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Motivation

Safety and economy of infrastructure objects

Improve analysis of infrastructure objects

Earthquakes, Soils, Structures and their Interaction

Modeling, Epistemic uncertainty

Parametric, Aleatory uncertainty

Goal is to predict and inform

Engineer needs to know!

Jeremić et al.
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ESSI Challenges
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Numerical Prediction under Uncertainty

- Modeling, Epistemic Uncertainty
Model simplifications
Model sophistication level for confidence in results

- Parametric, Aleatory Uncertainty
Müi + Cu̇i + K epui = F (t),
Uncertain: mass M, viscous damping C and stiffness K ep

Uncertain loads F (t)
Results are PDFs and CDFs for σij , ϵij , ui , u̇i , üi

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainty

- Important (?!) features are simplified
- 3C/6C vs 1C seismic motions
- Elastic vs inelastic behavior

- Modeling simplifications are justifiable if one or two level
higher sophistication model demonstrates that behavior
being simplified out is not important

Jeremić et al.

Uncertainties in ESSI Analysis
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Parametric, Aleatory Uncertainty
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Modeling, Epistemic Uncertainties
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Modeling, Epistemic Uncertainties

Modeling, Epistemic Uncertainties

Modeling simplifications

- SSI vs nonSSI response

- Model geometry: 1D, 2D, 3D

- 1C vs 3C/6C seismic motions

- Elastic vs Inelastic behavior

- Energy dissipation, inelastic vs viscous

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Real Earthquake Ground Motions
- Inclined body waves: P and S waves
- Surface waves: Rayleigh, Love waves
- Near surface waves: Stoneley waves...
- All, most measured motions are full 3C/6C (3t, 3r)
- Example EQ: 2C LSST07(L); 3C/6C LSST12(R)

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

ESSI: 3C/6C vs 1C Seismic Motions
- Assume: full 3C/6C motions, recorded only 1C
- From 1C motions, de-convolute/convolute 1C
- Apply 6C and 1C to ESSI system

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Realistic Ground Motions
- Free field, regional scale models

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Development of Realistic Motions
- Sources will send both P and S waves

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

1C vs 6C Free Field Motions
- One component of motions, 1C from 6C
- Excellent fit, wrong mechanics

(MP4) (MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/ESSI_VisIt_movies_Jose_19May2015/movie_ff_3d.mp4
http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/ESSI_VisIt_movies_Jose_19May2015/movie_ff_1d.mp4
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Modeling, Epistemic Uncertainties

6C vs 1C NPP ESSI Response Comparison

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/ESSI_VisIt_movies_Jose_19May2015/movie_2_npps.mp4
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Modeling, Epistemic Uncertainties

Realistic Seismic Wave Fields

- Stress test motions:
- Variable wave length, frequency
- Variable wave inclination

- Use surface and shallow motion measurements to develop
full 6C wave field: 3D-deconvolution

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Free Field, Variable Wave Length, θ = 60o

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Free_Field_animations_angle_or_frequency_variation/free_field_frequency.mp4
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Modeling, Epistemic Uncertainties

SMR ESSI, Variable Wave Length, θ = 60o

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Free_Field_animations_angle_or_frequency_variation/SMR_frequency.mp4
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Modeling, Epistemic Uncertainties

SMR ESSI, 3C vs 3×1C

(OGV)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/SMR_animations_May2018/3Dvs1D_deconvolution.ogv
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Modeling, Epistemic Uncertainties

Ventura Hotel, Northridge Earthquake, nonSSI vs SSI

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_Buildings/Ventura_Hotel_SSI_vs_nonSSI.mp4
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Modeling, Epistemic Uncertainties

Energy Input and Dissipation

Energy input, dynamic forcing

Energy dissipation outside SSI domain:
SSI system oscillation radiation
Reflected wave radiation

Energy dissipation/conversion inside SSI domain:
Inelasticity of soil, interfaces, structure, dissipators
Viscous coupling with internal/pore and external fluids
Energy deflectors, meta-materials

Numerical energy dissipation/production

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Energy Dissipation Control
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Modeling, Epistemic Uncertainties

Plastic Energy Dissipation ̸= Plastic Work

Area of load-displacement loop is NOT plastic dissipation

Jeremić et al.

Uncertainties in ESSI Analysis
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Modeling, Epistemic Uncertainties

Elastic vs Inelastic NPP Response

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/NPP_animations_August2017/NPP_Non_Linear_Effects_Sumeet.mp4
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Modeling, Epistemic Uncertainties

NPP Seismic Reponse, Energy Dissipation

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Energy_Dissipation_Animations/NPP_Plastic_Dissipation.mp4
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Modeling, Epistemic Uncertainties

SMR Seismic Reponse, Energy Dissipation

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Energy_Dissipation_Animations/SMR_Energy_Dissipation.mp4
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Modeling, Epistemic Uncertainties

Design Alternatives

(MP4) (MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/Energy_dissipation_frames/Individual_Foundation.mp4
http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/Energy_dissipation_frames/Continuous_Foundation.mp4
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Modeling, Epistemic Uncertainties

ASCE-7-21, Low Building: BRB Energy Dissipation

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_Earthquake_Soil_Structure_Interaction_General_Aspects/Energy_dissipation_frames/ATC_Short_Building_PD.mp4
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Aleatory, Parametric Uncertainties
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Aleatory, Parametric Uncertainties

Aleatory, Parametric Uncertainties

Müi + Cu̇i + K epui = F (t),

Uncertain: mass M, viscous damping C and stiffness K ep

Uncertain loads F (t)

Results are PDFs and CDFs for σij , ϵij , ui , u̇i , üi

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Forward Uncertainty Propagation

- Given uncertain material and uncertain loads

- Determine uncertain response, ui , u̇i , üi , ϵij , σij , PDFs/CDFs

- Intrusive, analytic development, SEPFEM

- Avoid Monte Carlo inefficiencies

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Forward Uncertain Inelasticity

- Incremental el–pl constitutive equation

∆σij = EEP
ijkl ∆ϵkl =

[
Eel

ijkl −
Eel

ijmnmmnnpqEel
pqkl

nrsEel
rstumtu − ξ∗h∗

]
∆ϵkl

- Dynamic Finite Elements

M∆üi + C∆u̇i + K ep∆ui = ∆F (t)

- Material and loads are uncertain

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Probabilistic Elastic-Plastic Response

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Cam Clay with Random G, M and p0
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Aleatory, Parametric Uncertainties

Stochastic Elastic-Plastic Finite Element Method

Dynamic Finite Elements Müi + Cu̇i + K epui = F (t)

- Input random field/process(non-Gaussian, heterogeneous/
non-stationary): Multi-dimensional Hermite Polynomial
Chaos (PC) with known coefficients

- Output response process: Multi-dimensional Hermite PC
with unknown coefficients

- Complete probabilistic response

- NO need to decide/define Intensity Measures (IMs) !

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

SEPFEM: Example in 1D

(MP4)

Jeremić et al.

Uncertainties in ESSI Analysis

http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Probabilistic_Elasto_Plasticity_and_Stochastic_Elastic_Plastic_Finite_Element_Method/SEPFEM_Animation_Elastic.mp4
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Aleatory, Parametric Uncertainties

Application: Seismic Hazard

Date of download:  9/30/2018 Copyright 2014

From: Uniform California Earthquake Rupture Forecast, Version 3 (UCERF3)—The Time‐Independent Model

Bulletin of the Seismological Society of America. 2014;104(3):1122-1180. doi:10.1785/0120130164

3D perspective view of California, showing the 2606 fault sections (black rectangles) of UCERF Fault Model 3.1 (FM 3.1). Colors 
indicate the long‐term rate at which each area participates in M≥6.7 earthquakes, averaged over all 720 UCERF3 logic‐tree 
branches for FM 3.1 and including aftershocks. The entire colored area represents the UCERF model region, which comprises 
California and a buffer zone. The white boxes define the San Francisco Bay area and Los Angeles regions used in various 
calculations, and the white line crossing the state is our definition of northern versus southern California. The Cascadia megathrust 
is not shown on this map; it and the Mendocino transform fault (which is shown) extend beyond the UCERF model region.

Figure Legend:

Seismic source characterization

UCERF3 (2014)

→

High	  Frequency	  Simula4on	  

The	  high	  frequency	  simula5on	  approach	  is	  based	  on	  the	  “stochas5c”	  method	  first	  introduced	  for	  point	  
sources	  by	  Boore	  (1993).	  The	  extension	  to	  finite-‐faults	  is	  described	  by	  Frankel	  (1995),	  Beresnev	  and	  
Atkinson	  (1997)	  ,	  and	  Hartzell	  et	  al.	  (1999),	  among	  many	  others.	  	  The	  representa5on	  is	  constructed	  in	  
the	  frequency	  domain	  and	  aims	  to	  match	  the	  w2	  amplitude	  spectrum	  as	  described	  by	  Brune	  (1970).	  

Deno5ng	  A(f)	  as	  the	  Fourier	  transform	  of	  the	  ground	  accelera5on	  waveform	  a(t)	  observed	  at	  a	  
par5cular	  site	  for	  a	  specified	  fault	  rupture,	  this	  can	  then	  be	  represented	  as	  the	  summa5on	  of	  the	  
individual	  responses	  Ai(f)	  from	  each	  subfault,	  where	  N

High	  Frequency	  Representa1on	  Theorem	  

F	  {a(t)}	  =	  A(f)	  =	  Si=1,N	  Ai(f)	  

The	  accelera5on	  spectrum	  for	  the	  ith	  subfault

Ai(f)	  =	  Sj=1,M	  Cij	  Si(f)	  Gij(f)	  P(f)	  Wi
*(f)	  

where	  the	  summa5on	  j=1,M	  accounts	  for	  different	  
possible	  ray	  paths	  (e.g.,	  direct,	  Moho-‐reflected),	  and	  

Cij 	   	  radia5on	  scale	  factor	  
Si(f)	   	  subfault	  source	  amplitude	  spectrum	  
Gij(f) 	  path	  term	  
P(f)	   	  site	  anenua5on	  term	  
Wi

*(f) 	   (modified	  from	  Boore,	  1983)	  

Fourier spectra
Boore(2003)

Stochastic ground motion

→

Uncertainty characterization
Hermite polynomial chaos

←

Introduction Seismic Motions Inelasticity and Energy Dissipation Summary

Motivation

Parametric Uncertainty: Material and Loads
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Transformation of SPT N-value: 1-D Young’s modulus, E (cf. Phoon and Kulhawy (1999B))

Jeremić et al.

MS ESSI

Uncertainty propagation
SEPFEM

←

λ(EDP > z) =∑
Ni (Mi ,Ri )P(EDP > z|Mi ,Ri )

EDP hazard/risk
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Aleatory, Parametric Uncertainties

Example Object

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Stochastic Ground Motion Modeling

Jeremić et al.

Uncertainties in ESSI Analysis

Realizations of simulated uncertain motions for scenario M = 7, R = 15km:
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Aleatory, Parametric Uncertainties

Stochastic Ground Motion Characterization

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Stochastic Soil, Structure Modeling

(a) Frame
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Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Seismic Risk Analysis
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Engineering demand parameter (EDP): Maximum inter-story drift ratio (MIDR)
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Aleatory, Parametric Uncertainties

Seismic Risk Analysis
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Engineering demand parameter (EDP): Peak floor acceleration (PFA)
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Aleatory, Parametric Uncertainties

Seismic Risk Analysis

- Damage measure defined on single EDP:
DM MIDR>0.5% MIDR>1% MIDR>2% PFA>0.5m/s2 PFA>1m/s2 PFA>1.5m/s2

Risk [/yr] 6.66×10−3 3.83×10−3 9.97×10−5 6.65×10−3 1.92 ×10−3 9.45×10−5

- Damage measure (DM) defined on multiple EDPs:
DM : {MIDR > 1% ∪ PFA > 1m/s2}, seismic risk is 4.2 × 10−3/yr

DM : {MIDR > 1% ∩ PFA > 1m/s2}, seismic risk is 1.71 × 10−3/yr

- Seismic risk for DM defined on multiple EDPs can be quite
different from that defined on single EDP

Jeremić et al.

Uncertainties in ESSI Analysis



Introduction ESSI Uncertainties Summary

Aleatory, Parametric Uncertainties

Backward Uncertainty Propagation, Sensitivities

- Given forward uncertain response, PDFs, CDFs...

- Contributions of uncertain input to forward uncertainties

- Sensitivity of uncertain response to input uncertainties

- Sobol indices

Jeremić et al.

Uncertainties in ESSI Analysis
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Aleatory, Parametric Uncertainties

Application: Stochastic Site Response

- Uncertain material:
uncertain random field,
marginally lognormal
distribution,
exponential correlation
length 10m

- Uncertain seismic
rock motions:
seismic scenario
M=7, R=50km

Jeremić et al.
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Aleatory, Parametric Uncertainties

Stochastic Seismic Motion Development

- UCERF3 (Field et al. 2014)
- Stochastic motions (Boore 2003)
- Polynomial Chaos Karhunen-Loève expansion
- Probabilistic DRM (Bielak et al. 2003, Wang et al. 2021)

Date of download:  9/30/2018 Copyright 2014

From: Uniform California Earthquake Rupture Forecast, Version 3 (UCERF3)—The Time‐Independent Model

Bulletin of the Seismological Society of America. 2014;104(3):1122-1180. doi:10.1785/0120130164

3D perspective view of California, showing the 2606 fault sections (black rectangles) of UCERF Fault Model 3.1 (FM 3.1). Colors 
indicate the long‐term rate at which each area participates in M≥6.7 earthquakes, averaged over all 720 UCERF3 logic‐tree 
branches for FM 3.1 and including aftershocks. The entire colored area represents the UCERF model region, which comprises 
California and a buffer zone. The white boxes define the San Francisco Bay area and Los Angeles regions used in various 
calculations, and the white line crossing the state is our definition of northern versus southern California. The Cascadia megathrust 
is not shown on this map; it and the Mendocino transform fault (which is shown) extend beyond the UCERF model region.

Figure Legend:

High	  Frequency	  Simula4on	  

The	  high	  frequency	  simula5on	  approach	  is	  based	  on	  the	  “stochas5c”	  method	  first	  introduced	  for	  point	  
sources	  by	  Boore	  (1993).	  The	  extension	  to	  finite-‐faults	  is	  described	  by	  Frankel	  (1995),	  Beresnev	  and	  
Atkinson	  (1997)	  ,	  and	  Hartzell	  et	  al.	  (1999),	  among	  many	  others.	  	  The	  representa5on	  is	  constructed	  in	  
the	  frequency	  domain	  and	  aims	  to	  match	  the	  w2	  amplitude	  spectrum	  as	  described	  by	  Brune	  (1970).	  

Deno5ng	  A(f)	  as	  the	  Fourier	  transform	  of	  the	  ground	  accelera5on	  waveform	  a(t)	  observed	  at	  a	  
par5cular	  site	  for	  a	  specified	  fault	  rupture,	  this	  can	  then	  be	  represented	  as	  the	  summa5on	  of	  the	  
individual	  responses	  Ai(f)	  from	  each	  subfault,	  where	  N

High	  Frequency	  Representa1on	  Theorem	  

F	  {a(t)}	  =	  A(f)	  =	  Si=1,N	  Ai(f)	  

The	  accelera5on	  spectrum	  for	  the	  ith	  subfault

Ai(f)	  =	  Sj=1,M	  Cij	  Si(f)	  Gij(f)	  P(f)	  Wi
*(f)	  

where	  the	  summa5on	  j=1,M	  accounts	  for	  different	  
possible	  ray	  paths	  (e.g.,	  direct,	  Moho-‐reflected),	  and	  

Cij 	   	  radia5on	  scale	  factor	  
Si(f)	   	  subfault	  source	  amplitude	  spectrum	  
Gij(f) 	  path	  term	  
P(f)	   	  site	  anenua5on	  term	  
Wi

*(f) 	   (modified	  from	  Boore,	  1983)	  

Jeremić et al.
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Sensitivity Analysis

Total variance in PGA, in this particular case (!), dominated by
uncertain rock motions at depth

49% from uncertain rock motions at depth

2% from uncertain soil

49% from interaction of uncertain rock motions and
uncertain soil

Jeremić et al.
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Outline

Introduction

ESSI Uncertainties
Modeling, Epistemic Uncertainties
Aleatory, Parametric Uncertainties

Summary
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Summary

- Engineering analysis uncertainties
Modeling, Epistemic
Parametric, Aleatory

- Engineering analysis to predict and inform

- Engineer needs to know!

- Real-ESSI Simulator→ http://real-essi.us/

Jeremić et al.
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http://real-essi.us/
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