structural response tracking formation of plastic hinges and element failures

• Interpret results through capacity curve plotting base shear against roof displacement
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• Identify performance points corresponding to different damage states (immediate occupancy, life
safety)

• Analyze plastic hinge formation sequence to understand progressive collapse mechanisms

• Evaluate global and local deformation demands against acceptance criteria (FEMA 356, ASCE 41)

Limitations of nonlinear static procedures
• Assumes response dominated by fundamental mode may miss higher mode effects (tall buildings)

• Uses constant load pattern throughout analysis neglecting load redistribution

• Neglects dynamic effects like damping and inertial forces

• Potentially inaccurate for structures with significant torsional response (asymmetric buildings)

• Does not account for cyclic degradation of strength and stiffness

• Limited applicability to long-period structures sensitive to higher mode effects (bridges)

• May underestimate deformation demands in some cases (near-fault ground motions)

Pushover analysis vs other methods
• Linear static analysis simpler but less accurate for nonlinear behavior

• Linear dynamic analysis considers dynamic effects but limited to elastic response

• Nonlinear dynamic analysis most accurate but computationally intensive (time-history analysis)

• Pushover analysis balances simplicity and accuracy provides insight into post-yield behavior

• Advantages include computational efficiency and clear visualization of failure progression

• Disadvantages include simplified dynamic effects and potential underestimation of demands

• Often used as screening tool before more detailed nonlinear dynamic analysis (FEMA P-58)

8.3 Incremental dynamic analysis
Incremental Dynamic Analysis (IDA) is a powerful tool for assessing structural performance under
earthquakes. It involves scaling ground motions and analyzing structural response across intensities,
providing insights into behavior from elastic to collapse.

IDA curves plot intensity measures against engineering demand parameters, revealing key structural
characteristics. This method enables probabilistic seismic assessment, helping engineers understand
building performance and make informed design decisions.

Fundamentals of Incremental Dynamic Analysis

Process of incremental dynamic analysis
• Select suite of ground motion records representing seismic hazard at site

• Scale ground motions incrementally amplifying intensity

• Perform nonlinear dynamic analysis for each scaled record capturing structural behavior
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• Record structural response parameters (drift, acceleration, base shear)

• Plot IDA curves graphing intensity measure vs. engineering demand parameter

• Evaluate structural performance across earthquake intensities from low to high

• Determine collapse capacity identifying point of dynamic instability

• Assess variability in structural response due to ground motion characteristics

• Provide data for probabilistic seismic performance assessment (fragility curves)

Interpretation of IDA curves
• Components: Horizontal axis - Engineering Demand Parameter (EDP), Vertical axis - Intensity
Measure (IM)

• Elastic region shows linear relationship between IM and EDP (small deformations)

• Yielding point marks transition from elastic to inelastic behavior (onset of damage)

• Hardening indicates increase in stiffness after yielding (strain hardening)

• Softening reveals decrease in stiffness due to structural damage (strength degradation)

• Collapse point signifies rapid increase in EDP for small increases in IM (dynamic instability)

• Quantify structural capacity across performance levels (immediate occupancy, life safety, collapse
prevention)

• Identify critical intensity levels leading to specific damage states (cracking, yielding, buckling)

• Provide input for fragility curve development relating probability of exceedance to IM

• Enable probabilistic assessment of structural performance under various hazard levels

Application of IDA for seismic assessment
• Create structural model incorporating nonlinear material and geometric properties

• Select appropriate intensity measures (spectral acceleration, peak ground acceleration)

• Choose relevant engineering demand parameters (inter-story drift, floor acceleration)

• Perform nonlinear time history analyses using scaled ground motions

• Generate IDA curves for multiple ground motions capturing record-to-record variability

• Determine median IDA curve representing central tendency of structural response

• Calculate dispersion of structural responses quantifying uncertainty

• Estimate probability of exceeding specific damage states (minor, moderate, severe)

• Evaluate collapse margin ratio assessing safety against collapse

• Combine IDA results with hazard curves for site-specific risk assessment

• Perform probabilistic seismic demand analysis relating EDP to annual exceedance probability

• Develop fragility functions for different limit states (serviceability, ultimate)
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Advantages vs limitations of IDA
• Advantages:

• Provides comprehensive view of structural behavior across intensity levels

• Accounts for record-to-record variability capturing ground motion uncertainty

• Enables probabilistic performance assessment for risk-informed decision making

• Useful for calibrating simplified analysis methods (pushover analysis)

• Helps identify structural weaknesses and collapse mechanisms guiding retrofit strategies

• Limitations:

• Computationally intensive and time-consuming especially for complex structures

• Sensitive to ground motion selection and scaling affecting reliability of results

• May not capture cumulative damage effects from aftershocks or long-duration shaking

• Assumes first-mode dominated response potentially underestimating higher mode effects

• Difficulty in selecting appropriate intensity measures for some structures (base-isolated)

• Considerations:

• Balance between accuracy and computational effort through strategic sampling

• Need for careful interpretation of results considering uncertainties

• Importance of complementing IDA with other assessment methods (pushover analysis)

• Potential for standardization in building codes and guidelines for consistent application

8.4 Fragility curves and damage assessment
Fragility curves are essential tools in earthquake engineering, depicting the likelihood of structural damage
at various seismic intensities. They help engineers quantify vulnerability, estimate damage probabilities,
and make informed decisions about risk mitigation strategies.

These curves play a crucial role in performance-based earthquake engineering, linking structural response
to damage states. By integrating fragility curves with other components like hazard analysis and loss
estimation, engineers can conduct comprehensive seismic risk assessments for buildings and
infrastructure.

Fragility Curves Fundamentals

Role of fragility curves
• Fragility curves graphically represent probability of exceeding specific damage states as function of
seismic intensity measure (peak ground acceleration, spectral acceleration)

• Quantify vulnerability of structures or components enabling risk-informed decision making for
mitigation strategies

• Provide probabilistic damage estimates for various earthquake scenarios informing emergency
response planning and resource allocation
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Construction of fragility curves
• Data sources include empirical post-earthquake damage surveys, analytical models, simulations, and
expert judgment

• Construction steps: 1. Define damage states (slight, moderate, extensive, complete) 2. Select
appropriate seismic intensity measure 3. Collect and analyze damage data 4. Fit statistical distribution
to data (typically lognormal) 5. Determine median and dispersion parameters

• Structural component considerations include building type (reinforced concrete, steel, masonry) and
structural system (moment frame, shear wall)

• Non-structural component considerations include equipment sensitivity to acceleration or drift and
attachment methods

Application of Fragility Curves

Damage probability estimation
• Interpret curves: x-axis shows seismic intensity measure, y-axis shows probability of exceeding
damage state

• Estimate damage probability by determining scenario seismic intensity and reading corresponding
probability from curve

• Consider multiple damage states for comprehensive assessment

• Incorporate uncertainty using confidence intervals or Monte Carlo simulation for probabilistic
estimates

Fragility curves in performance-based engineering
• Performance-based earthquake engineering (PBEE) framework integrates hazard analysis, structural
response analysis, damage analysis, and loss analysis

• Fragility curves link structural response to damage states providing input for consequence models and
decision-making

• Integrate with other PBEE components (hazard curves, capacity curves, loss functions) for
comprehensive seismic risk assessment

Seismic vulnerability assessment
• Process involves collecting building inventory data, selecting appropriate fragility curves, estimating
site seismic hazard, and calculating damage probabilities

• Applications include individual building evaluation, regional risk mapping, and prioritization of retrofit
interventions

• Consider limitations such as applicability to specific structures, local construction practices, code
compliance, and need for periodic updates reflecting changes in building stock or new knowledge
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Unit 9 – Seismic Evaluation and
Retrofitting Structures
9.1 Seismic vulnerability assessment techniques
Seismic vulnerability assessment is crucial for understanding how buildings might fare during earthquakes.
It considers factors like structural characteristics, site conditions, and non-structural elements to gauge a
building's potential performance.

Advanced techniques dive deeper, using detailed evaluations and sophisticated analysis methods. These
assessments help prioritize buildings for retrofitting, determine appropriate performance levels, and guide
the selection of effective upgrade strategies to enhance seismic safety.

Seismic Vulnerability Assessment Fundamentals

Factors of seismic vulnerability
• Structural characteristics

• Building age and design era influence seismic performance based on evolving building codes

• Construction materials affect strength and ductility (concrete, steel, masonry, wood)

• Structural system type determines load path and energy dissipation (moment frames, shear walls)

•

Configuration irregularities create stress concentrations and torsional effects

• Plan irregularities include L-shaped or U-shaped buildings

• Vertical irregularities encompass soft stories or setbacks

•

Site-specific factors

• Soil conditions impact ground motion amplification (soft soils vs bedrock)

• Proximity to active faults increases seismic hazard and potential for near-fault effects

•

Topography influences seismic wave propagation (basin effects, ridgetop amplification)

•

Non-structural elements

• Architectural components pose falling hazards (parapets, cladding, suspended ceilings)

•

Mechanical and electrical systems affect functionality and safety (HVAC, elevators, sprinklers)

•
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Occupancy and importance determine post-earthquake recovery priorities (hospitals, schools)

•

Previous seismic damage or modifications alter structural behavior and capacity

Rapid visual screening methods
• FEMA P-154 Rapid Visual Screening (RVS) procedure standardizes assessment process

• Data collection forms guide systematic evaluation

•

Scoring system quantifies relative seismic vulnerability

•

Walkdown survey techniques gather crucial visual information

• Exterior inspection identifies global structural characteristics

•

Interior inspection reveals internal vulnerabilities (if accessible)

•

Key structural attributes to observe during screening

• Lateral force-resisting system determines seismic performance (frames, walls)

• Building height affects dynamic response and overturning potential

• Soft stories create weak points in vertical load path

•

Heavy cladding or heavy elements increase seismic demands

•

Documentation and photography preserve observations for later analysis

•

Limitations of rapid screening methods include surface-level assessment and potential hidden defects

Advanced Seismic Vulnerability Assessment

Detailed seismic evaluation techniques
• Tier 1 screening provides initial assessment

• Checklists for various building types identify potential deficiencies

•

Quick checks for strength and stiffness estimate global capacity

•
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Tier 2 deficiency-based evaluation analyzes specific weaknesses

• Linear static procedures use equivalent lateral forces

•

Linear dynamic procedures incorporate modal response

•

Tier 3 systematic evaluation employs advanced analysis

• Nonlinear static procedures (pushover analysis) capture post-yield behavior

•

Nonlinear dynamic procedures (time history analysis) model full seismic response

•

Performance-based seismic evaluation tailors assessment to specific goals

• Define performance objectives based on stakeholder requirements

• Analyze building response under various earthquake scenarios

•

Compare demands to capacities to determine performance level

•

Capacity spectrum method graphically compares demand and capacity

•

Fragility curve development quantifies probability of damage states

•

Probabilistic seismic hazard analysis integration considers multiple earthquake sources

Interpretation of vulnerability assessments
•

Risk categories and importance factors prioritize critical structures (hospitals, power plants)

•

Seismic performance levels define acceptable damage states

• Operational allows immediate post-earthquake use

• Immediate Occupancy permits safe re-occupancy

• Life Safety ensures low probability of life-threatening injury

•

Collapse Prevention avoids total or partial structural collapse

•
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Benefit-cost analysis for retrofit options weighs investment against risk reduction

•

Prioritization criteria guide resource allocation

• Life safety considerations protect building occupants

• Economic impact assesses potential losses and business interruption

•

Building function and importance reflect community needs (emergency services)

•

Retrofit strategy selection addresses identified vulnerabilities

• Global interventions improve overall structural performance (base isolation)

•

Local interventions target specific weaknesses (column jacketing)

•

Implementation planning ensures effective execution

• Phasing of interventions minimizes disruption to building use

•

Occupancy considerations during retrofit maintain safety and functionality

•

Post-retrofit reassessment and validation confirm effectiveness of interventions

9.2 Retrofit strategies for various structural systems
Seismic retrofitting is crucial for upgrading existing structures to withstand earthquakes. Global strategies
address system-wide issues, while local strategies target specific elements. The choice depends on the
building's vulnerabilities and desired performance level.

Retrofit design varies by material, with concrete structures benefiting from jacketing and FRP wrapping,
steel structures from bracing, and masonry from surface treatments. Effectiveness is evaluated through
performance-based methods, fragility curves, and cost-benefit analysis, with experimental validation
ensuring real-world applicability.

Global and Local Retrofit Strategies

Global vs local retrofit strategies
• Global retrofit strategies affect overall structural behavior addressing system-wide deficiencies
through adding shear walls, installing base isolation systems, or implementing damping devices

• Local retrofit strategies target specific elements addressing localized weaknesses via column
jacketing, beam-column joint strengthening, or infill wall reinforcement
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Selection of retrofit techniques
• Reinforced concrete structures benefit from shear wall addition increasing lateral stiffness, column
confinement improving ductility, and beam-column joint strengthening

• Steel structures enhanced by bracing systems boosting lateral resistance, moment frame
modifications, and connection upgrades

• Masonry structures strengthened through surface treatments (shotcrete, FRP wrapping), through-wall
anchors, and crack injection with grouting

• Timber structures improved by diaphragm strengthening, anchor bolt additions, and shear wall
implementations

Retrofit Design and Evaluation

Retrofit design for structural systems
• Reinforced concrete retrofit design involves concrete jacketing to increase column cross-section and
add reinforcement, and FRP wrapping to enhance flexural and shear capacity

• Steel structure retrofit design utilizes eccentric bracing to increase energy dissipation and lateral
stiffness, and buckling-restrained braces (BRBs) to improve ductility

• Masonry structure retrofit design employs center core technique drilling vertical cores filled with
reinforced grout, and bed joint reinforcement inserting horizontal reinforcement in mortar joints

Effectiveness of seismic retrofits
• Performance-based evaluation methods include: 1. Pushover analysis assessing capacity curve
changes 2. Time history analysis comparing pre- and post-retrofit responses

• Fragility curve analysis develops curves for retrofitted structures comparing probability of damage
states

• Cost-benefit analysis evaluates initial retrofit costs, assesses potential loss reduction, and considers
life-cycle costs

• Experimental validation uses shake table testing of retrofitted components and full-scale testing of
retrofitted structures

9.3 Strengthening techniques for foundations and superstructures
Earthquakes can wreak havoc on buildings with weak foundations and structures. Inadequate bearing
capacity, poor soil conditions, and liquefaction are just a few issues that can lead to catastrophic failure
during seismic events.

Luckily, there are ways to strengthen foundations and superstructures. Underpinning, micropiles, and jet
grouting can reinforce foundations, while jacketing, wing walls, and infill walls can boost a building's ability
to withstand earthquakes. These methods can significantly improve a structure's seismic performance.

Foundation Seismic Deficiencies and Strengthening

Seismic deficiencies in structures
• Foundation deficiencies
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• Inadequate bearing capacity leads to excessive settlement or failure under seismic loads

• Insufficient lateral resistance causes sliding or overturning during earthquakes

• Poor soil conditions amplify ground motions and increase structural damage (soft clays, loose sands)

• Liquefaction susceptibility results in loss of soil strength and support (saturated sandy soils)

• Superstructure deficiencies

• Weak column-strong beam configurations promote story collapse mechanisms

• Soft story mechanisms concentrate deformation and damage in a single level (open ground floors)

• Inadequate lateral force-resisting systems fail to withstand seismic forces (insufficient shear walls)

• Poor connection details lead to premature failure and loss of load paths (beam-column joints)

• Torsional irregularities cause excessive twisting and uneven distribution of seismic forces

Foundation strengthening techniques
• Underpinning

• Excavation and extension of existing foundations increases depth and bearing capacity

• Mass concrete underpinning provides additional support and stability to shallow foundations

• Beam and base underpinning creates a new foundation system beneath the existing structure

• Micropiles

• Small-diameter reinforced piles offer high-capacity foundation support in limited access areas

• Installation through existing foundations strengthens deep foundation systems

• Suitable for retrofitting historic structures with minimal disturbance

• Jet grouting

• High-pressure injection of grout into soil creates soil-cement columns

• Improves soil strength and stiffness reducing liquefaction potential

• Forms underground structural elements for additional foundation support

Superstructure Strengthening and Performance Assessment

Superstructure reinforcement methods
• Jacketing

• Reinforced concrete jacketing increases member size and reinforcement for enhanced strength and
ductility

• Steel jacketing provides confinement and shear strengthening to columns and beams

• Fiber-reinforced polymer (FRP) jacketing offers lightweight, corrosion-resistant strengthening option

• Wing walls



Fiveable archived study guides Page 59

• Addition of reinforced concrete walls perpendicular to existing walls increases lateral stiffness and
strength

• Improves overall structural stability and reduces torsional effects

• Effective for strengthening corner columns and enhancing frame action

• Infill walls

• Addition of new walls within existing frame bays improves lateral load resistance

• Masonry or reinforced concrete infills increase overall structural stiffness

• Strategically placed infills can address soft story issues and irregularities

Impact of seismic strengthening
• Performance evaluation methods

• Pushover analysis assesses nonlinear behavior and collapse mechanisms

• Time-history analysis simulates dynamic response to specific ground motions

• Capacity spectrum method compares structural capacity with seismic demand

• Key performance indicators

• Base shear capacity measures overall lateral strength of the structure

• Drift ratios indicate deformation levels and potential for damage

• Ductility quantifies ability to undergo inelastic deformations without failure

• Energy dissipation evaluates structure's capacity to absorb seismic energy

• Comparative analysis

• Pre-strengthening vs post-strengthening behavior highlights improvement in seismic response

• Improvement in fundamental period indicates increased stiffness and reduced vulnerability

• Reduction in seismic demand demonstrates effectiveness of strengthening measures

• Cost-benefit analysis

• Strengthening costs vs improved performance guides decision-making process

• Life-cycle cost considerations account for long-term benefits of seismic upgrades

• Risk reduction assessment quantifies decrease in potential losses and casualties
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Unit 10 – Nonstructural Seismic Design
10.1 Seismic design of architectural components
Architectural components play a crucial role in a building's seismic performance. From exterior cladding to
interior partitions, these elements can become hazards during earthquakes if not properly designed.
Understanding their vulnerabilities is key to implementing effective protection strategies.

Seismic design for architectural elements focuses on flexibility, proper connections, and lightweight
materials. These approaches, combined with performance-based design and rigorous testing, help ensure
components can withstand earthquake forces. Implementing appropriate restraints and anchorage
systems further enhances their seismic resilience.

Architectural Components and Seismic Design

Vulnerable architectural components
• Exterior elements

• Cladding systems protect building envelope susceptible to detachment during shaking

• Curtain walls large glass panels vulnerable to distortion and breakage

• Precast concrete panels heavy elements at risk of connection failure

• Interior elements

• Partition walls non-structural dividers prone to cracking and collapse

• Suspended ceilings overhead systems can fall causing injury and obstruction

• Light fixtures may become dislodged creating hazards and loss of functionality

• Building services

• HVAC systems contain heavy equipment requiring proper anchorage to prevent toppling

• Elevators complex mechanisms sensitive to misalignment and damage to guide rails

• Plumbing and electrical systems extensive networks vulnerable to breakage and leaks

• Ornamental features

• Parapets unreinforced masonry elements at roof edges prone to overturning

• Chimneys tall, slender structures susceptible to cracking and collapse

• Decorative elements non-structural components often inadequately secured

Seismic design for architectural elements
• Flexibility and ductility

• Allow for controlled deformation accommodates building movement without failure

• Design for energy dissipation incorporates materials and connections that absorb seismic forces

• Proper connections
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• Use of seismic joints allows independent movement between building sections

• Flexible connections between different building components prevent transfer of excessive forces

• Lightweight materials

• Reduce inertial forces decreases overall seismic demand on structure

• Minimize mass at upper levels lowers center of gravity improving stability

• Symmetry and regularity

• Avoid irregular shapes and discontinuities prevents concentration of stresses

• Distribute mass and stiffness evenly ensures uniform response to ground motion

• Seismic isolation

• Base isolation systems decouple superstructure from ground motion

• Damping devices dissipate seismic energy reducing structural response

Effectiveness of seismic protection methods
• Performance-based design

• Define performance objectives establishes clear criteria for component behavior

• Assess component behavior under different earthquake intensities ensures appropriate design for
various scenarios

• Computer modeling and simulation

• Finite element analysis predicts stress distribution and potential failure points

• Time-history analysis evaluates dynamic response over duration of earthquake

• Shake table testing

• Full-scale or scaled component testing provides real-world performance data

• Evaluate dynamic response verifies analytical predictions and design assumptions

• Post-earthquake damage assessment

• Identify failure modes reveals weaknesses in current design practices

• Analyze effectiveness of implemented protection measures guides future improvements

• Cost-benefit analysis

• Compare initial costs with potential damage reduction justifies investment in seismic protection

• Consider life-cycle costs and maintenance requirements ensures long-term viability of chosen
solutions

Seismic restraints for components
• Force calculation

• Determine seismic forces using  accounts for component
characteristics and building location
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• Consider component importance factor ( ) prioritizes critical elements

• Anchorage systems

• Expansion anchors provide post-installed connection to concrete or masonry

• Epoxy anchors offer high-strength bonded connection for heavy loads

• Cast-in-place anchors integrate with structural elements during construction

• Bracing and support

• Diagonal bracing for suspended systems prevents lateral movement and sway

• Moment-resistant connections for rigid components maintain alignment during shaking

• Clearance and drift accommodation

• Provide adequate separation between components prevents pounding and collision

• Design for inter-story drift allows vertical elements to move with structure

• Special considerations for different component types

• Cladding panel connections allow for in-plane movement while resisting out-of-plane forces

• Partition wall attachments use slip tracks to accommodate floor deflections

• Ceiling grid support systems incorporate seismic clips and perimeter isolation

10.2 Seismic protection of mechanical and electrical systems
Mechanical and electrical systems are vital for building functionality and safety during earthquakes. These
systems power daily operations and emergency responses, but they're vulnerable to seismic damage.
Protecting them is crucial for post-quake recovery and avoiding hazards like fires or floods.

Seismic protection strategies include anchoring, isolation, and restraints for various components.
Performance assessment involves testing, simulations, and post-quake evaluations. Codes guide design,
while monitoring helps track long-term performance. Safeguarding these systems is key to overall building
resilience.

Importance and Vulnerabilities of Mechanical and Electrical Systems

Protection of systems during earthquakes
• Critical role in building functionality and safety underpins daily operations and emergency response
(power supply, lighting, HVAC, elevators)

• Impact on post-earthquake recovery determines business continuity and emergency response
capabilities

• Potential hazards if damaged create fire risks from electrical failures and flooding from ruptured pipes

• Economic considerations encompass repair costs, downtime, and lost productivity affecting overall
resilience
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Seismic vulnerabilities of components
• Electrical components face overturning risks for transformers, vibration sensitivity in switchgear, and
fuel line vulnerabilities in emergency generators

• Mechanical components struggle with sliding or toppling of roof-mounted HVAC units, joint failures in
piping systems, and misalignment of elevator guide rails

• Control systems experience shaking damage to sensitive electronics and tipping hazards for
improperly anchored cabinets

• Suspended components risk detachment of light fixtures and collapse of ductwork due to joint
separation

Protection Strategies and Performance Assessment

Strategies for seismic protection
• Anchorage and bracing utilize rigid anchoring for heavy equipment and flexible connections for pipes

• Isolation systems employ base isolation for sensitive equipment and vibration isolators for HVAC units

• Restraint devices implement seismic snubbers for transformers and cable restraints for suspended
items

• Structural modifications involve reinforcing equipment supports and strengthening attachment points

• Redundancy and backup systems distribute power systems and provide multiple water supply
connections

• Seismic switches and automatic shutoffs incorporate gas line valves and elevator seismic triggers for
safety

Performance of protected systems
• Performance objectives aim for immediate occupancy, life safety, and collapse prevention levels

• Testing methods include shake table tests for components and full-scale building evaluations

• Numerical simulations utilize finite element analysis for equipment response and system-level
modeling

• Post-earthquake evaluation combines visual inspections with functional tests of critical systems

• Performance metrics measure acceleration levels on equipment and displacement tolerances

• Code compliance adheres to ASCE 7 for nonstructural components and International Building Code
provisions

• Continuous monitoring installs accelerometers on critical equipment for long-term performance
assessment

10.3 Design of seismic restraints and anchorages
Seismic restraints and anchorages play a crucial role in earthquake safety. They prevent damage to
non-structural components, maintain critical system functionality, and distribute seismic forces effectively.
Understanding their design and implementation is key to minimizing risks during seismic events.
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Calculating seismic forces is essential for proper restraint design. Engineers use specific equations to
determine horizontal and vertical forces, considering factors like component amplification and importance.
This data guides the selection and design of appropriate restraints, ensuring they can withstand expected
seismic loads.

Understanding Seismic Restraints and Anchorages

Role of seismic restraints and anchorages
• Prevent displacement and damage of nonstructural components during earthquakes reducing
potential for injury and minimizing economic losses (equipment, systems)

• Maintain functionality of critical systems post-earthquake enabling emergency power, fire suppression,
and communication

• Limit interaction between structural and nonstructural components preventing impact on structural
integrity

• Distribute seismic forces from nonstructural components to main structure transferring loads
effectively

• Accommodate differential movement between building components allowing for flexibility

Calculation of seismic forces
• Determine seismic force  using equation  considering
component amplification, design spectral acceleration, weight, attachment height, and importance

• Consider vertical seismic forces  accounting for upward and downward motion

• Account for component's natural period and building's fundamental period assessing potential
resonance

• Evaluate seismic force distribution in multi-point attached components analyzing load paths

• Assess potential for resonance between component and structure identifying critical frequencies

Design and Evaluation of Seismic Restraints and Anchorages

Design of seismic restraints
• Select appropriate restraint types based on component characteristics (rigid braces for heavy
equipment, flexible restraints for vibration-sensitive components)

• Design for calculated seismic forces and anticipated displacements ensuring adequate capacity

• Consider load path from component through restraint to structure ensuring continuous transfer

• Incorporate ductility and energy dissipation in restraint design improving performance

• Account for operational requirements and maintenance access ensuring practicality

• Specify appropriate materials and connection methods (welded connections for permanent
installations, bolted connections for removable components)

• Design for multi-directional loading addressing vertical and horizontal forces

• Incorporate seismic gaps and flexible connections where needed allowing controlled movement
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Effectiveness of seismic mitigation
• Perform static analysis to verify restraint capacity ensuring adequate strength

• Conduct dynamic analysis for critical or complex systems assessing time-dependent behavior

• Assess potential failure modes (yielding of restraint elements, anchor pullout, connection failures)

• Evaluate displacement capacity and compare to expected seismic drifts ensuring compatibility

• Consider potential for impact between restrained components avoiding unintended collisions

• Analyze load distribution in multi-point restraint systems ensuring balanced design

• Verify compatibility with fire protection and other building systems avoiding conflicts

• Review constructability and installation quality control measures ensuring proper implementation

• Assess long-term performance and maintenance requirements ensuring durability

• Conduct periodic inspections and testing of installed restraints maintaining effectiveness
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Unit 11 – Seismic Isolation and Energy
Dissipation
11.1 Principles of base isolation
Base isolation is a game-changing technique in earthquake engineering. It works by separating a structure
from the ground, reducing the seismic forces it experiences. This clever approach can cut earthquake
impacts by up to 80%, making buildings safer and more resilient.

The system uses special bearings and dampers to allow controlled movement during quakes. While it
offers significant benefits, base isolation has limitations like higher costs and specific site requirements.
Understanding its pros and cons is key for effective implementation in seismic design.

Base Isolation Fundamentals

Concept of base isolation
• Decoupling principle separates structure from ground motion reducing seismic forces transmitted to
superstructure (skyscrapers, bridges)

• Increased flexibility at base lengthens structure's natural period shifting away from dominant
earthquake frequencies (2-5 seconds)

• Energy dissipation converts seismic energy into heat or motion through specialized devices
(lead-rubber bearings)

• Horizontal displacement accommodation allows controlled movement during seismic events (up to 50
cm)

• Load transfer mechanism distributes forces between superstructure and foundation evenly

Components of isolation systems
• Isolator units provide core functionality

• Elastomeric bearings offer horizontal flexibility while maintaining vertical stiffness (natural rubber,
synthetic rubber)

• Friction pendulum bearings utilize friction and pendulum motion for isolation (stainless steel, Teflon)

• Energy dissipation devices enhance performance

• Lead core in elastomeric bearings provides damping through lead deformation

• Viscous dampers dissipate energy through fluid movement (silicone-based fluids)

• Displacement restraint systems limit excessive horizontal movement preventing damage to utilities
and connections

• Flexible connections allow movement between isolated and non-isolated parts (expansion joints,
flexible piping)

• Inspection and maintenance access enables periodic checks and replacements if necessary
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Performance and Considerations

Advantages vs limitations of isolation
• Advantages enhance seismic protection

• Significant reduction in seismic forces up to 80%

• Enhanced occupant comfort during earthquakes reducing panic and injuries

• Protection of sensitive equipment and contents (hospitals, data centers)

• Potential for immediate occupancy post-earthquake minimizing downtime

• Applicable to both new and existing structures expanding retrofit options

• Limitations present challenges

• Higher initial construction costs typically 3-10% increase

• Requires larger clearances around structure (seismic gap)

• Not suitable for all soil conditions especially soft soils

• Potential for increased displacements in long-period earthquakes (near-fault regions)

• Maintenance and inspection requirements necessitate regular checks

• Limited effectiveness for very tall or lightweight structures due to inherent flexibility

Effect on structural response
• Fundamental period elongation shifts from short to long natural period reducing spectral acceleration

• Displacement concentration occurs at isolation level reducing inter-story drift in superstructure

• Base shear reduction decreases forces transmitted to superstructure lowering design forces for
structural elements

• Mode shape modification leads to first mode dominance in isolated structures reducing higher mode
contributions

• Acceleration response shows decreased floor accelerations in superstructure improving performance
of non-structural components

• Hysteretic behavior dissipates energy through isolator deformation exhibiting non-linear
force-displacement relationship

• Torsional effects potentially reduce torsional response emphasizing importance of isolator placement
and stiffness distribution

11.2 Types of seismic isolators and their properties
Seismic isolators are crucial components in earthquake-resistant structures. They come in various types,
each with unique properties and performance characteristics. Understanding these differences is key to
selecting the right isolator for a specific building and site.

Choosing the ideal seismic isolator involves considering structural factors, site conditions, and
performance objectives. The selection process requires careful analysis and optimization to ensure the
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best protection against seismic forces while meeting practical constraints and budget limitations.

Types of Seismic Isolators

Types of seismic isolators
• Elastomeric bearings absorb seismic energy through material deformation

• Natural rubber bearings (NRB) provide flexibility and moderate damping

• High-damping rubber bearings (HDRB) offer enhanced energy dissipation

• Lead-rubber bearings (LRB) combine elastomeric layers with lead core for increased damping

• Friction pendulum systems (FPS) utilize sliding motion and gravity for isolation

• Single friction pendulum (SFP) uses one concave surface

• Double friction pendulum (DFP) employs two surfaces for improved performance

• Triple friction pendulum (TFP) incorporates three surfaces for adaptive behavior

• Other types provide alternative isolation mechanisms

• Ball and roller bearings use rolling elements to reduce friction

• Spring-damper systems combine mechanical springs with viscous dampers

Properties of seismic isolators
• Elastomeric bearings exhibit distinct mechanical characteristics

• Vertical stiffness supports gravity loads

• Horizontal flexibility allows lateral displacement

• Energy dissipation occurs through material damping (hysteresis)

• Lead-rubber bearings display unique force-displacement relationship

• Bilinear behavior with initial stiffness and post-yield stiffness

• Energy dissipation achieved through lead core yielding

• Friction pendulum systems rely on sliding interface properties

• Friction coefficient determines initial resistance

• Effective stiffness depends on radius of curvature

• Re-centering capability ensures return to original position

• Mechanical properties characterize isolator behavior

• Equivalent stiffness represents overall lateral resistance

• Equivalent damping ratio quantifies energy dissipation

• Characteristic strength defines yield point

• Post-elastic stiffness ratio indicates stiffness change after yielding
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Seismic isolator performance comparison
• Horizontal displacement capacity varies among isolator types

• Elastomeric bearings allow moderate movement

• Lead-rubber bearings accommodate moderate to high displacements

• Friction pendulum systems permit high lateral displacements

• Energy dissipation capabilities differ

• Elastomeric bearings provide low to moderate damping

• Lead-rubber bearings offer high energy dissipation

• Friction pendulum systems achieve high damping through friction

• Vertical load capacity ranges across isolator types

• Elastomeric bearings support moderate loads

• Lead-rubber bearings carry high vertical loads

• Friction pendulum systems handle very high vertical forces

• Durability and aging effects impact long-term performance

• Elastomeric bearings may degrade due to environmental factors

• Lead-rubber bearings show moderate resistance to aging

• Friction pendulum systems demonstrate high durability with minimal aging

• Cost considerations influence selection

• Elastomeric bearings generally have lower initial costs

• Lead-rubber bearings present moderate cost options

• Friction pendulum systems often incur higher costs, especially for larger sizes

Selection of seismic isolators
• Structural factors guide isolator choice

• Building weight and mass distribution determine required capacity

• Desired isolation period influences isolator stiffness

• Allowable lateral displacement limits isolator size and type

• Site conditions affect isolator performance

• Seismic hazard level dictates required isolation effectiveness

• Soil characteristics impact foundation-isolator interaction

• Environmental factors (temperature, humidity) influence material behavior

• Performance objectives shape design criteria
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• Target reduction in seismic forces sets isolator efficiency goals

• Acceptable level of structural and non-structural damage defines limits

• Practical considerations influence final selection

• Available space for isolator installation constrains size and type

• Maintenance requirements affect long-term costs and feasibility

• Budget constraints limit options and materials

• Design process ensures optimal isolator selection 1. Conduct preliminary sizing and selection based
on initial criteria 2. Perform iterative analysis and optimization to refine choices 3. Finalize design and
create detailed specifications for chosen isolators

11.3 Supplemental damping devices
Supplemental damping devices are game-changers in earthquake engineering. They boost a building's
ability to handle seismic loads, reducing damage and improving safety. These devices come in various
types, each with unique ways of absorbing energy and enhancing structural performance.

From viscous dampers that use fluid mechanics to tuned mass dampers that act like giant pendulums,
these systems offer diverse solutions. They not only make buildings safer but also allow for more
innovative designs, potentially revolutionizing how we construct in earthquake-prone areas.

Supplemental Damping Devices in Earthquake Engineering

Role of supplemental damping devices
• Improve structural response to seismic loads reducing displacement and acceleration minimizing
structural and non-structural damage

• Increase energy dissipation capacity absorbing seismic energy reducing demand on primary structural
elements (columns, beams)

• Enhance occupant comfort decreasing perceived building motion during earthquakes and strong
winds

• Provide design flexibility allowing for lighter structural members enabling innovative architectural
designs (tall slender buildings)

Types of damping devices
• Viscous dampers use fluid-based energy dissipation exhibiting velocity-dependent behavior
(piston-cylinder systems)

• Hysteretic dampers include metallic yield dampers and friction dampers dissipating energy through
material deformation or friction

• Tuned mass dampers (TMDs) employ large mass connected to structure counteracting building
motion (pendulum systems)

• Viscoelastic dampers combine viscous and elastic properties for energy dissipation (polymer-based
materials)
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• Buckling-restrained braces (BRBs) special type of hysteretic damper preventing buckling under
compression (steel core in concrete casing)

Principles of damping devices
• Viscous dampers generate force proportional to velocity dissipating energy through fluid orificing

• Hysteretic dampers: 1. Metallic yield dampers dissipate energy through plastic deformation of metals
(lead, steel) 2. Friction dampers dissipate energy through sliding friction between surfaces (brake-pad
materials)

• Tuned mass dampers create inertial force opposing structural motion transferring energy between
structure and damper mass

• Viscoelastic dampers dissipate energy through shear deformation of viscoelastic materials combining
viscous and elastic response

• Buckling-restrained braces dissipate energy through yielding of steel core while preventing buckling
with external casing

Effects of supplemental damping
• Reduction in structural displacement decreasing interstory drift minimizing P-Delta effects
(second-order effects)

• Decrease in structural acceleration reducing floor accelerations improving equipment and occupant
safety

• Modification of natural frequency potentially shifting resonance away from dominant earthquake
frequencies

• Increased effective damping ratio enhancing overall energy dissipation capacity of structure

• Reduction in base shear lowering demand on foundations (smaller footings)

• Improved hysteretic behavior providing more stable energy dissipation over multiple cycles

• Performance-based design considerations allowing tailored response for different hazard levels
(serviceability, life safety)

• Impact on force distribution altering internal force patterns in structural members

• Influence on structural ductility requirements potentially reducing ductility demand on primary
structural elements

11.4 Design considerations for isolated structures
Seismic isolation is a game-changer in earthquake engineering. It allows buildings to move independently
from the ground, reducing earthquake forces. This approach requires careful design of the isolation
system, superstructure, and substructure to work together effectively.

Key parameters like isolation period, damping, and displacement capacity are crucial. These factors,
combined with soil-structure interaction and code requirements, shape the design process. While initially
more expensive, seismic isolation can offer long-term economic benefits through improved performance
and reduced damage.
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Design Considerations for Isolated Structures

Design considerations for seismic isolation
• Isolation system characteristics enhance seismic performance

• Horizontal flexibility allows structure to move independently from ground motion

• Energy dissipation capacity reduces earthquake forces transmitted to superstructure

• Vertical rigidity supports gravity loads and resists overturning moments

• Superstructure design adapts to isolation effects

• Reduced seismic forces allow for lighter, more economical structural members

• Increased displacement demands require flexible connections (expansion joints)

• Substructure design accommodates isolation system

• Foundation requirements include larger footings to resist overturning (spread footings)

• Isolation interface detailing ensures proper load transfer and movement (bearing pads)

• Clearance and displacement considerations prevent damage

• Seismic gap allows for structure movement without impact (moat)

• Utilities and connections use flexible components to accommodate displacement (flexible pipes)

• Environmental factors influence long-term performance

• Temperature effects cause thermal expansion and contraction of isolators (elastomeric bearings)

• Wind loads induce additional lateral forces on isolated structures (wind dampers)

• Long-term material degradation affects isolator properties (UV radiation, ozone exposure)

Parameters of isolation systems
• Isolation period determines effectiveness of system

• Typical range: 2-4 seconds elongates natural period of structure

• Factors influencing selection include:

• Site conditions affect ground motion characteristics (soft soil, bedrock)

• Building height and mass impact dynamic response (tall buildings, heavy structures)

• Damping ratio reduces displacement and acceleration response

• Common values: 10-30% of critical damping

• Types of damping devices provide energy dissipation:

• Viscous dampers use fluid resistance (hydraulic cylinders)

• Friction dampers rely on sliding interfaces (Friction Pendulum bearings)

• Lead-rubber bearings combine elastomeric isolation with lead core damping
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• Displacement capacity ensures system functionality

• Maximum design displacement (MDD) accounts for design-level earthquake

• Total design displacement (TDD) includes additional safety margin (torsional effects)

• Factors affecting displacement:

• Seismic hazard level determines ground motion intensity (PGA, spectral acceleration)

• Soil conditions influence ground motion amplification (site coefficients)

• Isolator properties control stiffness and energy dissipation (hysteretic behavior)

• Isolation system stiffness impacts overall response

• Effective stiffness ( ) represents secant stiffness at design displacement

• Post-yield stiffness ratio ( ) affects bilinear behavior of system (lead-rubber bearings)

Soil-structure interaction effects
• Soil-structure interaction (SSI) phenomena alter seismic response

• Kinematic interaction filters high-frequency ground motions (foundation embedment)

• Inertial interaction modifies dynamic characteristics of structure (foundation flexibility)

• Influence on isolated structure response can be significant

• Fundamental period elongation increases beyond isolation period (soft soil sites)

• Increased damping reduces overall system response (radiation damping)

• Base slab averaging decreases high-frequency content of input motion (large foundations)

• Soil conditions impact isolation effectiveness

• Soft soil amplification increases long-period ground motions (Mexico City effect)

• Stiff soil deamplification reduces effectiveness of isolation (rock sites)

• Modeling approaches for SSI capture complex behavior

• Simplified methods use equivalent springs and dashpots (NIST GCR 12-917-21)

• Advanced numerical techniques employ finite element analysis (SASSI, OpenSees)

• Performance metrics affected by SSI require careful evaluation

• Base shear may increase or decrease depending on site conditions

• Isolator displacements can be amplified or reduced (period elongation effects)

• Floor accelerations may change due to modified dynamic characteristics

Codes for isolated structures
• International Building Code (IBC) provides general requirements

• Chapter 17: Special Inspections and Tests outlines quality control measures
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• ASCE 7 offers detailed design provisions

• Chapter 17: Seismic Design Requirements for Seismically Isolated Structures

• FEMA P-751 provides guidance and commentary

• Chapter 12: Seismically Isolated Structures explains design concepts and procedures

• Design procedures vary based on structure complexity 1. Equivalent lateral force procedure for
simple, regular buildings 2. Response spectrum analysis for more complex structures 3. Nonlinear time
history analysis for critical or irregular buildings

• Testing requirements ensure system performance

• Prototype testing verifies isolator properties and behavior (full-scale tests)

• Quality control testing confirms production consistency (durometer hardness tests)

• Acceptance criteria establish minimum performance standards

• Isolator performance limits (maximum displacement, minimum restoring force)

• Structural response limits (story drift, floor acceleration)

Economic feasibility of seismic isolation
• Initial cost considerations may increase project budget

• Isolation system components add material costs (bearings, dampers)

• Additional structural elements accommodate isolation system (moat walls)

• Increased design and engineering efforts require more time and expertise

• Long-term benefits offset initial investment

• Reduced structural damage lowers repair costs after earthquakes

• Improved equipment and content protection preserves valuable assets (hospitals, data centers)

• Business continuity and downtime reduction maintain revenue streams (critical facilities)

• Lifecycle cost analysis quantifies economic impact

• Net present value (NPV) calculations account for future benefits

• Return on investment (ROI) estimation helps justify implementation

• Factors influencing economic viability vary by project

• Building importance and occupancy determine potential benefits (essential facilities)

• Seismic hazard level affects likelihood of significant events (high seismic zones)

• Local construction costs and practices impact implementation feasibility

• Case studies and performance data support decision-making

• Post-earthquake assessments demonstrate real-world effectiveness (Christchurch Hospital)

• Comparative analysis with conventional structures highlights benefits (USC Hospital)
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• Insurance implications can provide additional incentives

• Potential premium reductions due to lower risk profile

• Coverage enhancements for isolated structures (business interruption insurance)
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Unit 12 – Seismic Risk Assessment and
Mitigation
12.1 Components of seismic risk assessment
Seismic risk assessment is crucial for understanding potential earthquake impacts. It combines hazard
analysis, exposure mapping, and vulnerability evaluation to quantify risks and guide mitigation efforts.

Key components include ground shaking intensity, building inventories, and structural vulnerabilities.
These factors help planners make informed decisions about urban development, emergency
preparedness, and risk reduction strategies in earthquake-prone areas.

Seismic Risk Assessment Components

Components of seismic risk assessment
• Seismic hazard

• Ground shaking intensity quantifies expected earthquake forces (Peak Ground Acceleration)

• Probability of occurrence estimates likelihood of events over time (100-year return period)

• Soil conditions influence shaking amplification (soft soils vs bedrock)

•

Fault mechanisms determine rupture characteristics (strike-slip, normal, reverse)

•

Exposure

• Building inventory catalogs structures at risk (reinforced concrete, masonry, wood-frame)

• Population distribution maps density of people in hazard zones (urban centers, rural areas)

• Critical infrastructure identifies essential facilities (hospitals, power plants, bridges)

•

Economic assets assess potential financial losses (industrial facilities, commercial districts)

•

Vulnerability

• Structural vulnerability evaluates building response to shaking (ductility, strength)

• Non-structural vulnerability considers damage to contents (falling objects, equipment failure)

• Social vulnerability examines community resilience factors (age, income, education)

• Economic vulnerability assesses business interruption impacts (supply chain disruptions)
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Importance in earthquake-prone regions
• Informed decision-making

• Urban planning and development guides growth away from high-risk areas (fault zone setbacks)

• Building code implementation ensures structures meet seismic standards (lateral force requirements)

•

Resource allocation for mitigation targets high-risk areas (retrofit programs)

•

Emergency preparedness

• Evacuation planning identifies safe routes and assembly points (tsunami evacuation zones)

• Response strategy development prioritizes actions post-event (search and rescue operations)

•

Resource stockpiling ensures adequate supplies (food, water, medical supplies)

•

Risk mitigation

• Structural retrofitting prioritization targets vulnerable buildings (unreinforced masonry structures)

• Land-use zoning restricts development in hazardous areas (liquefaction-prone zones)

•

Insurance policy development creates financial protection mechanisms (earthquake insurance)

•

Public awareness

• Risk communication informs residents of potential hazards (hazard maps)

• Community education programs teach preparedness skills (Drop, Cover, and Hold On drills)

• Stakeholder engagement involves diverse groups in planning (community resilience workshops)

Risk Analysis and Limitations

Relationship of risk factors
• Risk equation

•

Risk = Hazard × Exposure × Vulnerability quantifies potential losses

•

Hazard influence

• Probability of ground motion exceedance determines likelihood of damage (2% in 50 years)
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•

Site-specific amplification effects modify ground shaking (basin effects)

•

Exposure factors

• Spatial distribution of assets identifies concentrations of risk (downtown business districts)

•

Temporal variations in population account for time-of-day differences (daytime vs nighttime)

•

Vulnerability considerations

• Building typology and age affect performance (modern vs older construction)

• Socioeconomic factors influence recovery capacity (access to resources)

•

Community resilience measures ability to withstand and recover (social networks, emergency services)

•

Interaction effects

• Cascading hazards compound impacts (earthquake-triggered landslides)

• Interdependencies between systems create complex vulnerabilities (power outages affecting water
supply)

Limitations of risk assessment
• Data limitations

• Incomplete building inventories miss vulnerable structures (informal settlements)

• Outdated census information misrepresents population distribution (rapidly growing areas)

•

Limited historical earthquake records create uncertainty in hazard models (regions with short recorded
history)

•

Model uncertainties

• Ground motion prediction equations have inherent variability (aleatory uncertainty)

• Fragility curve development relies on limited damage data (post-earthquake surveys)

•

Damage-to-loss conversion estimates financial impacts (insurance claim data)

•
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Temporal variations

• Changes in built environment alter risk landscape (urban renewal projects)

• Population growth and migration shift exposure patterns (coastal development)

•

Climate change impacts may affect seismic hazards (induced seismicity from reservoir loading)

•

Spatial resolution

• Variability in local site conditions affects ground motion (topographic effects)

• Microzonation challenges require detailed data (geotechnical borings)

•

Regional vs. site-specific assessments balance detail and coverage (city-wide vs single building)

•

Human behavior factors

• Evacuation compliance varies among populations (risk perception)

• Retrofit adoption rates depend on incentives and regulations (mandatory vs voluntary programs)

• Risk perception variability influences preparedness actions (personal experience with earthquakes)

12.2 Earthquake loss estimation methodologies
Earthquake loss estimation methodologies are crucial tools for understanding and preparing for seismic
risks. These methods range from deterministic approaches analyzing specific scenarios to probabilistic
techniques incorporating uncertainties in earthquake occurrence and ground motion.

The application of these methods involves hazard identification, exposure analysis, vulnerability
assessment, and loss calculation. Key outputs include probable maximum loss, average annual loss, and
loss exceedance probability curves, which inform risk management strategies and urban planning
decisions.

Earthquake Loss Estimation Methodologies

Earthquake loss estimation methodologies
•

Deterministic approach analyzes specific earthquake scenarios based on single well-defined events
typically considering worst-case or maximum credible earthquakes (San Andreas Fault rupture)

•

Probabilistic approach incorporates uncertainties in earthquake occurrence and ground motion using
probability distributions for various parameters considers multiple scenarios (Monte Carlo simulations)

•
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Empirical methods utilize statistical relationships between ground motion and observed losses based on
historical earthquake damage data (1994 Northridge earthquake)

•

Analytical methods employ mathematical models to simulate structural response considering building
characteristics and seismic hazard (finite element analysis)

•

Hybrid methods combine empirical and analytical approaches balancing simplicity and accuracy
(HAZUS-MH software)

Application of loss estimation methods
•

Loss estimation process involves: 1. Hazard identification 2. Exposure analysis 3. Vulnerability assessment
4. Loss calculation

•

Damage estimation assesses structural non-structural and contents damage prediction (reinforced
concrete frame buildings)

•

Casualty estimation evaluates injury severity levels occupancy patterns and building collapse potential
(hospital occupancy during nighttime)

•

Economic loss calculation considers direct costs repair and replacement and indirect costs business
interruption relocation (tourism industry losses)

•

Geospatial analysis integrates GIS for spatial distribution of losses mapping hazard exposure and
vulnerability (ShakeMap)

Comparison of estimation approaches
• Deterministic approach

• Advantages: simple to understand and communicate useful for specific scenario planning (emergency
response drills)

•

Disadvantages: does not account for uncertainties may underestimate or overestimate risks

•

Probabilistic approach

• Advantages: accounts for uncertainties provides comprehensive risk assessment (seismic hazard
maps)

•
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Disadvantages: computationally intensive requires extensive data inputs

•

Empirical methods

• Advantages: based on real-world observations relatively simple to apply (ATC-13 damage functions)

•

Disadvantages: limited by available historical data may not apply to new building types or regions

•

Analytical methods

• Advantages: can model complex structural behavior applicable to new building designs
(performance-based engineering)

• Disadvantages: requires detailed structural information may oversimplify some aspects of seismic
response

Interpretation of loss estimation results
•

Key outputs include probable maximum loss PML average annual loss AAL and loss exceedance
probability curves

•

Risk management applications prioritize mitigation efforts analyze cost-benefit of retrofitting strategies
develop emergency response plans (seismic retrofitting programs)

•

Communicating results to stakeholders involves translating technical information for non-experts
visualizing risk through maps and graphs (risk communication workshops)

•

Understanding uncertainty in loss estimates requires confidence intervals sensitivity analysis of input
parameters (Monte Carlo simulations)

•

Integrating with other disciplines influences urban planning land-use decisions insurance pricing building
code development (zoning regulations)

•

Temporal aspects of risk consider short-term vs long-term assessments impacts of climate change on
seismic risk (sea-level rise effects on soil liquefaction)

12.3 Risk mitigation strategies and cost-benefit analysis
Earthquakes pose significant risks, but we're not helpless. From structural retrofitting to smart land-use
planning, various strategies can reduce seismic hazards. These approaches aim to strengthen buildings,
minimize exposure, and improve emergency preparedness, creating more resilient communities.
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Cost-benefit analysis plays a crucial role in evaluating these mitigation strategies. By weighing the costs of
implementation against potential benefits like avoided losses, decision-makers can prioritize the most
effective interventions. This economic approach helps optimize resource allocation for maximum impact in
earthquake-prone areas.

Risk Mitigation Strategies

Strategies for seismic risk reduction
• Structural retrofitting strengthens existing buildings against earthquakes

• Base isolation systems decouple structures from ground motion reducing seismic forces (rubber
bearings)

• Seismic dampers absorb earthquake energy dissipating it as heat (viscous fluid dampers)

• Steel bracing adds lateral stiffness to frames improving stability (X-braces, K-braces)

• Reinforcement of weak structural elements enhances load-bearing capacity (concrete jacketing)

• Land-use planning minimizes exposure to seismic hazards through smart development

• Zoning regulations restrict construction in high-risk areas (fault zones, liquefaction-prone sites)

• Building codes establish minimum standards for earthquake-resistant design (UBC, IBC)

• Hazard mapping identifies vulnerable areas guiding development decisions (USGS ShakeMaps)

• Non-structural mitigation reduces risks from falling objects during shaking

• Securing furniture and equipment prevents injuries and property damage (anchor bookcases, strap
water heaters)

• Protecting building contents safeguards valuable assets and ensures business continuity (use flexible
connections for pipes)

• Emergency preparedness improves response and reduces casualties

• Early warning systems provide crucial seconds for protective actions (Japan's J-Alert)

• Evacuation plans guide orderly movement to safe areas (designated assembly points)

• Public education and awareness programs build community resilience (Drop, Cover, and Hold On
drills)

• Infrastructure resilience ensures critical services continue post-earthquake

• Strengthening lifeline systems maintains essential functions (seismic valves for gas lines)

• Redundancy in critical infrastructure provides backup options (multiple water sources)

Principles of cost-benefit analysis
• Cost-benefit analysis (CBA) evaluates economic efficiency of mitigation options

• Key components of CBA form basis for decision-making

• Identification of costs includes all resources required for implementation

• Quantification of benefits measures positive outcomes in monetary terms
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• Time value of money accounts for future costs and benefits (discounting)

• Types of costs in seismic risk mitigation vary in nature

• Direct costs involve tangible expenses (materials, labor for retrofitting)

• Indirect costs encompass broader economic impacts (business interruption)

• Types of benefits in seismic risk mitigation include various positive outcomes

• Avoided losses represent damages prevented by mitigation (reduced structural damage)

• Improved resilience and recovery time lead to faster economic rebound

• Discount rates and present value calculations account for time preferences

• Sensitivity analysis tests robustness of results under different assumptions

• Limitations and uncertainties in CBA for seismic risk include difficulty quantifying intangible benefits

Application of cost-benefit analysis
• Steps in applying CBA to seismic risk mitigation follow systematic approach 1. Define project scope
and alternatives (retrofit vs rebuild) 2. Estimate costs for each alternative (initial investment,
maintenance) 3. Quantify benefits as avoided losses (structural damage, casualties) 4. Calculate net
present value (NPV) summing discounted cash flows 5. Compute benefit-cost ratio (BCR) dividing total
benefits by total costs

• Decision criteria guide investment choices

• Positive NPV indicates project is economically viable

• BCR greater than 1 shows benefits outweigh costs

• Comparing multiple alternatives helps optimize resource allocation

• Incremental analysis evaluates marginal benefits of additional investment

• Ranking projects by BCR prioritizes most efficient options

• Incorporating probabilistic seismic hazard analysis accounts for uncertainty in earthquake occurrence

• Consideration of intangible benefits captures non-monetary impacts (improved peace of mind)

• Case studies of CBA application in seismic risk mitigation projects provide real-world examples
(California hospital retrofits)

Prioritization in risk mitigation plans
• Risk assessment and characterization identify most critical vulnerabilities

• Identification of mitigation options generates range of potential solutions

• Prioritization methods rank interventions based on effectiveness and efficiency

• Multi-criteria decision analysis considers multiple factors (cost, time, impact)

• Risk reduction per dollar spent maximizes benefit from limited resources

• Implementation timeline and phasing structure mitigation efforts over time
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• Resource allocation strategies optimize use of available funds and personnel

• Monitoring and evaluation plans track progress and adjust as needed

• Integration with existing disaster management frameworks ensures coherence

• Consideration of socio-economic factors addresses equity and social impact

• Adaptive management approach allows flexibility in changing conditions

Communication of risk mitigation importance
• Identification of key stakeholders ensures comprehensive outreach (government officials, property
owners, general public)

• Tailoring messages to different audiences improves understanding and engagement

• Effective presentation of technical information makes complex concepts accessible

• Data visualization techniques convey risk levels clearly (heat maps, infographics)

• Use of scenarios and examples illustrates potential impacts (simulated earthquake damage)

• Highlighting long-term benefits of mitigation emphasizes value of investment

• Addressing common misconceptions about seismic risk corrects false beliefs

• Emphasizing co-benefits of mitigation strategies broadens appeal (energy efficiency from retrofits)

• Utilizing various communication channels reaches diverse audiences

• Public meetings allow direct interaction and Q&A

• Social media platforms disseminate information rapidly

• Policy briefs inform decision-makers concisely

• Demonstrating successful case studies provides evidence of effectiveness (Kobe's recovery after
1995 earthquake)

• Engaging stakeholders in the decision-making process builds trust and support

• Addressing concerns and potential barriers to implementation proactively resolves issues
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Unit 13 – Major Earthquake Case Studies
& Lessons
13.1 Analysis of structural failures in past earthquakes
Earthquakes can wreak havoc on structures, causing devastating failures. Understanding why buildings
collapse helps engineers design safer structures. From soft stories to soil liquefaction, various factors
contribute to structural damage during seismic events.

Historical failures reveal common vulnerabilities in building design and construction. Poor detailing,
inadequate materials, and site effects all play a role. By studying past earthquakes, engineers can improve
codes and practices to create more resilient structures for the future.

Historical Earthquake Structural Failures

Causes of earthquake structural failures
• Ground motion characteristics shape structural response

• Peak ground acceleration measures maximum force exerted on structures

• Duration of shaking influences cumulative damage (Mexico City 1985)

• Frequency content affects resonance with building periods

• Structural vulnerabilities increase collapse risk

• Soft story collapse occurs in buildings with weak first floors (1994 Northridge)

• Pounding between adjacent buildings causes localized damage

• Torsional irregularities lead to twisting motions and stress concentration

• Failure modes determine collapse mechanisms

• Shear failure in columns results from inadequate transverse reinforcement

• Beam-column joint failures occur due to poor detailing and confinement

• Foundation failures stem from soil liquefaction or excessive settlement

• Seismic hazards compound structural damage

• Liquefaction causes loss of soil bearing capacity (1964 Niigata)

• Landslides trigger foundation failures and building collapses

• Surface fault rupture directly damages structures crossing fault lines

Design and construction in failures
• Design deficiencies compromise seismic performance

• Inadequate lateral force-resisting systems lead to excessive drift

• Poor detailing of reinforcement results in brittle failures
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• Lack of ductility in structural elements limits energy dissipation

• Construction quality issues weaken structural integrity

• Poor concrete mixing and placement reduces strength and durability

• Inadequate reinforcement anchorage leads to bond failures

• Improper material substitutions compromise design assumptions

• Material properties influence failure mechanisms

• Low-strength concrete increases vulnerability to shear failures

• Brittle reinforcement steel limits plastic deformation capacity

• Degradation of materials over time reduces load-bearing capacity

Soil-Structure Interaction and Failure Patterns

Soil-structure interaction effects
• Site effects amplify seismic forces on structures

• Amplification of ground motion occurs in soft soil deposits

• Soil resonance enhances shaking at specific frequencies

• Foundation systems influence overall structural behavior

• Shallow vs deep foundations affect load transfer mechanisms

• Pile foundation behavior includes kinematic and inertial effects

• Kinematic interaction modifies input motion

• Foundation input motion differs from free-field ground motion

• Base slab averaging reduces high-frequency components

• Inertial interaction alters dynamic properties

• Period elongation occurs due to soil flexibility

• Increased damping results from soil-foundation energy dissipation

• Soil-foundation-structure system response involves complex mechanisms

• Rocking and sliding of foundations influence superstructure motion

• Radiation damping dissipates energy through wave propagation

Patterns in structural failures
• Building typology vulnerabilities persist across earthquakes

• Unreinforced masonry structures exhibit poor out-of-plane stability

• Non-ductile concrete frame buildings lack adequate confinement

• Precast concrete structures face connection failures
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• Failure mechanisms recurring in multiple events reveal systemic issues

• Soft story collapses in multi-story buildings (1995 Kobe)

• Out-of-plane failures in unreinforced masonry walls (2011 Christchurch)

• Shear failures in short columns due to infill walls

• Geographical and geological influences shape damage patterns

• Basin effects on ground motion amplification (Mexico City)

• Near-fault directivity effects cause pulse-like motions

• Evolution of building codes reflects lessons learned

• Lessons learned from past failures drive code improvements

• Implementation of seismic design provisions enhances resilience

• Influence of local construction practices affects seismic performance

• Regional variations in building performance reflect local techniques

• Impact of informal construction methods increases vulnerability

13.2 Performance of seismically designed structures
Seismic design provisions form the backbone of earthquake-resistant structures. They guide engineers in
creating buildings that can withstand various levels of shaking. Effectiveness is measured through
post-earthquake assessments and historical performance, informing future improvements.

Different seismic codes worldwide provide frameworks for earthquake-resistant design. These codes vary
in their approaches, affecting structural performance. Comparison metrics and analytical methods help
engineers evaluate and improve designs across different code requirements.

Seismic Design Effectiveness and Performance

Effectiveness of seismic design provisions
• Key seismic design provisions form backbone of earthquake-resistant design

• Base shear calculation determines lateral forces structures must withstand

• Ductility requirements ensure deformation capacity without collapse

• Capacity design principles protect critical elements from failure

• Performance objectives guide design process for different hazard levels

• Immediate occupancy allows quick reoccupation after minor earthquakes

• Life safety prevents casualties during design-level events

• Collapse prevention ensures structural integrity in extreme scenarios

• Post-earthquake damage assessment methods evaluate design effectiveness

• Visual inspection techniques identify visible structural damage (cracking, spalling)

• Instrumentation data analysis quantifies actual building response (accelerations, displacements)
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• Historical performance of seismically designed structures informs future improvements

• Case studies of major earthquakes (1994 Northridge, 1995 Kobe) reveal design strengths and
weaknesses

• Lessons learned lead to code improvements (enhanced detailing, consideration of near-fault effects)

Performance of structures vs seismic codes
• Major seismic design codes provide framework for earthquake-resistant design

• International Building Code (IBC) widely used in United States

• Eurocode 8 adopted by European Union countries

• New Zealand Standard NZS 1170.5 known for advanced seismic provisions

• Key differences in design approaches impact structural performance

• Force-based vs displacement-based design affects member sizing and detailing

• Load and resistance factors vary between codes, influencing safety margins

• Seismic hazard definition (return periods, spectral shapes) affects design forces

• Performance comparison metrics quantify structural response

• Inter-story drift indicates potential for non-structural damage

• Residual displacement affects post-earthquake serviceability

• Energy dissipation capacity relates to structural damage potential

• Analytical methods for performance comparison simulate earthquake response

• Pushover analysis estimates nonlinear capacity under increasing lateral loads

• Time-history analysis simulates dynamic response to specific ground motions

• Incremental dynamic analysis (IDA) evaluates performance across multiple hazard levels

Advanced Seismic Design Strategies and Site Effects

Behavior of seismic isolation systems
• Seismic isolation systems decouple structure from ground motion

• Elastomeric bearings provide flexibility and damping (lead-rubber bearings)

• Friction pendulum systems utilize curved sliding surfaces for period control

• Rolling isolation systems use spherical or cylindrical rollers for low friction

• Energy dissipation devices supplement structural damping

• Viscous dampers dissipate energy through fluid orificing (piston-cylinder devices)

• Friction dampers utilize sliding interfaces for energy dissipation (Pall friction dampers)

• Yielding metal dampers plastically deform to absorb energy (buckling-restrained braces)



Fiveable archived study guides Page 89

• Performance characteristics of isolation/damping systems reduce seismic demands

• Period elongation shifts structure away from dominant ground motion frequencies

• Base shear reduction decreases forces transmitted to superstructure

• Energy dissipation capacity limits structural deformations and damage

• Real-world performance data validates effectiveness of these systems

• Instrumented buildings with isolation/damping systems provide response measurements

• Observed behavior during major earthquakes (2011 Tohoku, 2010 Chile) demonstrates benefits

Influence of site conditions on structures
• Site classification systems categorize local soil conditions

• NEHRP site classes range from hard rock (A) to soft soil (F)

• Eurocode ground types similarly classify soil stiffness and depth

• Site amplification factors account for soil effects on ground motion

• Short-period amplification ( ) affects high-frequency response

• Long-period amplification ( ) influences low-frequency motion

• Site-specific seismic hazard analysis refines design ground motions

• Probabilistic seismic hazard analysis (PSHA) considers all potential sources

• Deterministic seismic hazard analysis (DSHA) focuses on worst-case scenarios

• Site response analysis methods predict soil behavior during earthquakes

• Equivalent linear analysis approximates nonlinear soil response

• Nonlinear time-domain analysis captures complex soil behavior more accurately

• Soil-structure interaction effects modify system response

• Kinematic interaction filters incoming ground motion

• Inertial interaction alters dynamic characteristics of structure

• Foundation flexibility affects overall system stiffness and damping

• Performance implications of site conditions impact design decisions

• Resonance effects amplify structural response at certain frequencies

• Liquefaction potential leads to foundation instability in saturated soils

• Topographic effects cause localized amplification on hills and ridges

13.3 Improvements in seismic design practices based on observations
Earthquakes have taught us valuable lessons about structural design. From the importance of ductility to
proper detailing in reinforced concrete, these insights have shaped modern building practices. Seismic
design codes have evolved, incorporating new data and approaches to better protect structures and
people.
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Post-earthquake reconnaissance plays a crucial role in advancing our understanding. Teams collect data
on damage patterns and ground motions, while new technologies enable large-scale assessments. This
information drives the development of innovative strategies for enhanced seismic performance, from
advanced control systems to resilience-based design frameworks.

Historical Lessons and Code Evolution

Key lessons from earthquake failures
• Ductility in structural design enables structures to deform without collapse and incorporates energy
dissipation mechanisms (plastic hinges)

• Proper detailing in reinforced concrete structures ensures adequate confinement of concrete and
proper anchorage of reinforcement (stirrup spacing)

• Soil-structure interaction affects structural response based on local site conditions and emphasizes
importance of foundation design (soil amplification)

• Structural irregularities cause torsional effects in asymmetric buildings and soft story failures in
multi-story structures (L-shaped buildings)

• Non-structural component design mitigates falling hazards and protects critical equipment and
systems (suspended ceilings)

Evolution of seismic design codes
• Seismic zoning maps introduced to account for regional variations in seismic hazard and updated
based on new seismological data (USGS hazard maps)

• Performance-based design approaches developed with multiple performance objectives for different
earthquake intensities incorporating probabilistic seismic hazard analysis (FEMA P-58)

• Seismic load calculations refined through response spectrum analysis and consideration of near-fault
effects (directivity pulses)

• Detailing requirements improved with enhanced ductility provisions for reinforced concrete and
capacity design principles for steel structures (special moment frames)

• Geotechnical considerations integrated including liquefaction potential assessment and soil-structure
interaction analysis requirements (site-specific response spectra)

Data Collection and Future Strategies

Impact of post-earthquake reconnaissance
• Rapid deployment of reconnaissance teams documents structural damage patterns and assesses
ground motion characteristics (EERI Learning from Earthquakes Program)

• Remote sensing technologies utilize satellite imagery for large-scale damage assessment and LiDAR
scanning for detailed structural deformation analysis (InSAR)

• Strong-motion instrumentation programs record ground motions and structural responses to validate
and calibrate analytical models (CESMD database)

• Damage databases systematically catalog observed failures and enable statistical analysis of
performance trends (NIST Disaster and Failure Studies Program)
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• Collaboration between researchers and practitioners integrates field observations into design
guidelines and identifies knowledge gaps for future research (PEER reports)

Strategies for enhanced seismic performance
• Advanced structural control systems implement base isolation technologies and tuned mass dampers
for tall buildings (Taipei 101 TMD)

• Self-centering structural systems develop post-tensioned connections in steel and concrete frames
and apply shape memory alloys (rocking walls)

• High-performance materials utilize ultra-high-performance concrete for critical elements and
fiber-reinforced polymers for retrofit applications (UHPC bridge columns)

• Real-time structural health monitoring integrates sensor networks for damage detection and machine
learning algorithms for performance prediction (vibration-based damage identification)

• Resilience-based design frameworks consider post-earthquake functionality and incorporate life-cycle
cost analysis in seismic design decisions (REDi Rating System)
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Unit 14 – Future Trends in Earthquake
Engineering Research
14.1 Advanced numerical modeling techniques
Advanced numerical modeling revolutionizes earthquake engineering. It offers increased accuracy,
simulates complex behaviors, and reduces physical testing needs. These tools allow engineers to predict
structural responses and visualize performance under various seismic scenarios.

However, advanced modeling has limitations. It requires significant computational resources, expertise in
both engineering and computation, and careful parameter selection. Despite these challenges, techniques
like finite element analysis and multi-scale modeling provide powerful insights for earthquake-resistant
design.

Advanced Numerical Modeling in Earthquake Engineering

Advantages vs limitations of modeling techniques
• Advantages of advanced numerical modeling

• Increased accuracy predicts structural response under various seismic scenarios (ground motion
intensities, fault rupture mechanisms)

• Simulates complex nonlinear behaviors captures material degradation, large deformations, and
dynamic effects

• Reduced need for expensive physical testing saves time and resources (full-scale shake table tests)

• Visualizes structural performance aids in design optimization and risk assessment (stress
distributions, failure modes)

• Limitations of advanced numerical modeling

• Computational cost and time requirements demand high-performance hardware and longer simulation
times (days or weeks for large-scale models)

• Model setup and calibration complexity requires expertise in both structural engineering and
computational methods

• Input parameters and material models dependency affects result accuracy (soil properties, damping
coefficients)

• Numerical instabilities and convergence issues may arise in highly nonlinear analyses (contact
problems, material softening)

• Key modeling techniques

• Finite element analysis (FEA) discretizes structures into small elements for detailed stress and strain
analysis

• Discrete element method (DEM) models discontinuous media and particle interactions (soil, rock
masses)
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• Boundary element method (BEM) efficiently analyzes infinite domains and wave propagation
problems

• Spectral element method (SEM) combines FEA with spectral methods for improved accuracy in wave
propagation simulations

Advanced finite element analysis methods
• Nonlinear analysis techniques

• Geometric nonlinearity accounts for large deformations and P-Delta effects

• Material nonlinearity models inelastic behavior (yielding, cracking)

• Contact nonlinearity simulates interactions between structural components (pounding, sliding)

• Advanced element formulations

• Shell elements model thin-walled structures with both membrane and bending behavior (shear walls,
steel plates)

• Solid elements perform 3D analysis of complex geometries and stress states (bridge piers,
foundations)

• Beam elements with warping effects capture torsional behavior of open sections (I-beams, channels)

• Time integration methods

• Implicit methods solve equilibrium equations at each time step (Newmark-β, HHT-α)

• Explicit methods use forward time integration without iteration (Central Difference, explicit Newmark)

• Material models for seismic analysis

• Plasticity models simulate yielding and hardening behavior (steel structures, soil plasticity)

• Damage models capture progressive degradation of material properties (concrete cracking, fatigue)

• Rate-dependent models account for strain rate effects in dynamic loading (viscoplasticity)

• Soil-structure interaction (SSI) modeling

• Direct method models soil and structure together in a single analysis domain

• Substructure method separates soil and structure analyses, combining results through interface
conditions

Multi-scale modeling approaches
• Hierarchical multi-scale modeling

• Micro-scale molecular dynamics simulations model atomic interactions and defect formation

• Meso-scale representative volume element (RVE) analysis captures material heterogeneity
(fiber-reinforced composites)

• Macro-scale structural-level simulations use homogenized properties from lower scales

• Concurrent multi-scale modeling

• Couples different scales within a single simulation links atomistic and continuum regions
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• Domain decomposition techniques divide the model into regions of different resolution

• Homogenization methods

• Computational homogenization uses detailed micro-models to derive effective properties

• Analytical homogenization applies mathematical techniques to estimate bulk properties (Mori-Tanaka
method)

• Scale bridging techniques

• Information transfer between scales ensures consistency across different levels of modeling

• Upscaling and downscaling procedures map properties and behaviors between scales

• Applications in earthquake engineering

• Modeling of reinforced concrete structures captures rebar-concrete interaction and crack propagation

• Analysis of composite materials in seismic design optimizes fiber orientation and volume fractions

High-performance computing for simulations
• Parallel computing techniques

• Domain decomposition divides the model into subdomains for parallel processing

• Shared memory parallelization (OpenMP) utilizes multi-core processors efficiently

• Distributed memory parallelization (MPI) enables use of computer clusters and supercomputers

• GPU acceleration

• CUDA programming for NVIDIA GPUs accelerates matrix operations and element calculations

• OpenCL provides cross-platform GPU computing for various hardware architectures

• Cloud computing for earthquake engineering

• Infrastructure-as-a-Service (IaaS) platforms offer scalable computing resources (Amazon EC2,
Google Cloud)

• Software-as-a-Service (SaaS) solutions provide web-based simulation tools (SimScale, OnScale)

• Big data management in large-scale simulations

• Data storage and retrieval strategies optimize handling of terabytes of simulation results

• Visualization of large datasets enables effective interpretation of results (ParaView, VisIt)

• Performance optimization techniques

• Load balancing distributes computational work evenly across processors

• Memory management minimizes data transfer and maximizes cache usage

• I/O optimization reduces bottlenecks in reading and writing large datasets

• Workflow management for complex simulations

• Job scheduling and resource allocation optimize utilization of computing resources
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• Automation of simulation processes streamlines parameter studies and sensitivity analyses

14.2 Innovative structural systems and materials
Innovative structural systems revolutionize earthquake resistance. Base isolation and damping
mechanisms reduce seismic forces, while advanced materials like shape memory alloys enhance
performance. These systems minimize damage, improve safety, and extend building lifespans.

Optimizing these systems involves strategic design and placement. Passive energy dissipation devices
absorb seismic energy, while sustainability considerations ensure long-term benefits. Life-cycle cost
analysis and environmental impact assessments guide implementation decisions, balancing initial
investments with long-term resilience.

Innovative Structural Systems for Seismic Performance

Seismic performance of innovative structures
• Base isolation systems decouple structure from ground motion reducing seismic forces and
accelerations

• Elastomeric isolators use rubber layers to absorb energy

• Friction pendulum systems utilize curved sliding surfaces for displacement

• Damped structures incorporate energy dissipation mechanisms to absorb seismic energy

• Viscous dampers use fluid resistance to dissipate energy

• Viscoelastic dampers combine elastic and viscous properties

• Friction dampers convert kinetic energy to heat through sliding interfaces

• Performance metrics quantify effectiveness of innovative systems

• Inter-story drift reduction minimizes structural damage

• Acceleration reduction improves occupant comfort and safety

• Base shear reduction decreases foundation demands

• Analytical methods assess system behavior

• Time history analysis simulates structure response to earthquake records

• Response spectrum analysis for isolated structures evaluates design parameters

• Design considerations ensure optimal performance

• Flexibility of superstructure affects load distribution

• Displacement demands on isolation systems determine required clearances

Advanced materials for earthquake resistance
• Shape Memory Alloys exhibit superelasticity and shape memory effect

• Used in seismic dampers and braces for energy dissipation

• Self-centering properties reduce residual deformations
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• Fiber-Reinforced Polymers offer high strength-to-weight ratio and corrosion resistance

• Carbon, glass, and aramid fibers used in various applications

• Employed in retrofit projects and new construction for strengthening

• Advanced concrete materials enhance structural performance

• Ultra-high performance concrete provides superior strength and durability

• Engineered cementitious composites exhibit strain-hardening behavior

• Comparative advantages over traditional materials include

• Ductility enhancement improves energy absorption

• Damage mitigation reduces repair costs

• Long-term durability extends structure lifespan

Optimization and Evaluation of Innovative Systems

Passive energy dissipation in structures
• Passive energy dissipation devices absorb seismic energy

• Metallic yield dampers utilize material plasticity

• Friction dampers dissipate energy through sliding interfaces

• Viscoelastic dampers combine elastic and viscous properties

• Design methodology incorporates dampers into structural analysis

• Equivalent lateral force procedure modified for damped structures

• Capacity design principles ensure desired failure mechanisms

• Optimization techniques maximize damper effectiveness

• Strategic damper placement enhances overall performance

• Sizing and distribution of dampers tailored to structural needs

• Performance objectives guide design decisions 1. Immediate occupancy ensures minimal disruption
2. Life safety protects occupants during severe events 3. Collapse prevention maintains structural
integrity

• Modeling considerations capture complex behavior

• Nonlinear damper models represent hysteretic response

• Integration with structural analysis software enables comprehensive evaluation

• Code provisions (ASCE 7) provide guidelines for implementation

• Requirements for structures with damping systems ensure reliability

Sustainability of innovative structural systems
• Life-cycle cost analysis considers long-term economic impacts
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• Initial construction costs may be higher for innovative systems

• Maintenance and repair costs often reduced over time

• Potential damage costs from seismic events significantly lowered

• Sustainability metrics evaluate environmental impact

• Embodied energy of materials quantifies resource consumption

• Carbon footprint assessment guides material selection

• Recyclability and reusability promote circular economy principles

• Resilience considerations enhance post-earthquake recovery

• Reduced downtime after earthquakes maintains functionality

• Faster recovery and business continuity minimize economic losses

• Long-term performance factors into decision-making

• Durability of innovative materials extends service life

• Aging effects on base isolation and damping systems require monitoring

• Economic benefits offset initial investments

• Reduced insurance premiums reflect lower risk profile

• Increased building lifespan improves return on investment

• Social impacts extend beyond structural performance

• Enhanced occupant safety and comfort improve quality of life

• Preservation of critical infrastructure supports community resilience

• Comparative analysis guides implementation decisions

• Traditional vs innovative systems evaluated over building lifetime

• Cost-benefit ratios calculated for different seismic hazard levels

14.3 Real-time structural health monitoring
Real-time structural health monitoring is crucial for maintaining safe, resilient buildings. It uses sensors,
data processing, and analysis to detect damage early and assess structural integrity continuously. This
technology helps engineers make informed decisions about repairs and retrofits.

Sensor networks and data processing are the backbone of earthquake monitoring systems. They collect
and interpret vital information about structural behavior during seismic events, enabling rapid assessment
of damage and informing post-earthquake response strategies.

Principles and Techniques of Real-Time Structural Health Monitoring

Principles of structural health monitoring
• Structural Health Monitoring (SHM) fundamentals

• Continuous assessment of structural integrity and performance detects damage early
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• Real-time monitoring provides immediate feedback while periodic monitoring occurs at set intervals

• Key components of SHM systems

• Sensors and data acquisition systems collect raw structural data (accelerometers, strain gauges)

• Data transmission and storage send and preserve information for analysis (cloud storage, local
servers)

• Data processing and analysis algorithms interpret collected data (Fast Fourier Transform, neural
networks)

• Monitoring parameters

• Acceleration measures structural response to dynamic loads (seismic events, wind)

• Displacement tracks movement of structural elements (drift between floors)

• Strain gauges deformation in materials (concrete cracking, steel yielding)

• Vibration analyzes structural dynamics and modal properties (natural frequencies, mode shapes)

• Non-destructive evaluation techniques

• Acoustic emission detects and locates cracks by analyzing sound waves (concrete structures,
pressure vessels)

• Ultrasonic testing uses high-frequency sound waves to identify internal flaws (welds, composite
materials)

• Infrared thermography identifies temperature variations to detect defects (building envelopes,
electrical systems)

• Machine learning and artificial intelligence in SHM

• Pattern recognition identifies recurring structural behaviors (normal vs. abnormal responses)

• Anomaly detection flags unusual structural responses for further investigation (sudden stiffness
changes)

• Integration with structural control systems

• Active control uses external energy to counteract structural motion (tuned mass dampers)

• Semi-active control adapts structural properties without external energy (magnetorheological
dampers)

• Passive control uses fixed systems to dissipate energy (base isolators, viscous dampers)

Sensor Networks and Data Processing

Sensor networks for earthquake monitoring
• Sensor types and selection criteria

• Accelerometers measure structural acceleration during seismic events (piezoelectric, MEMS)

• Strain gauges monitor local deformations in structural elements (foil gauges, fiber Bragg gratings)
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• Displacement sensors track relative movement between structural components (LVDTs, laser
sensors)

• Fiber optic sensors provide distributed strain and temperature measurements (Brillouin scattering)

• Sensor placement optimization

• Modal analysis-based methods position sensors to capture dominant mode shapes

• Energy-based methods locate sensors where maximum strain energy occurs

• Network topology and architecture

• Wired networks offer reliable data transmission but require extensive cabling

• Wireless networks provide flexibility and ease of installation but may have power limitations

• Mesh networks create redundant communication paths for improved reliability

• Power management and energy harvesting

• Battery-powered sensors require periodic replacement or recharging

• Energy harvesting techniques utilize ambient vibrations or solar power for long-term operation

• Data acquisition systems

• Sampling rates determine temporal resolution of collected data (typically 100-1000 Hz for
earthquakes)

• Resolution and accuracy affect the quality of measured data (16-24 bit ADCs)

• Data synchronization and time stamping

• GPS-based time synchronization ensures accurate comparison of data from different sensors

• Redundancy and fault tolerance in sensor networks

• Multiple sensors monitor critical locations to ensure data availability in case of sensor failure

Data processing for structural monitoring
• Signal processing techniques

• Filtering removes noise and unwanted frequency components (Butterworth filters)

• Fourier transforms convert time-domain signals to frequency domain for spectral analysis

• Wavelet analysis provides time-frequency representation of non-stationary signals

• Feature extraction methods

• Time-domain features capture amplitude-based information (peak values, RMS)

• Frequency-domain features describe spectral content (power spectral density)

• Time-frequency domain features combine temporal and spectral information (spectrogram)

• Dimensionality reduction techniques

• Principal Component Analysis (PCA) identifies dominant patterns in high-dimensional data
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• Independent Component Analysis (ICA) separates mixed signals into independent sources

• Modal parameter identification

• Natural frequencies indicate overall structural stiffness and mass distribution

• Mode shapes describe deformation patterns associated with each natural frequency

• Damping ratios quantify energy dissipation in the structure

• Statistical pattern recognition

• Clustering algorithms group similar data points to identify structural states (k-means)

• Support Vector Machines (SVM) classify data for damage detection and localization

• Data fusion techniques

• Kalman filtering combines measurements from multiple sensors for improved state estimation

• Bayesian inference updates probability distributions of structural parameters based on new data

Interpretation of post-earthquake data
• Damage detection algorithms

• Model-based methods compare measured responses to predicted behavior from finite element
models

• Data-driven methods use machine learning to identify changes in structural response patterns

• Damage localization techniques

• Mode shape curvature method detects local stiffness changes by analyzing mode shape derivatives

• Flexibility-based methods identify damage by changes in structural flexibility matrix

• Damage quantification

• Stiffness reduction estimation calculates severity of damage based on changes in structural stiffness

• Crack size estimation uses fracture mechanics principles to assess damage extent

• Structural capacity assessment

• Residual strength evaluation determines remaining load-carrying capacity after earthquake damage

• Load-carrying capacity estimation predicts structure's ability to withstand future loads

• Fatigue life prediction models

• S-N curves relate stress amplitude to number of cycles to failure for different materials

• Fracture mechanics approaches model crack growth and propagation under cyclic loading

• Reliability analysis

• Probabilistic methods assess likelihood of structural failure under various loading scenarios

• Fragility curves relate ground motion intensity to probability of exceeding damage states

• Decision-making support systems
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• Risk assessment combines hazard, vulnerability, and consequence analysis for informed decisions

• Retrofit prioritization ranks structures based on risk level and available resources for strengthening

14.4 Earthquake early warning systems
Earthquake Early Warning Systems are game-changers in disaster preparedness. They detect seismic
waves, analyze data, and send alerts in seconds. These systems can save lives by triggering automatic
shutdowns, evacuations, and emergency protocols before the shaking starts.

Global systems like Japan's and California's ShakeAlert have proven effective, but challenges remain.
Improving accuracy, reducing latency, and reaching vulnerable populations are key focus areas. Future
advancements in machine learning and IoT devices promise even faster, more personalized alerts.

Understanding Earthquake Early Warning Systems

Benefits of earthquake early warning
• Detects initial seismic waves rapidly analyzes wave characteristics quickly estimates earthquake
parameters immediately distributes alerts

• Automatically shuts down critical infrastructure (nuclear power plants, chemical facilities) slows or
stops transportation systems (trains, elevators) evacuates hazardous areas (construction sites, coastal
regions)

• Pre-positions first responders activates emergency protocols prepares medical facilities for potential
surge in patients

Components of warning systems
• Seismic sensor networks utilize accelerometers seismometers GPS stations for precise ground
motion detection

• Data processing centers employ high-performance computing systems run real-time data analysis
algorithms for rapid earthquake characterization

• Communication infrastructure relies on satellite systems fiber optic networks cellular networks
ensuring redundant alert pathways

• Alert dissemination methods include mobile apps (MyShake, QuakeAlertUSA) broadcast systems (TV,
radio) sirens and public address systems

Evaluation and Future of Early Warning Systems

Performance of global systems
• Japan's Earthquake Early Warning system integrates with public broadcasting performed effectively
during 2011 Tohoku earthquake providing ~1 minute warning

• California's ShakeAlert system covers West Coast detects M3.0+ earthquakes demonstrated success
in 2019 Ridgecrest earthquakes

• Mexico's SASMEX historically developed after 1985 earthquake improved over time effectively warns
Mexico City of distant quakes
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• Reliability factors consider false alarm rates (typically <5%) balance detection speed vs. accuracy
trade-offs ensure system uptime and redundancy (99.9% availability)

Challenges in warning accuracy
• Distinguishing between P-waves and S-waves requires sophisticated algorithms to prevent false
triggers

• Estimating magnitude for large earthquakes faces saturation issues potentially underestimating M7.0+
events

• Accounting for site-specific amplification necessitates detailed soil maps and real-time correction
factors

• Reducing latency in data transmission explores 5G networks edge computing solutions

• Optimizing algorithm processing time implements parallel computing GPU acceleration

• Balancing speed with accuracy develops adaptive thresholds dynamic warning criteria

• Reaching vulnerable populations requires multi-channel alerts (text, TV, radio, sirens)

• Overcoming communication infrastructure limitations explores mesh networks satellite-based systems

• Educating public on appropriate responses involves regular drills clear action guidelines

• Machine learning rapidly characterizes earthquakes improves with each event

• IoT devices create dense sensor networks (smartphones, smart home devices)

• Personalized alert systems consider user location building type individual vulnerability

• International cooperation builds global early warning networks shares data and best practices


