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Start With a Quote

“An estimate without uncertainty is
no estimate at all.” (attributed to Sir
Harold Jeffreys)




= A single OpenSees analysis
produces a single set of
results, it is a deterministic
result, it is just one of the
many possible outcomes. By
itself such a simulation is
practically meaningless. ‘

How this \
relates to

One deterministic result

OpenSees

= |n order to make informed
decisions, you also need to
know how probable the
outcome is.

Surface Representing all Possible Outcom
(actual surface is N-dimensional)




Conclusion

2.99% 95% of OpenSees users do not apply
it correctly!

= SimCenter Provides Applications to Fix this
as they force users to employ uncertainty
quantification algorithms.

= These SimCenter Applications (QUoFEM,
EE-UQ, WE-UQ, Hydro-UQ, PBE & R2D)
provide features other than UQ which are
incredibly useful.
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Taflanidis Awarded ASCE Huber Civil
Engineering Research Prize. Alexandros
Taflanidis, SimCenter domain expert and
Professor of Civil and Environmental
Engineering and Earth Sciences at the
University of Notre Dame, has been
awarded the 2021 Walter L. Huber Civil
Engineering Research Prize from the
American Society of Civil Engineers
(ASCE)

al impact of natural hazards. R2D advances the capabilities of the natural hazards
litating the high-resolution assessment of disaster impact and risk on a regional scale.
saster scenarios or perform a assessment by considering a diverse set of

s available at DesignSafe. Once the simulations are completed, the main results are
led results are also available for post processing

to demonstrate the application’s versatility when it comes to assembling simulation

SimCenter Developer Team Profiles —
Spring 2021 - The SimCenter Developer
Team engages post-doctoral research
scientists and assistants to enhance and
develop SimCenter software tools. In this
article we feature Claudio Perez and Dr.
Aakash Bangalore Satish.

for details on these examples.

iimulations - Registration Open

i)

rs to investigate the performance of the buildings in the region when subjected to
tion is beina exbanded to allow researchars #~
New Tool Relaase! R=~

Join the Community

ENCE DETERMINATION (R2D) TOOL (LATEST VERSION 1.0)

mination Tool (R2D) is a graphical user interface for the SimCenter application framework

the uncertainty in the hazard and the characteristics of the built environment through the
of the R2D Tool facilitates importing and querying input data that describes the regional
nt and helps researchers with setting up and running the simulations either on their local

user_manual/usage/desktop/usage.html

@ Sstanford Libraries ... €@

wEkJi

de

Collaborate

the Ul is divided into several separate areas:

ROT: Regional Resilience Determination Tool

Jale Scholar ~ §§ COVID-19 Research.. G Google [} AISC| You

@ Variational calculus.. @ Stanford Libraries P,

@ Temblor -

Eart

be discussed in Software Architecture, is a scientific workflow application that creates workflows and runs them in the bac
ckend applications. Once the R2D app is started, the user is presented with the user interface shown in Fig. 2.5. It is in this
a workflow, inputs the necessary parameters for each of these applications, starts the workflow either locally or remotely,

Message Area

5’ Download App
5 Documentation

Join the User Forum C

« submit questions a
« provide user feedbd
« post feature requed}
« get bug reports

ik the Aoy uttonto
ecthe st of assets

How to cite:

Frank McKenna, Stevan Gavrild
Wael Elhaddad, & Kuanshi Zho}
NHERI-SimCenter/R2DTool: Ve

Software & Documentation
Education and Training Webinars
Forum & Other Communication

SimCenter Portal

https://simcenter.designsafe-ci.org/




SimCenter Objectives

= Develop a flexible, extensible, and scalable software framework for
creation of scientific workflow systems that support decision-making to
enhance community resilience to natural hazards in the face of
uncertainty;

= Release open-source tools/applications built using this framework that
meet the computational needs of researchers in natural hazards
engineering;

= Provide an ecosystem that fosters collaboration between scientists,
engineers, urban planners, public officials, and others who seek to
improve community resilience to natural hazards.

% SimCenter




What is a Software Framework

Definition: A Software Framework is a collection of interfaces (abstract

classes if C++) that define how components interact and a set of concrete
components (instantiable C++ subclasses in C++) that allow you to build
an example application from the framework.

PRI

J\ L K X
_ J is an example of a Software framework (c++ framework.

Applications Built using OpenSees Framework
% G3 OpenSees
+ T OpenSeesSP
| =E| bl OpenSeesMP

e OpenSeesPy

https://opensees.berkeley.edu/OpenSees/doc/fmkdiss.pdf .
all SimCenter Tools
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Fun(Depressing!) Fact

% simCenter [




Intel has a Slogan

Powered by < intelg)




Powered by <°®

A SimCenter App
Equivalent



Scientific Workflow System?

Definition: a Scientific Workflow System is
software that allows users to build, launch
and monitor Scientific Workflows.

- - e

Definition: a Scientific Workflow is the
automation of a process in which information
is passed from one application to the next.

% simCenter




SimCenter Applications Framework

I KEY: Component R:g!iona_l reusilie[u:eI I
1|8 |
D\
I 'g uv’erformanof:ﬁg I
% engineering computations
] . %
AppllcathnS I 5 @EE—UQ_| =25 WE-UQ faoHydro-UQ I
® Earthquake 2 Wind loading Tsunami and
I é excitation UQ excitation UQ storm surge event UQ I
]
I : I
£ Quanufigzgggx
I with optimization for the I
finite element method
—_— o — — e -_— [
ntert [ T e on el Bl :
nterfaces I
= SimCeA
MDOF_LU OpenSees
Components - MR e FEARsons
( Powere d By) External Data & Applications Census, HAZUS, UrbanSIM, Op;;;eeMap
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Existing Applications of course do not of

Course work together




And Writing Code to incorporate Existing
Applications into Workflow

_ Additional Data Needed not part of Interface

Postprocessor

Existing

Preprocessor Application

wsimcenter i 4/




Putting workflow together in Ul

QT

Building Model FEM uQ EDP

(VIY-1¢
Defined




Ul Launches Scientific Workflows

@ Internet SimCenter Ap|
o Sy I 2 [ S ® ...
DesignSaf 3 ‘
secirsas, () wee [ s o DESIGNSATE AW
TAPIS Restful API
Mouse & Keyboard JSON
F — ._ — 3 -_ . —_— — = —_— — —_— q
NHERI SimCenter Application

g lase HTTPS Cloud Services

’!‘g‘ﬂ! = WAMACEMENT il! R

ﬁ;ﬁ mlnrnmmu;n:méf_

HTTP | /- e ITAPIS Restful AP
, o TACC
— . (JSON)

—
< DATAG TN
HTTP Data Depot

Online Cloud Resources for
obtaining data

[ w1 wewwse ] s | w ]

Application Specific Input

External Applications
Dakota, FEAP, OpenSees, Python, OpenFOAM, ADCIRC,
GeoClaw, ..

v simcenter




Ul Launches Scientific Workflows

. @ a . Internet SimCenter Apps ‘
KEY: User | ] .
[ . Service and Components Mouse & Keyboard
Pretonre [ e [ oatbase e— | DESIGNSATE WAV
NHERI User

TAPIS Restful API
Mouse & Keyboard JSON
F — —_— — 3 — —_— — = —_— — —_— H
INHE | SimCenter Application |
HTTP SimCenter Frontend Ul I TAPIS RestfulAPI TACC
- JSON

g fercin. HTTPS a Qt C++ application (SON) Cloud Services
= STwAIE = o 21 puaivers

TN -

i O | P

RN SimCenter Backend

Online Cloud Resources for  HTIPS qWhale, SWHALE.py or rWHALE.py Data Depot

I
|
I
obtaining data Python scripts that parse JSON, create a driver [
I
I
I

|

| to run a workflow comprising C and python
applications, and finally run the UQ engine

| chosen which runs the driver repeatedly.

|

Application Specific Input

External Applications
Dakota, FEAP, OpenSees, Python, OpenFOAM, ADCIRC,
GeoClaw, ..
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Overview

= SimCenter Objectives & Scientific Workflow Systems

= SimCenter Status

= ML use in SimCenter
= Why UQ
= quoFEM Demo
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SImCenter Status

Released a number of open-source software applications that researchers in
Natural hazard engineering are using, modifying and extending

=l

SimCenter Research Applications
Natural Hazard Modeling & Simulation

R2D Regional simulation

h\o/A\ ' 4
PBE
Researchers 4 Damage & Loss of a structure
Industry

EE, W

Government Agencies
e —— 2V VA

:;g Structural response

qj"QVl General UQ analysis
AC/ A\ 4
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;ﬁg&,Workﬂow Application

vl Wl UOFEM (v3.0)
e Integrates Simulation Applications (OpenSees, OpenSeesPy,...) with UQ Applications

ANALYSIS

MODELING

quOFEM: Quantified Uncertainty with Optimization for the Finite Element Method Login

N ot vandon variaies Em I [ oo [ o

JQ Problem Types:

FEM e o
Variable Name Input Type Distribution Mean Standard Dev
. | x 03 Moments ¢ Lognormal < 208 15 m ooz F
1. Forward Uncertainty Vaiaotame uType_ lstiuton —
8BrF Parameter | | Normal <
cop z ; ez
Variable Name Input Type Distribution Mean Standard Dev
H B Ao Moments | | Lognormal < 250 10 Show PDF
ampling Res
Variable Name Input Type Distribution Mean Standard Dev

8 Parameter | Normal 2 500 25 | Show PDF |

Sensitivity
Reliability

001

Probability Density Function

Surrogate Modeling

o
=
o
&

2. Inverse Uncertainty

400 450 520 550 600

Calibration

Bayesian Calibration 58 s

16:16:08 - - reading input file /L .app/C 00! json
16:16:08 - Loading Example file. Wait till Done Loading Example appears before progressing.

16:16:08 - Loading File .. /L i .app/C o

16:16:08 - Done Loading File

16:16:08 - Done Loading Example.

Rl SimCenter

Center for Comp i Modeling &




S5 Workflow Application

UNCERTAINTY QUANTIFICATION EE'UQ V3.0
L Integrates Forward UQ applications of quoFEM , Earthquake Loading Applications, Building

Model Generators with analysis application to determine response of building to earthquake
loading

Hazard (Earthquake):
Stochastic Motions

PEER NGA Search with target spectrum
Site Response with Random Fields

Modeling (Building):

OpenSees
Nonlinear Shear Spring (MDOF)

Steel Building Design & Build (AutoSDA)
Concrete Building Design & Build

% SimCenter




x-g\% Workflow Application

UNCERTAINTY QUANTIFICATION W E_ U Q V2 . 2 . O

RESPONSE

e "1 Integrates quoFEM Forward UQ applications, Wind Loading Applications and Building Model
Generators with analysis engine to determine response of building subjected to wind loading.

cee
Hazard (Wind): MU ind Enginecring wih Uncetsiny Quentficston
Stochastic Wind :.::... ___: ..,.:m... _|
Database-enabled utilizing Vortex-Winds sa— s m— L e
TPU’s low-rise wind tunnel datasets - wm )
User-provided wind tunnel test data o m e o
Uncoupled or coupled CFD simulations ) R Y )
using OpenFOAM & incorporating TinF ot it — ' e
options for expert users EE- S e 0 o
R el -
Modeling (Building) E-::«_: M”
OpenSees —
Nonlinear Shear Spring (MDOF)




Hydro

waw Workflow Application

CETEET Hydro-UQ V1.0.0 -

RESPONSE

el |ntegrates Forward UQ applications, Tsunami & Storm Surge Loading Applications and Building
Model Generators with Analysis engine to determine response of structure.

amm OpenFOAM .o |

B B B The OpenFOAM Foundation

Hazard (Tsunami and storm surge):

2D Shallow-water - 3D CFD
OSU wave flume digital twin ===
Easy to use turbulence models for studying
broken & unbroken wave behavior

\‘ Resolved using 3-D CFD solver (OpenFOAM)
e b

Solutions from 2-D shallow water olver (GeoClaw*)

Multiscale fluid mechanics modeling

Modeling (Building)
OpenSees

Nonlinear Shear Spring (MDOF)

Probabilistic structural response

% SimCenter




PBE

= WoOrkflow Application

e —— PBE v2.0 (3.0 coming this month!)-

RODEEING ANALYSIS &LOSS

‘e0e@

Damage & Loss (using PELICUN):

Building-level assessment (e.g., HAZUS)
Component-level assessment (e.g., FEMA P58)
Supports external response estimation
Customizable fragility & consequence functions

94754.9

704588

8
8
£ 461627
g
g

218665
-24296
19 168
inhabitants. collapsed? red tagged?

2 100 00 o X
3 400 00 o X
i) 100 00 0 X
5 a 00 o 00

e Integrates UQ applications of quoFEM, Building Model Generators, Earthquake
Loading, analysis engine and our PELICUN tool for damage and loss assessment.

T PBE - o X
Fle Edit View Help Examples
o [RP—— Lo

Damage and Loss Assessment. Pelicun -]

Asset Demands Damage Losses

General Information Databases

Number of Stories 4 Component Vulnerabilty: ~ User Defined Rl exvoros
flan Area 15000 5. ive Expert Tips - 2022 Februaryjcustom_fragilty_DB.csv [t
Occupancy Type  Commercial Office ~

Component Assignment

Available in DB:  B.10.31.001 - T T
et szon | SN IOV

Description: Midrise stick-built curtain wall, Config: Monolithic, Lamination: Not laminated, Glass Type: Annealed, Details: 1/4
in. (6 mm) AN monolithic; glass-frame clearance = 0.43 in. (11 mm); aspect ratio = 6:5 sealant = dry
None
Demand type:  Peak Interstory Drift Ratio
Block size: 30 SF
Additional info:  Directional
Unit  Location(s) ~ Direction(s) Quantity  Blocks Distribution CoV  Comment
B 1 1 5040 168 loanormal ~ ~| 0.3 Midrise stick-built curtain wall,
B 2 1 2 3360 112 loanormal | 0.3 Midrise stick-built curtain wall,
B 2 24 1 4680 156 loanormal 1 -] 03 Midrise stick-built curtain wall,
B 24 2 3120 104 loanormal ~ ~| 0.3 Midrise stick-built curtain wall,

I BT e rompesgswe | e

T neosewe e ] a ]

06

Program Output

16:00:58 - Done Loading File
16:00:58 - Done Loading Example.

Wl SimCenter

Center for C i Modeling &




Pelicun: Performance Assessment

Newest Pelicun features:
T * Standardized data schema that unifies performance
e e © model data across hazards, assets, and resolutions
GENERATOR ANALYSIS &LOSS SIMULATION .
* Cascading damages and damage processes
e Customizable damage — consequence mapping
* Portfolio and regional assessment
* Uncertainty in component assighments

___________________________________________________________________________________________

' independently for each asset...

PELICUN ;
loss g E DECISION I:>
model g 1g VARIABLE | model N
! 0 H 5 precision

: i < H ' (]
i. damage & DAMAGE I &
: ! model mmg MEASURE Uigh g@0o
E i H 1
i ; ENGINEERING [
: response h
: - DEMAND [
' model ,
: : PARAMETER [N l ﬁ
' i 1
| : ; efficiency

D el J
exposure @ ASSET
model i@ INFORMATION

ity-Dri Devel
Multi-Fidelity Approach Community-Driven Development

of New Models & Data
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R2D Workflow Application

R — R2D V2.1 -
Descaprion "W MOORNG s Create complex workflows for regional hazard simulation to facilitate research in
disaster risk management and recovery.
Asset definition Multiple Hazards

Hazard definition

Regional Site Response

User-supplied earthquake and hurricane grids =,
Raster-defined earthquake, hurricane, and Earthquakes
tsunami intensity fields
Earthquake scenario simulation
Hurricane wind field simulation

\aWom e

Multiple Assets

Damage and loss

HAZUS
User-provided fragility functions

Buildings Lifelines

% SimCenter




v Regional Testbeds & Examples Available

Earthquake

Hurricane

W SimCenter

Center for C Modeli




Open Framework to Further NHE

Extensible computational workflow to develop and share models and data to
simulate natural hazard effects and design communities to be more resilient

Hi-Fidelity Multi-Hazard Component
Urban Planning Simulations Damage Models
and Growth \ The SimCenter Apptication Framework Recovery
U N .
. NCERTAINTY QUA TIFICATION MOdellng
Policy
. DESCRIBE DESCRIBE KIODEL ESTIMATE ESTIMATE  SIMULATE
Inte rventions / ASSETS HAzARD &Es::;is RESPONSE : :::::s  RECOVERY
R 1 Socio-Economic
Lifeline SUPPORTING DATABASES Implications
Infrastructure
Hazard Environmental and
Simulations Ecological Impacts

% simCenter




Overview

= SimCenter Objectives & Scientific Workflow Systems
= SimCenter Status

= ML use in SimCenter
= Why UQ
= quoFEM Demo

% SimCenter




Usage of Al/ML in SimCenter Workflows

1.Inventory Collection

2.Reduction of Simulation Time

% SimCenter



1. Inventory Generation

3 Categories of ML Methods Used:

1. Image Classification: to assign to an input image a single label from a

fixed set of labels
2. Image Segmentation: to locate (detect) objects and object boundaries
in an input image

3. Image Processing: using image segmentation combine object location

with mathematics of pinhole cameras to determine information

% SimCenter




Workflow: Inventory

BRAILS creates regional-scale building
inventories at building-level granularity
using deep learning and computer vision
techniques. BRAILS is capable of
predicting:

* Roof shape

* Roof cover type Classification
* Occupancy type

* Era of construction
* Number of floors Object

* Existence of chimneys Detection
* Existence of garages
* Building height

* Roof eave height Image

* Roof pitch angle Processing
* Window area

* First floor height




2. Reduction of Simulation Time

Use ML to generate Surrogates to replace Numerical Simulations in Workflow

Surrogate model W CHHVI

EEJ‘%VA o\ 4
waY yy

Simulation model

—

LAC /A
\

Response
." Threshold R 2 D

Probability Distribution

0
* R
AN
=
" Failure s =
e T Domain
s o & ol 10
Ol s

Y% SimCenter
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PLoM Example

10 0.200 0.200 - ;
® Training Y X
0.100 Building 1 0.100 e
® Building 2
0.050 4 Building 3 0.050 4
0.020 + 0.020 +

°
o
0.010 5 ") 00101 o Training

X-dir 15¢-story SDR sy (infin)
X-dir 1%'-story SDR pax (infin)

Building 1 ® |6
0.005 1 o ® 00051 o Byilding 2
L] ° Building 3
0.002 T T = T T T 0.002 T T T T
1 20 30 50 100 200 300 500 50 100 200 300 500 1200
Floor weight (kip) Story stiffness K, (kip/in)
0.200 v 0.200 .
« °
. | a °
0.100 0.100 pars $ie. oo
maximum story
drift ratio 0.050 1 0.050 o
°®
PFA: peak floor o ®
acceleration 0.020 4 0.020 4

X-dir 15-storySDR pax (in/in)
X-dir 15-story SDR .y (in/in)

00101 @ Training D) 00101 @ Training »
e Building 1 § ‘ Building 1 »
zontal Y dir 00051 o Buiding 2 1 00051 o Building 2
Building 3 ° Building 3
0.002 T T T T T 0.002 T T T T T T T
Horkeset X & 20 30 50 100 200 400 600 001 002003 005 010 020030 050 1.00
W Yield force Fy, (kip) Strain hardening ratio a
(hy (3}

W SimCenter
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PLoM Example

25000
Total B Training set simulation
20,208 s B Building 1 simulation
a 1.0 - 20000 1 BN Building 2 simulation
a - . Building 3 simulation
Py ~4.6x B PLoM prediction 1
05 4 % 15000 - W PLoM prediction 2
V% g PLoM prediction 3
0.001 0.002 0.005 0010 0.020 0.050 0.100 Total:
10.00 10.000 5000 1 219s) 44345
® PLoM Pred. 102 s
_ 5001 Test Bidg. 1 5.000 - N 216 !I!ﬂ
* Direct Analysis PLoM
& 2001 2.000 -
3
S o 0750
m
a 0.50 4 0.500 + Training
040 ‘ 0.400 4 — PLOM Pred.
0.30 4 0.300 4 — Tost ek’g 1
0.20 v v v - v 0.200 4+ v
0.001 0.002 0.005 0.010 0.020 0.050 0.100 0 PFA 1
SDR max (infin) (X, Story #1) Lognormal PDF
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Overview

= SimCenter Objectives & Scientific Workflow Systems
= SimCenter Status

= ML use in SimCenter

= Why UQ

= quoFEM Demo
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That Quote Again!

“An estimate without uncertainty is
no estimate at all.” (attributed to Sir
Harold Jeffreys)

38



= “Exact prediction of behavior is
impossible, can’t be done” performance Based

T h ou g htS Design, https://www.youtube.com/watch?v=HpnICZuoQdU
from Prof. i A
= “While geotechnical Engineers cannot
Graham predict within 300% surface motion
Powell given a rock motion, structural
engineers can predict within 10% the
pERFOngp response of the structure given surface

S,
MOTION™ ce221 Nonlinear Structural Analysis Spring 1992.

DRAIN2D, DRAIN3D




I_ EA P P I’Oj e CtS 2 O 1 9 (Liquefaction Experiments and Analysis Projects)

AVI AV2
ﬂ] B2 Accelerometer ® Pore pressure transducer ﬂl

4875m

AHII ' 1
AHI2Z T 1
e Simulations (OpenSees, PLAXIS, FLAC, Flip)
centrifuge
().IM/V\/\/\/\/\/\/\/\/\/\/W 600 T T T T T T T T
0
21 Target Uncertainty in simulation results
E_ 400 - —RP|
g 300 -—:_-$;~A
- 8 »-NS28
- 8 --0--NS 3-A
g0 TR
_g g wpNS 5
< § 100 - =9=NS 6

-0.1 Cu -100 1 I L 1 L 1 1 I 1

0 Time, sec

-0. ZIu .
v surface lateral deformation

0 15

Input acc
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https://www.nsf.gov/awardsearch/showAward?AWD_ID=1344630&HistoricalAwards=false

RC Bridge Column, NEES@UCSD 2010

Can ' T R
Structural |
Engineers %*‘" *’" A 8
D O ::n 70 140 2 280 350

Better?

QO  Experiment
O mean
@  median

800
5500‘
NO! £ ool .
% w001 :
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*
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Ln
h
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Probably Need Multi Model

Side View

CPT 0.5m .

o | 20m Lateral deformation _

o a5 1755 Nodes and b e W
St : Wy T - 2 1654 Elements

! wy-+_b [l ZB

! 3

1

Nodes on the surface boundary fixed in pore
5.00 m_ pressure DOF l /
425m_, .

sanans
LEAP 3.60m .5m20 o T
i Om
3.00m” ’|< >| g
200m_,
Projects 2022 =
> z a
J 0:25 m_ I e X P I
AHI3 ) o 202m <
AHI4 [ | Nodes on the side boundaries and bottom fixed in horizontal

and vertical displacement DOFs

Simulations (OpenSees, PLAXIS, FLAC, Flip)

Centrifuge (UcCD, RPI, CU, Ehime, KAIST)

Experiment MD PM4Sand

o
~

°o o o
H U0 O

Displacement (m)

°© o o
=N W

0.0 1 1
0 1‘0 2‘0 3‘0 40 0
Variability in experiments

“All models are wrong, but some are useful” -ceorge £. p. Box
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Authoritative Expert on the Subject .. ChatGPT!

(<]

Should numerical simulations be performed without uncertainty quantification?

No, numerical simulations should not be performed without uncertainty quantification. @ GP
Uncertainty quantification is the process of estimating the uncertainty in the results of
numerical simulations. This is important because numerical simulations are often based
on models that include assumptions and approximations, which can lead to errors in the
results. By performing uncertainty quantification, one can estimate the range of possible
results and determine how sensitive the results are to changes in the input data or model
assumptions. This information can help in making decisions and drawing meaningful

conclusions from the simulation results.

SimCenter




Good News ... SimCenter Tools Produce UQ

YEAH!
BUT!

% SimCenter




User Has More Work To Do

User has to identify certain
uQ parameters as being
Requires

Extra

Input
From User then has to define the

associated with

User :
these Random Variable

% simCenter




Computer Has More Work To Do

= SimCenter Applications can
run these computations in
parallel using the cores of
your local computer;

Extra
Computation |
,  Makes * They also allow you to run
Use the simulations through the
| Of | Cloud on the HPC resources
Parallel at TACC provided through
Computing DesignSafe-ci. =S

% simCenter




A Geotechnical Example of How
to Apply OpenSees correctly!

Using

FEM

% SimCenter




1Ne FRKUDLLIVI,
Soil Liquefaction: Lateral Spreading

Sang-ri Yi,Aakash Bangalore Satish, Pedro Arduino

NQpenSees

* OpenSees Model
* Element: SSPQuad-UP

* Const. Model: PM4Sand v3
Drt GO’ hpO




ANy vata’
Soil Liquefaction: Experiments and Simulation

Sang-ri Yi,Aakash Bangalore Satish, Pedro Arduino

4 ;-;.» ‘ 7 - : 1.- ; I 016
el ' 0.14
n4 n3 012
T o
% 0 L
G -2.5 1 I 10
&/\Qpensees 501 L # of cycles
=75 4 r
" "2 100 - PM4Sand main parameter
SSPquad (4 node) S S P

V) Dr, GO, hpo



ep 1:Bulld a iviodel (IMultiple Iviodels IT POoSSsIble)

Pedro,
h . B Material parameters

pset Dr 0.61

C rs, pset GO 255 |

Lon g pset hpo 0.14 model BasicBuilder -ndm 2 -ndf 3

Y] set grade 3.0

set layerT 3.0 set yCoord 0.0

Alborz, # ———SOIL GEOMETRY set count @
set numLayers 3 set gwt 1

Andrew set layerThick(3) 2. set waterHeight [expr $soilThick-$waterTable]

’ set layerThick(2) $layerT set nodesInfo [open nodesInfo.dat w]

set layerThick(1) 1.0 # loop over layers

& Peter set waterTable 2.0 for {set k 1} {$k <= $numLayers} {incr k 1} {
# mesh geometry # loop over nodes
set nElemX 1 for {set j 1} {$j <= $nNodeL($k)} {incr j $nNodex} {
set nNodeX [expr $nElemX + 1] for {set i 1} {$i <= $nNodex} {incr i} {
set sElemX ©.25 node [expr $i+$count+$i-1] [expr ($i-1)x$sElemx] $yCoord

set nElemY(3) 8

set nElemY(2) [expr int($layerT
set nElemY(1) &

# define grade of slope (%)

set g -9.81 }
# material param }

set N160 10.0

set Cd  46.0

set Gs 2.67

set emax 0.8

set emin 0.5

set void [expr $emax - $Dr * (sel} N o5, hgies ”
set por [expr $void / (1 + $void]# define f1x1t1e§ for pore pressure nodes at base of soil column
set rho_d [expr $6s / (1 + $void Tor {set i 1} {$i <= $nNodex} {incr i} {

# designate nodes above water table

if {$yCoord>=$waterHeight} {

set dryNode($gwt) [expr $i+$count+$i-1]
set gwt [expr $gwt+1]

set yCoord [expr $yCoord + $sElemY($k)]

set count [expr $count + $nNodeL($k)]

set rho_s [expr $rho_d %(1.0+$vo: fix $i 010 B

set Ko 0.5 # puts "fix $i @ 1 e" # 6. LYSMER DASHPOT

set nu [expr $ko / (1 + $k0)] if {$i > 1} { #

# define properties of the under: equalDOF 1 $i 1 model BasicBuilder -ndm 2 —ndf 2
set rockVs 182.0 }

set rockDen $rho_s }

# define dashpot nodes
set dashF [expr $nNodeT+1]
set dashS [expr $nNodeT+2]

# define equal degrees of freedom for pore pre
# calculate the thickness of soi.for {set j [expr $nNodeX + 1]} {$j < $nNodeT}

set soilThick 0.0 for {set i $7} {$i < [expr $j + $nNode
for {set i 1} {$i <= $numLayers} equalDOF $j [expr $i+1] 1 2
set soilThick [expr $soi: } node $dashF 0.0 0.0
} } node $dashS ©.0 0.0
# total number of elements in vei# define pore pressure boundaries for nodes ab " i
set nElemT -] for {set i 1} {$i < $owt} {incr i 1} { #.deflne fixities for dashpot nodes
set layerBound(1) @ fix $dryNode($i) © 0 1 fix $dashF 1 1
for {set i 1} {$i <= $numLayers}} fix $dashs @ 1
incr nElemT [expr $nElem'set slope [expr atan($grade/100.0)]

set sElemY($i) [expr $layer'npMaterial PM4Sand 3 $Dr $G0 $hpo $rho_d 101.3# define equal DOF for dashpot and base soil node
set layerBound([expr $i+11) npMaterial PM4Sand 2 $Dr $G@ $hpo $rho_s 101.3€qualDOF 1 $dashs 1
} nDMaterial ElasticIsotropic 1 $E @.3 $rho_s puts "Finished creating dashpot nodes and boundary conditions..."
set layerBound(1) 1 . . set elemInfo [open elementInfo.dat w]
’] Sees IVI Od el # number of nodes in vertical dii ¢ count @ # define dashpot material
set nNodeT @ for {set i 1} {$i <= $numLayers} {incr i 1} { set colArea [expr $sElemXx$thick(1)]
for {set k 1} {$k < $numLayers} - for {set j 1} {$j <= $nElemy($i)} {incset dashpotCoeff [expr $rockVS*$rockDen]

- kbt (LY T @i




Step 2: Sensitivity Study

Sang-ri Yi,Aakash Bangalore Satish, Pedro Arduino . .
|. Global Sensitivity Analysis

Dr, GO, hpo

* lIdentify influential and redundant
input parameters

* Inputs: PM4Sand material model
parameters (Dr, Go, hpo)

*  Outputs: Number of cycles to onset
of liquefaction at given CSR values,
parameters of power law model fit
to cyclic strength curve

Computational model

anipy
& pyion3 (pykene) O

{3 e v mn
/ ()%Qpen Sees 5 L T S e
’,r"' Z - quoFEM Bayesian Calibration Example
PM4Sand *

Single element simulation

Global Sensitivity Analysis with quoFEM: https://youtu.be/|C8xN5LA084

Boulanger RW, Ziotopoulou K (2017) PM4Sand (Version 3.1): “A sand plasticity model for
earthquake engineering applications”, Dept. of Civil and Env. Eng., Univ. of California, Davis, Davis,
CA, Rep. UCD/CGM-17/01

Chen L, Arduino P (2021) “Implementation, verification, and validation of the PM4Sand model in
OpenSees”, Pacific Earthquake Engineering Research (PEER) Center, University of California, Berkeley,
Berkeley, USA, Rep. 2021/02

Nair AS et al. (2021) “Research Experience for Undergraduates (REU), NHERI 2021:
Uncertainty Analysis of Seismic Soil Liquefaction using quoFEM.” DesignSafe-ClI. [link]
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https://doi.org/10.17603/ds2-ykmy-2j81
https://youtu.be/JC8xN5LAo84

Step 3: Bayesian Calibration

Sang-ri Yi,Aakash Bangalore Satish, Pedro Arduino

. I Results
. 2. Bayesian Parameter Calibration
Experimental data
N N o 0.2 T
Cyclic direct simple shear test — 2 i prton
. ~ = Experimental data
Vertical stress 5} 0.18 N 95% Confidence bounds| |
< 95% Prediction bounds
2 (for noisy observations)
5 0.16
Z0.14
8
- e
- 30.12
Shear stress :
5 10 15 20 25
Com putational mOdeI Number of Cycles to Liquifaction
quoFEM Bayesian Calibration Example ‘:l Pr

7 SNQpenSees

ior
[TPosterior
¢ Mean
e 2000
1500
Single element simulation & 1000
500 :

PM4Sand

Bayesian Calibration with quoFEM: https://youtu.be/hLBB6nGId2M

Morales B et al. (2021) “Data from: Cyclic Direct Simple Shear Testing of Ottawa F50 and F65 Sands.” 1
Distributed by DesignSafe-Cl Data Depot. doi: 10.17603/ds2-eahz-9466

h PO
0o

Ziotopoulou K et al. (2018) “Cyclic Strength of Ottawa F-65 sand: laboratory testing and constitutive 0 °# I LA
model calibration.” Geotechnical Earthquake Engineering and Soil Dynamics, vol 293, pp. 180-189 R
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https://youtu.be/hLBB6nGld2M

Step 4: Forward Propagation

Sang-ri Yi,Aakash Bangalore Satish, Pedro Arduino Uncertainty in response

Results
[ g
: . Predictive mean
. 3. Forward Uncertainty Propagation . o,
Computational model ¢y Propag —— Random realizations
G . y. \/\
PM4Sand &’\QpenSees 6— | ——
Uncertainty in input .
parameters %EM v
T o] [ criomoesgnsaie |
[_JPosterior EET—— v — 4
¢ Mean & =1
PM4Sand \ » L;«
20000 & . [ | P m—— C 3
1500 [ + > m Co» Makdom v o pyoon3(eene) O oa
5 1000 \ ! o quoFEM Forward Propagation Example ;’)
500 A utational Geomecharics Group E 2 | |
Linear Elastic .’ \ ’
<9 S
0 : o 1
A
0.2 04 0.6 500 1500 0 2 4
D, Gy Npo 0 L L
0 0.2 0.4
Residual
displacement (m)
Nair AS et al. (2021) “Research Experience for Undergraduates (REU), NHERI 2021:

Uncertainty Analysis of Seismic Soil Liquefaction using quoFEM.” DesignSafe-ClI. [link]
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EXTRA
SLIDES ON

UQ

What follows are Extra
slides from Aakash and
Sang-ri.




Types of UQ

Forward Uncertainty Quantification

Inverse Uncertainty Quantification

% SimCenter




Forward UQ

* Propagation of uncertainty from inputs to outputs

Simulation Model

Probability M HWV G 42l [

distribution

e\E
L
2

Alternative
Design

#
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. i
(OpenSeespy user manual - Upadhyay) . .
/ N’Mﬁ Which design would you select?
A

— Uncertainty quantification
is essential in making decisions

% SimCenter



https://openseespydoc.readthedocs.io/en/latest/src/ModelRendering.html

Forward UQ

* Based on assumptions on inputs, predict the uncertainty in outputs

RV, Repair cost
. Mean expected down time
Standard deviation of repair cost
RV \ / /\ Forward sampling
2 Computer o Probability of significant damage
" Simulation ° Reliability analysis

/\ \ Down time [ |mportance of each parameter |

: Global sensitivity analysis

“9 SimCenter




Forward UQ

* Let us first consider single RV / Response

Mean expected down time
Standard deviation of repair cost

Young’s modulus
g Response Forward sampling
Computer Probability of signifi
y of significant damage
A —> Simulation ’ /\ Reliability analysis
| Importance of each parameter |
'& Global sensitivity analysis

How do we get the input distribution?

% SimCenter



Probability distribution of RV

* Everything is possible but not everything is probable

Probability
distribution

Young’s modulus

Engineering Judgement + Observation

» Based on underlying physics of quantity * Bayesian updating
* Select a simple distribution and apply reasonable limits —inverse UQ

Examples .
Known range of interest - Uniform distribution :
Assumption - Gaussian with 10% variation

From reference

u ‘oung's Modulus [MPal Measured Young's Modulus [MPa] Measured Youne's Modulus [MPal
Austenitic Ferritic Duplex and Lean Duplex

4 simCenter [




Forward Propagation

* Based on assumptions on inputs, predict the uncertainty in outputs

Young’s modulus Response
Computer Mean o
Seufion —> Standard‘ de\{lat!on -
Probability distribution
* A straightforward approach Monte Carlo sampling

* Is the model numerically expensive? Few simulations as much as possible
- Better UQ algorithms
e.g. Latin hyper cube sampling
- Approximation methods
e.g. Surrogate modeling
- Combination of both
e.g. Multi-fidelity modeling

% SimCenter




Reliability Analysis

* Probability of the response exceeding a threshold level
* Important for design decision

Young’s modulus

Computer Response ithreshold

J\ I Simulation .
N

e A straightforward approach: Monte Carlo sampling

* When the model is expensive & when failure probability is low
It is desirable to reduce the number of simulations To reduce the number of simulations
- Better UQ algorithms
Importance sampling, subset simulation
- Approximation methods
oy le_PJ; <01 Surro.gate- modeling, First-order approximations
f - Combination of both

% SimCenter

Pr =10% requires 1000 simulations
Pr =0.001% requires 1000000 simulations




Global Sensitivity Analysis

F.

Are all the parameters y,beam

equally impacting the

response? /\ Max disp
o < T’ Max Computer

Eb s 95 |ag) > 9 ;:_; dISp- Fy,COl SimUIation /\
eam 20| 0 3 - )
. e sls] 1 ° /\ Compared to the other variables,
F ige AN

y.beant = el 1 Ey, co1 is less important.
<l 1, — You might want to let F,, ., be deterministic
2 > E s[® 5 “
1 < 3 al 2 ° . MaX
s o B Z{I:X high disp low
" u 8 | e e e ege e
Fy cot g sensitivity sensitivity
' Probably not. ® °
Then what are thfa variab.les \°~?D<3$°o S=0.9 *--o~3- - 4_%—" $=0.05
that are actually influential? ~~e-5-3- o "o .o
Fy,beam Fy,col

Y% SimCenter

Center for Comp



Surrogate modeling

* Response surface representation

Max disp.
One parameter Two parameters

Max disp.
Max disp.

Max disp. = f(Young’s modulus)

Damping ratio

Young’s modulus
g Young’s modulus

Young’s modulus

* Usually the curve (surface) is very flexible & general
Neural networks, Gaussian process model, polynomial chaos...

* Design of experiments are used to reduce the number of simulations

4 SimCenter

Center for Computational




Types of UQ

Forward Uncertainty Quantification

Inverse Uncertainty Quantification

@ Si mCen'I'er W‘Ey Aakash Bangalore Satish ~ bsaakash@berkeley.edu



Inverse UQ

* Based on observed data, update the assumptions about the inputs and/or the model

*MFNHMW” i ® 102
u2 1015 2105
E 100 |5 10460 r
350 % - 63
_AJ B % |u -y
u 98 (51 b
54 . -
e w | Predicted roof acceleration E A
FYpeam = b (from model being calibrated)
24 87
AJ L. -
i PAARAMIAAA,
7 81
chol 10 dy S . I:ybeam [\
7 7
70 |1 7|
10 £
6 & : “ H 'J ' v Y F
@] af ' . Yeol
e AT Measured roof acceleration © /\
3 >

@ Si mcen‘l'er w‘w Aakash Bangalore Satish ~ bsaakash@berkeley.edu




Inverse UQ Methods — Bayesian calibration

 Based on observed data, update the distribution of the inputs to be consistent with
the observations

Max &
Young’s modulus Max disp disp
Computer
Simulation > m g

,,,,,,,,,,,,,,,,,,,,,
1

.
>

Distribution before Prediction before
observing data (prior) observing data Stiffness of structure
(Young’s modulus)

Young’s modulus Max disp * Calibration of material model

C ¢ * Calibration of reduced order model

pmpu .er * Post-event damage diagnosis and
Simulation Drognosis
oo o Datq * Digital twin of structure — real time

Updated distribution after Prediction after updating
observing data (posterior) observing data * Reliability updating

] @Y} (SYRRY Aaksh Bangalore satish  bsaakash@berkeley.edu



Inverse UQ Methods — Model Class Selection / Averaging

 Based on observed data, update the probability of a set of plausible models

/ v ]\ “All models are wrong, but some are useful”
Young’s modulus Max disp — George E. P. Box

Simulation / _ \ * Model parsimony: if two models
= Model 1 > Model 1 probability fit the data equally well, the

simpler model is assigned higher

oo O

. Data probability
v ° * Model class selection — select
Young’s modulus Max disp the best mogle! from the set and
. : use for prediction
> Simulation >
Model m Model m probability _
K Level 2 / * Model class averaging — select all
Data or the best few models, take
Level 1 weighted average of predictions

from these models

@ SimCenter ' I =



Running UQ

* Toolbox/software packages for UQ analysis

uQ[py|Lab

Uncertainty Quantification
with Python, powered by
uQLab

JOIN THE BETA

u simCenter [



qUOFEM

* A software tool with a user interface developed in SimCenter

FEM app uQq/

(Opensees, FEAPpy, Optimization
python, custom) engines

“You bring the FEM model, we do the rest”

e Need more than what we have?

= Build your own quoFEM
Github page: https://github.com/NHERI-SimCenter/quoFEM

= Tell us what you need
SimCenter Forum: http://simcenter-messageboard.designsafe-ci.org/smf/index.php

% simCenter



https://github.com/NHERI-SimCenter/quoFEM
http://simcenter-messageboard.designsafe-ci.org/smf/index.php

quoFEM (v.2.4)

Simulation (FEM)
Model

OpenSees

FEAPpv

Custom

Surrogate

/_—| Reliability

uQ Type

Model

48 SimCenter

Modeling

Sampling >
Global e
Sensitivity T e

v
°

Estimation .
Bayesian e
Calibration T e
Custom UQ > .

Surrogate .

Algorithm

Latin Hypercube Sampling
Monte Carlo

Gaussian Process Regression
Polynomial Chaos Expansion

Quasi-Monte Carlo
Probability-model-based approximation

Local Reliability (FORM, SORM,..)
Global Reliability
Importance Sampling

OPT++GaussNewton
NL2SOL

DREAM
TMCMC

Custom UQ algorithm

Gaussian process surrogate modeling
Gaussian process multi-fidelity modeling




quoFEM User Interface

*% quoFEM - [m] X

File View Help Examples

QuOFEM Application Login|
UQ Engine Dakota ~|
Dakota Method Category Forward Propaqation ~ Parallel Execution [
Forward Propagation

Method LHS Parameters Estimation
Inverse Problem
# Samples 500 Reliability Analysis
o 482 Sensitivity Analysis

B TR BT BT I S

Program Output g X
19:33:01 - Welcome to quoFEM

W SimCenter

Center for C




quoFEM User Interface

W SimCenter

Center for C

% inputjson

File View Help Examples

quoFEM Application

Finite Element Method Application

Input Script C:/SimCenter/quoFEM/

SurrogateGP
Postprocess Script C:/SimCenter/quoFEM/Examples/qfem-0001/src/TrussPost.tcl

OpenSees %

OpenSees

FEAPpV

OpenSeesPy

russModel.tcl

il

I TR BT I T S

Program Output g X
17:40:09 - Welcome to quoFEM ~
18:28:08 - Loading Example: Two-Dimensional Truss: Sampling, Reliability and Sensitivity
18:28:08 - Example Loaded

v




quoFEM User Interface

3 inputjson — ]

File View Help Examples

quoFEM Application m
ot Randon Variabies (i | Corrltion Hat [ import
Variable Name  Distribution Mean Standard Dev
O E Lognormal j 205 15 m 2% Correlation Matrix ? X
Variable Name  Distribution Mean Standard Dev
Ovr Normal ~| 25 3 m
Variable Name  Distribution Mean Standard Dev
O Ao Loanormal ~| 250 10 m
Variable Name  Distribution Mean Standard Dev
O Au Normal j 500 25 m

IR BT I I S

Program Output g X

17:40:09 - Welcome to quoFEM o)
18:28:08 - Loading Example: Two-Dimensional Truss: Sampling, Reliability and Sensitivity
18:28:08 - Example Loaded

W SimCenter

Center for C i Modeli




quoFEM User Interface

2% inputjson - [m} X

File View Help Examples

QquoFEM Application m
oottt of teres i
Variable Name Length
Node_3_Disp_2 1
Variable Name Length
Node_2_Disp_2 1

T e wwwegere L crwomoemgee  fex

Program Output g X

17:40:09 - Welcome to quoFEM
18:28:08 - Loading Example: Two-Dimensional Truss: Sampling, Reliability and Sensitivity
18:28:08 - Example Loaded

Wl SimCenter

Center for C i Modeling &




quoFEM User Interface

% inputjson

File View Help Examples

Summary  Data Values

Node_3_Disp_2 Sobol' indices:

Random Variable Main
P 0.777
Au 0.025
E 0.389
Ao 0.068

Node_2_Disp_2 Sobol' indices:

Random Variable Main
P
Au
E
Ao

W ¢ Desgrsae " e

Program Output

11:31:48 - Running Analysis..
11:32:21 - Processing Results
11:32:21 - Processing Results ...

W SimCenter

Center for C i Modeli




