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Promoting resiliency and rapid recovery following a large earthquake by focusing on:



Plans for New UEEC Buildings and Labs

• B1:  New James D. Ballif
Structural Engineering Building 
($1.25M gift)

• B3:  New UEEC laboratory

• Approximately triple the existing 
lab/office space

• Approximately $3.5M 
investment

4

SMASH Lab
B1

B3

Conference/Training 
Room
Faculty and Student 
Offices
Computational Lab

Specimen Fabrication Lab
Mobile Field Testing Equipment

High-speed hydraulic actuators
Structural hybrid-simulation



Earthquake Engineering Emphasis

We have started the first earthquake engineering graduate student emphasis area in Utah 
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UEEC Focus Areas
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Promoting resiliency and rapid recovery following a large earthquake by focusing on:

The presentation today!



BACKGROUND METHODOLOGY RESULTS CONCLUSION
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Background and Motivation

Utah’s Seismic Hazard

Seismic Hazard 
Analysis

Research Objectives
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Utah seismic hazard
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Wasatch Fault (Utah Geological Survey, 2022) 

Wasatch Fault

• Normal fault type

• Central segments produce magnitude (Mw) 7.0 earthquakes

• Probability of a Mw 6.75 or higher earthquake from 2014-

2063 (Wong et al. 2016) :

• 18% along the Wasatch Fault

• 6% for Brigham City and Salt Lake City Segments

• Estimated economic loss: $33 billion (Pankow et al. 2015)

• 84,400 households are estimated to be displaced (Pankow et 

al. 2015)

• Magna 2020 Mw 5.7 cost upwards of $100 million in building-

related damages (Utah Geological Survey 2022)



Seismic Hazard Analysis (SHA)

Deterministic SHA (DSHA)
A single earthquake scenario determines

the GM that could be generated without

considering the probability of its

occurrence within a specified time frame

Probabilistic SHA (PSHA)

All possible earthquake scenarios,

weighted by likelihood to calculate the

probability of exceeding a given GM level

over a specified time frame
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Modern building codes (i.e., ASCE 7) design is based on the lower of the two analyses



How is PSHA used in ASCE 7-22?

Typical PSHA
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P[Collapse in 50 yrs]

Risk-Targeted PSHA

P[Collapse in 50 yrs] = 1%



• Determine the DSHA GM for each period based on the risk-targeted PSHA 
disaggregated EQ scenarios that contribute >10% to the hazard

12

Identify Site 

and Period Disaggregate Contributions Conduct DSHA

Set largest 

acceleration from the 

scenario EQs as the 

Sa at that period

Repeat for all periods in 

Multi-pt spectrum

How can DSHA be used in ASCE 7-22?



Some considerations on ASCE 7-22 DSHA 

• Comprised of 22 separate ‘worst case’ scenarios

• Based on the risk-targeted PSHA analysis

• All-time biases are being brought into DSHA

• Accounts for deep basin effects, but overlooks unique aspects of Utah’s tectonic environment

• Hanging wall effect, normal fault type, etc.

• Limited DSHA data due to the PSHA-based calculations not exceeding the threshold required to 
trigger the DSHA computation based on current code
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Determining 
DSHA level 
forces:

✓ Process based on FEMA P-2078 (Tong et al. 2020)

✓ Obtain 84th percentile level forces from equally weighted four ground motion 

models (GMMs) : 
✓ (1) Abrahamson, Silva, and Kamai, 2014 (ASK14), (2) Boore, Stewart, Seyhan, and 

Atkinson, 2014 (BSAA14), (3) Campbell and Bozorgnia, 2014 (CB14), (4) Chiou and 

Youngs, 2014 (CY14)

✓ Apply the maximum direction factor to transform the geometric mean GM into the 

maximum direction GM (Tong et al. 2020, ASCE 2022)



DSHA GMM inputs

14

Basin Amplification:         Z1.0 = 0.436 km Z2.5 = 2.71 km

Working Group on Utah Earthquake Probabilities (WGUEP) Report (Wong et al. 2016) :

Mw : 7.12 Dip Angle: 50° Depth to hypocenter (Zhyp): 15 km

Geometric Inputs:

Rjb = 0 km                           W = 19.5 km                 Depth to rupture Ztor0 = km 

Rx= 3.1 km                          Rrup = 2.37 km



MCE response spectra
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PSHA-based MCE spectra DSHA-based MCE spectra



Objectives

1. Determine if structures designed to current seismic 
levels meet the life safety objective of the code under 
more realistic seismic hazard representation

1. 10% probability of collapse under MCE-scaled 
ground motion

2. Compare the collapse probability from PSHA- and 
DSHA-based MCE-scaled ground motions

3. Assess the results over a set of “archetype” buildings 
representative of the current design practices for a 
specific lateral-resisting system in the region
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Steel special moment-resisting frames (SMRF)

• Architectural Benefits

• Ductile Lateral System 

• Designed to yield in beams rather than columns 

(Hamburger et al. 2009)

• Strong-column weak-beam 

(Hamburger et al. 2009)
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Typical SMRF Configuration

Idealized sidesway failure for strong-column 

weak-beam design



Performance based earthquake engineering (PBEE)
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Methodology
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Nonlinear Finite Element Model

GM Selection/Scaling and nonlinear 
time history analysis

Collapse assessment

Archetype Design



SMRF office building archetypes

• Designed to represent Salt Lake City (40.75°, -111.9°) 
according to current codes:
o ASCE 7-22, AISC 360, AISC 358, AISC 341

• Site Class D

• Typical Loads

• Floor:
• Dead = 61 psf

• Live = 50 psf (Unreduced)

• Partition = 15 psf

• Roof:
• Dead = 15 psf

• Live = 20 psf

• Snow = 35 psf
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ASCE 7-22 Design Response Spectra



Design

• Uses prequalified Reduced Beam Section (RBS) connection (AISC, 2022c)

• Composite Floor and Beams

• Preferrable to increase the column weight by less than 100 lb./ ft than use a doubler plate

• Designed using the centerline model

• No panel zone and rigid offset reduction in RAM SS

• Designed using RAM Structural System (Bentley, RAM Structural System)

• Equivalent Lateral Force Method

21

RAM Structural System ModelRBS Connection



Archetype geometries
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• SMRF behavior
• Archetype description



Methodology
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Archetype Design

GM Selection/Scaling and nonlinear 
time history analysis

Collapse assessment

Nonlinear Finite Element Model



Modular finite element code
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Plasticity modeling

Concentrated Plasticity

Captures nonlinear 
degradation through calibrated 
hinges (Deierlein et al. 2010)

Distributed Plasticity

Captures variations in stress 
and strain along the member 
(Deierlein et al. 2010)
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Idealized models for beam-column elements



Model configuration

26



Modified Ibarra Krawinkler Model (IMK)

• A deterioration model to represent inelastic cyclic 

response

• Bounded by a backbone curve that captures the 

envelope of the moment-rotation relationship during 

cyclic loading, defining the behavior of the plastic 

hinge

• Model requires 3 different calibration scenarios:

1. Bare Steel Beams (Lignos and Krawinkler 2010)

2. Composite Beams (Elkady and Lignos 2014)

3. Columns (Lignos et al. 2019)
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Key IMK parameters
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Strength Parameters:

• Elastic stiffness (𝐾𝑒)

• Effective Yield Moment (𝑀𝑦)

• Capping Moment (𝑀𝑐)

• Residual Moment (𝑀𝑟)

(Lignos and Krawinkler, 2010)

Deformation Parameters:

• Yield Rotation Loading (𝜃𝑦)

• Pre-capping Plastic Rotation (𝜃𝑝)

• Post Capping (𝜃𝑝𝑐)

• Ultimate Rotation Capacity (𝜃𝑢) 

Deterioration Parameters:

• Beam web depth to thickness ratio (h/𝑡𝑤)

• Beam flange width to thickness ratio 

(𝑏𝑓/2𝑡𝑓)

• Unbraced length (𝐿𝑏)

• Radius of gyration (𝑟𝑦)

• Member Length (𝐿)

• Beam depth (𝑑)

• Ultimate Rotation Capacity (𝜃𝑢) 

𝑅𝑃 = 𝑎1 ∙
ℎ

𝑡𝑤

𝑎2

∙
𝑏𝑓

2 ∙ 𝑡𝑓

𝑎3

∙
𝐿𝑏
𝑟𝑦

𝑎4

∙
𝐿

𝑑

𝑎5

∙
𝑐𝑢𝑛𝑖𝑡
1 ∙ 𝑑

533

𝑎6

∙
𝑐𝑢𝑛𝑖𝑡
2 ∙ 𝐹𝑦

355

𝑎7

Bare Steel Beams and Columns

Composite Beams

Basic Nonlinear 
Regression:



IMK implementation
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Modeling Rayleigh-type damping 

• Rayleigh damping is based on a combination of mass and stiffness proportional damping

• As damage increases, damping increases and stiffness decreases

• Time invariant stiffness matrix

• For elastic members stiffness proportional damping is increased through modifications

• Inelastic members are not given stiffness proportional damping and are calibrated to desired 
nonlinear model
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(Zareian and Medina, 2010)



Panel zone models

Joint2d panel zone

• Assumes rigid panel zone

• Consists of 5 nodes and 2 link elements
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Advanced panel zone

• Incorporates bending and shear deformation 

• Consists of 12 nodes and 8 link elements



Joint2d panel zone model

• Assumes panel zone remains rigid

• Ignores the effects of doubler plates

• RBS is not modeled away from column face
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Advanced panel zone model

• Creates the hysteretic response for the panel zone

• Key features: 

• Based on structural mechanics to reflect realistic stress distributions within the panel 

zone joint  (Skiadopoulos et al., 2021)

• Addresses limitations in panel zone geometry configurations (Skiadopoulos et al., 2021)

• Considers bending and shear deformation in the panel zone (Skiadopoulos et al., 2021)
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Advanced panel zone basic construction
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• Panel zone nodes

• Placement dictated by surrounding beams and columns 

• Rigid elastic links between nodes



Validation
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SAP Models versus OpenSees SMRF Model

Archetypes
Advanced Panel Zone 

period (s)
Joint2D Panel Zone period (s) Difference

2-story 0.701 0.686 2%

4-story 0.927 0.838 10%

8-story 1.725 1.541 11%

Fundamental period comparison for panel zone models

Mode SAP Models, Period (s) Opensees model, Period (s) Difference

1 0.3397 0.3309 3%

2 0.1256 0.1226 2%

3 0.0579 0.0558 4%

4 0.0398 0.0378 5%



Methodology
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Nonlinear Finite Element Model

Archetype Design

GM Selection/scaling and nonlinear 
time history analysis

Collapse assessment



GM Selection Criteria

Normal Fault GM
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Distance: 0-45 km

Magnitude: 5.5-8.0

GM obtained from NGA-West2 database (Ancheta et al. 2014)

Large Magnitude GM

Distance: 0-30 km

Magnitude: 6.5-8.0

Site Class D

VS30: 200-325 m/s

Number of GM components: 278

Site Class B

VS30: 600-1550 m/s

Number of GM components: 168



• Scaled using SigmaSpectra (Kottke and Rathje, 2008)

• 20 GM for Site Classes B and D

• Period Range of Interest       1 to 3 seconds
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GM Scaling



Cloud Analysis

• Model is subjected to a suite (“cloud”) of GM records

• Engineering demand parameters (EDPs) are recorded during nonlinear dynamic time-
history analysis

• EDPs are connected to seismic intensity measure (IM) using linear regression
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Methodology
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Nonlinear Finite Element Model

Archetype Design

GM Selection/Scaling and nonlinear 
time history analysis

Collapse assessment



Illustration of collapse mechanism
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DSHAPSHA



Collapse under MCE

Joint2D Panel Zone Advanced Panel Zone
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Doubler plate effects
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Drift and acceleration profiles for advanced panel zone models
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Conclusion

• DSHA exceeds 10% collapse under MCE GM by 2.5 to 4 times independent of panel 

zone model

• Buildings designed for site class D under DSHA Site Class D GM are 5-6 times beyond 

code life expectancy collapse levels

• PSHA exceeds life safety when:

• 2-story advanced panel zone model has convergence issues at specific intensity level

• 8-story uses doubler plates but the joint2d model does not account for those

• The 8-story archetype is the most suspectable to collapse under DSHA GM, the 4-story 

is the least suspectable
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Future research and a call for collaboration

• Near-field effects due to proximity to the fault (current limitation)

• Translate structural responses into risk-based and loss analysis

• Impact of designing for deterministic scenario?
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Mission: Develop Utah-specific fragility function for different structural 

systems

• Industry experts input to develop archetype buildings

• Research support and collaboration 

• Interested? Send email to: Mohsen.Zaker@usu.edu or scan the QR code: 

mailto:Mohsen.Zaker@usu.edu


UEEC Focus Areas
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Promoting resiliency and rapid recovery following a large earthquake by focusing on:



Recent Webinar on ASCE 7-22 Site Classification
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+400 participants



ASCE 7-22 Chapter 20
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With the adoption of ASCE 7-22 
seismic site classification now 

requires shear wave velocity (Vs) 
measurements AND three new site 

classes have been added



Two-Period MCER Spectra
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https://ascehazardtool.org/

~ 5-story building

Site Class A
Sa ~ 0.45g

Site Class CD
Sa ~ 1.15g

https://ascehazardtool.org/


Vs30… or 
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ത𝑉𝑠

ത𝑉𝑠 = 1065 𝑓𝑝𝑠

i =1
i =2

i =3

i =4

i =5

distance

time

Vs30 = “time-averaged” Vs



Seismic Site Classification
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>1500 m/s
915 to 1500 m/s

640 to 915 m/s
440 to 640 m/s
305 to 440 m/s

Vs30

215 to 305 m/s
150 to 215 m/s

> 150 m/s



Seismic Site Classification without Vs Measurements
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The Penalty

• Making good Vs measurements is 
important!

• Professor Brady Cox is willing to discuss 
best practices for Vs30 site classification 
with SEAU 
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