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Performance-Based Seismic Design (PBSD)

300 m 

Prescriptive (Code)  Vs.   Non-Prescriptive (PBSD)
Courtesy: SOM



Slide Courtesy: Moehle

PBSD Procedure



Performance-Based Earthquake Engineering

Slide Courtesy: Holmes and Deierlien



PEER PBEE Methodology

Slide Courtesy: Mahin



Applications of PBEE

Slide Courtesy: Mahin



Service Level Design/Assessment (Frequent Earthquake, Return Period 43 years)

Performance Objective

Essentially elastic performance at the 50% probability of exceedance in 30 year (IO)

Acceptance Criteria

MCE Level Design/Assessment (Very Rare Earthquake, Return Period 2475 years)

Performance Objective

• Low probability of collapse under the MCE (2% prob. of exceedance in 50 year), (CP)

• No loss of gravity load carrying capacity

• No global instability

• No excessive permanent drifts

• No excessive inelastic straining to a level severely detrimental to strength

Acceptance Criteria

Performance-Based Seismic Design/Assessment

Common Performance Levels

• Operational (OP)

• Immediate Occupancy (IO)

• Life Safe (LS)

• Collapse Prevention (CP)



ATC 40

1996

Vision 2000

U.S. Performance-Based Seismic Design Guides

FEMA 273

1997

FEMA 356

2000



ASCE 41 2017

Not Just for Existing Buildings!

ACI 369 2017

Not Just for Existing Buildings!

U.S. Performance-Based Seismic Design Guides



ASCE 41 Modeling and Acceptance Criteria

Column Modeling



TBI   2017

System assumptions, analysis procedures, performance levels, acceptance criteria

LATBSDC  2020

U.S. Performance-Based Seismic Design Guides



FEMA P-58-6   (ATC 58-2)

2018

FEMA P-2018   (ATC 78)

2018

U.S. Performance-Based Seismic Design Guides



FEMA P-695

2009

FEMA P-58-1

2012

U.S. Performance-Based Seismic Design Guides

PEER TBI Case Studies

2011



PBEE PACT Tool

Slide Courtesy: FEMA



PEER ATC 72

2011

U.S. Performance-Based Seismic Design Guides

CTBUH

2017
CTBUH

2008



U.S. Performance-Based Seismic Design Guides

24+ NIST Guides



U.S. Performance-Based Seismic Design Guides

ACI Reports/Guides

SEAOC



U.S. Performance-Based Seismic Design Guides

A MAZE of Guidelines

ACI PBSD Handbook

2017



U.S. Performance-Based Seismic Design Guides

A MAZE of Guidelines

PBSD Consulting: 30+ Guidelines

The “Iconic Tower” 400m, Tallest in Africa



U.S. Performance-Based Seismic Design Guides

NIST Research



U.S. Performance-Based Seismic Design Guides

ACI Code

ACI 318-19

2019

Appendix A

Design with Nonlinear Analysis 



U.S. PBSD still “Non-prescriptive”?



U.S. Performance-Based Seismic Design Research

Provide tools to stakeholders to conduct accurate and informed PBSD

• Component Level (experimental):

Strength, Deformation, Ductility

• Component Level (analytical):

Constitutive models, Backbones

Strength models, Fragility, Acceptance Criteria

• Isolated System Level (experimental):

Model verification/calibration  

• Isolated System Level (analytical):

System Fragility, Economic Vulnerability, Resilience/Functional Recovery

• Distributed/Integrated Systems Level (Regional Simulations):

Neighborhood, City, Regional Economic Vulnerability, Resilience/Functional Recovery

• Improving Analysis Procedures

• Ground Motions/Hazards

• New Materials

• Novel Retrofits

• High-power computing/simulation

• Big data. ML, AI

• New Technology

• New Construction Methods

• Testing Methods/Standards



U.S. PBSD Guidelines

Example Background Research

A Walk-Through



Palu, Indonesia 2018 

Killer Buildings (Non-ductile Concrete Buildings)

Christchurch, NZ 2011



PBSD Research Contribution

NEES GC Research: (2007- 2014)  (NSF: $3.6 Million)

Mitigation of Collapse Risk of Older Concrete Buildings

 UC Berkeley (Inventory, BC Joints tests & models, Fragility)

 UCSD (Floor membrane tests and models)

 UCLA (Field tests, SFSI)

 SJSU, U Washington (Inventory, Loss estimation)

 Purdue (Column tests and models)

 University of Kansas (Column tests and models)

 University of Puerto Rico (Joint shear models)

PI: Jack Moehle, UC Berkeley



Inventory of 

Older Concrete Buildings

Selection of 

Ground Motion Records
Prototype Buildings

Seismic Hazard Analysis

Pilot Study

Corner Beam-

Column Joints

Non-ductile and 

Retrofitted Column

Lab Tests Field Tests

Soil-Structure-

Foundation Interaction
Floor System

Membrane Effect

Building Simulations

Non-ductile 

Column Model

Non-ductile 

Beam-Column 

Joint Models

SSFI Model Membrane Model

Component Modeling

Fragility curves

Incremental Dynamic Analysis

of Older Concrete Buildings

Mitigation Strategy

NEES GC Research: Mitigation of Collapse Risk of Older 

Concrete Buildings: Road Map

Loss Estimates

Shear Strength 

Models

Axial Capacity 

Models

Bond-slip 

Model

Macro Numerical Model



Izmit, Turkey, 1999

Deficient (Existing) (Non-Ductile) (Unreinforced) Joint Details

Seismic codes not enforced prior to 1970s

NO Joint Transverse Reinforcement



PBSD Research Contribution

NEES GC Research: (2007- 2014)

Seismic Vulnerability of Non-ductile Beam-Column Joints



Experimental Program 

Test Setup

Research Contribution



Instrumentations

External Deformations

Steel StrainsExperimental Program 



Load Protocol
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Proposed Empirical Shear Strength Model (J-Failure)

Joint aspect ratio

Axial load Enhancement Factor
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Model is now in: 

ACI 369

FEMA P-2018

NIST Design Guides

SEAOC Guidelines



Sample Experimental Results

Joint Aspect Ratio Effect

ASCE 41

ASCE 41

ASCE 41 66% shear strength enhancement

Minimal effect on displacement ductility

Accurately captured by STM 

Proposed STM

J-Failure



Sample Experimental Results

Effect of Axial Load
18% shear strength enhancement

25% displacement ductility reduction

26% Peak strength drift capacity reduction  

Higher loading stiffness

Accelerated post-peak stiffness & strength degradation

Sustained more than 3% drift before axial failure

Accurately captured by STM

J-Failure

Axial Load Factor k

αj=1

αj=2



Joint Nonlinear Macro Model for FE Numerical Simulation

Experimental Backbone

ACI369 / ASCE41

M

γs (rad.)

Proposed Backbone

Pinching4 Material

Scissors Model

Model is now in: 

FEMA P-2018

NIST, SEAOC 

Soon in ASCE 41 



Joint Nonlinear Macro Model for FE Numerical Simulation
M

γs (rad.)

Proposed Backbone Model Parameters Proposed Backbone

1. Cracking

2. Pre-Peak

3. Peak

4. Post-Peak (Axial Failure)

√fc’



Park SP4 Wong BS-L600 Pantelides Unit 5

Wong BS-L Park SP2 Pantelides Unit 6

Proposed Nonlinear Macro Model Test Validation (OpenSees)



Proposed Axial Capacity Models for Beam-Column Joints

cV

ybsb fA
N

sfV

dV
sP

sP

jV

bV

ybst fA

dV

cd

'dd 

P

25.0

,,

,,

tan)()(

)(tan)(
03.0
































ybsbajab

ybsbajab

axial fAVVP

fAVVP

L

50.0

tan.
057.0


























ybsbAxial fA

P

L


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Model is now in: 

FEMA P-2018

NIST Design Guides

SEAOC Guidelines



NEES GC Research Impact

Los Angeles will have the nation's toughest earthquake safety rules 

L.A. Passed New Law October 2015 Enforcing Seismic Retrofit

1500 NDC Buildings 



PBSD Research at UAA    

vju

Shear Str
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a

cvju

𝛾/2 Joint 

Panel

Database (800 joint tests)

Period (1967-2020)

Probabilistic Nonlinear Cyclic Models for BCJ

ASC 41/ACI 369 

Proposal Oct 2021

(RA Elmorsy)



New probabilistic models for (EXTERIOR, INTERIOR, CORNER, KNEE)

Unreinforced

J-Failure

BJ-Failure

B-Failure

Reinforced

J-Failure

BJ-Failure

PBSD Research at UAA    Probabilistic Nonlinear Cyclic Models for BCJ
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PBSD Research at UAA    Probabilistic Nonlinear Cyclic Models for BCJ
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Unreinforced Joints (Fragility Curves and Performance Objective Coeff.)
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Exterior Joints
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Strength model: Hassan & 

Moehle STM

Joint Type Model Parameter 
Multiplier to achieve POE 

50% POE 40% POE 30% POE 20% POE 10% POE 5% POE 

Exterior 

and  

Corner 

Regression 

model 

a (Hassan and Moehle STM) 1.00 0.90 0.82 0.73 0.62 0.54 

a (ACI 369-21) 1.00 0.91 0.83 0.74 0.63 0.56 

b (Hassan and Moehle STM) 1.00 0.90 0.81 0.71 0.59 0.51 

b (ACI 369-21) 1.00 0.89 0.78 0.67 0.54 0.46 

c 1.00 0.92 0.85 0.77 0.68 0.61 

Hassan's 

model 

a (Hassan and Moehle STM) 0.74 0.66 0.59 0.52 0.43 0.37 

a (ACI 369-21) 1.33 1.19 1.06 0.93 0.77 0.66 

b (Hassan and Moehle STM) 0.86 0.77 0.68 0.57 0.48 0.40 

b (ACI 369-21) 0.86 0.77 0.68 0.57 0.48 0.40 

 Modified 

ASCE 41 

a 1.00 0.92 0.85 0.76 0.65 0.58 

b 1.00 0.90 0.81 0.71 0.59 0.51 

Interior 
Regression 

model 

a 1.00 0.94 0.90 0.86 0.80 0.75 

b 1.00 0.95 0.90 0.85 0.78 0.72 

c 1.00 0.97 0.94 0.90 0.84 0.80 

 

PBSD Research at UAA Probabilistic Nonlinear Cyclic Models for BCJ



PBSD Research at UAA

Evaluation of Existing Models (Reinforced Joints)

Probabilistic Nonlinear Cyclic Models for BCJ



PBSD Research at UAA

J-Failure

BJ-Failure

Reinforced Exterior (Parameter a & b)
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PBSD Research at UAA
Probabilistic Nonlinear Cyclic Models for BCJ

Reinforced Exterior Joints (Fragility Curves and Performance Objective Coeff.)



Professional Perspective (Some lack of Guidance?)

Skidmore, Owings & Merrill (SOM), San Francisco

 Lead of Tall Building Performance-Based Seismic Design

350 Mission

San Francisco

$250M 

130 m



Professional Perspective (Some lack of Guidance?)

Skidmore, Owings & Merrill (SOM), San Francisco

Shenglong Fuzhou Global Center Tower, China 

60-story-$750 Million

300 meters

140,000 m2



PBSD Research
Seismic Behavior of Coupling Beams with Openings (RA Sayed)



PBSD Research
Seismic Behavior of Coupling Beams with Openings



PBSD Research
Seismic Behavior of Coupling Beams with Openings

ACI 318-22

ACI 318-H Seismic Provisions

Code Change Proposal for Opening Size Limit



Motivation

SRC Columns built < 1980

?

Almost no Info

Modern Columns

No Backbones!

PBSD Parameters of SRC Columns (Existing/Modern)



Test Specimen Design

15 Test Columns

ACI 318-63   20 Story prototype (Existing)

ACI 318-14   30 Story prototype (Modern)

PBSD Parameters of SRC Columns (RA Farag)



Test Setup

PBSD Parameters of SRC Columns (RA Farag)



SRC Columns Experimental Results

CSS80-E

Shear failure  (2.28% IDR)

Axial failure 

(3.86% IDR)

AISC 341

Shear Controlled Specimens

(TBI) MCE AC (3% & 4.5% IDR)

21% Peak strength drift reduction

24% axial failure drift reduction  



PBSD Parameters for SRC Columns

Test Database at UAA



PBSD Parameters for SRC Columns

Analytical Models at  UAA



PBSD Parameters for SRC Columns

Analytical Models at  UAA (Ready to use for ASCE 41)



ASCE 41 

Vs.

Test Backbones

Two Buildings: SRC vs. ASCE 41 Method

PBSD SRC Columns Fragility

Fragility & Resilience: Existing Buildings (RA Gonzales)



PBSD SRC Columns Fragility

Fragility & Resilience of Existing Buildings (RA Gonzales)

Fragility

Econ. Loss

Resilience
Function

System-level 

• Fragility

• Economic Vulnerability
• Resilience



PBSD/Fragility of Industrial Facilities
Seismic Behavior of Industrial Precast Facilities Ph1 (RA Bernal)



PBSD/Fragility of Industrial Facilities
Seismic Behavior of Industrial Precast Facilities Ph1 (RA Bernal)



PBSD/Fragility of Industrial Facilities
Seismic Behavior of Industrial Precast Facilities Ph1 (RA Bernal)



PBSD/Fragility of Industrial Facilities
Seismic Fragility of Industrial Precast Facilities Ph2 (RA Soto)

System-level Fragility OpenSees Component Calibration



New Probabilistic 
Damage Index for Columns

PBSD/Fragility of Existing and Code-conforming Bridges

Long Duration Effects (RA: Restrepo) 10 Bridge Typologies 



PBSD/Fragility of Existing and Code-conforming Bridges

Long Duration Effects (RA: Restrepo)

Cost Module

Demand Module Damage Module

22 Long, 22 short



Sample PBSD Lifelines Research (Port Piers)

Assess. of ASCE-61 Pushover Nonlinear Analysis Method for Wharves 

 SSM conservative for excitations in the longitudinal direction 

 Moment, shear, and axial load demand +/- 20% 

 Displacements & curvature demands within the 25 to 75 percentile

Recommendations to 
improve ASCE-61 



PBSD Parameters RC Beams (U of Texas, SA)

Slide Courtesy: Matamoros

ACI 369/ASCE 41



PBSD Parameters for RC Walls  (UCLA)

Slide Courtesy: Abdullah, Wallace 

ACI 369/ASCE 41 & ACI 374



PBEE of Bridges/  CA High-Speed Rail (UCSD)

Slide Courtesy: Conte



PBEE of Bridges (UCI)

Slide Courtesy: Zarian



PBEE of Bridges (UNR)

Slide Courtesy: Buckle, Moustafa

Tsunami Effects Long Dur. Effects



PBSD Non-structural Components (UCSD, UB, UNR)

Slide Courtesy: Mosqueda



PBEE Regional Simulations (From Simple Hazus HPC)

SLC URM DAMAGE M7.0

SF Bay Area Transp. Network, Baker



PBEE Regional Simulations (LBL, UNR)

Slide Courtesy: McCallen



PBEE Regional Simulations (UW, The M9 Project)

Slide Courtesy: Berman et al.



PBEE Regional Simulations (SF Tall Building Study)

Slide Courtesy: Ayse Hortacsu, SimCenter



THANK YOU

wmhassan@alaska.edu


