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MoTueauuja

MoTueauuja

» [loborbluabe MoOAeNOBakba U CUMyNaumja 3a CUCTEME
TNa U KOHCTpyKUMje

» Pa3Boj ekcnepTHOr cucTeMa 3a HyMepuuKe aHanumse

» Ynotpeba npeumsHux MoJena 3a aHaNnMse CTaTUKE U
OVHaMUKKe CUCTeMa TNa U KOHCTPyKumje

» Llum je pasBoj meTofgonormje 3a Hymepuuka
npeasubarba U MHPOPMMCAHbE KOPUCHWKA, CTPYUHbaKa, a
He pe3ynTaTu KOoju npaTe HeKy 3aJaTy NUHU]Y, Ha CUNYy
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Seismic Hazard, World
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MoTusaunja
Seismic Hazard, Europe
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Seismic Hazard, DOE Facilities
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MoTueauuja

[lpeTnocTaeka

» VlHTepakuuvja AMHAMUUKMX KapaKTEpUCTUKA
3eM/bOTpeca, TNla N KOHCTPYKLUMje KOHTPONULLE HMBO
owTeherwa KOHCTpyKUMje

» MecTo 1 Bpeme gncunaumje 3eM/bOTPECHE eHepruje
oapebhyje nokauunjy n HMBO owTeherwa KOHCTpyKUMje

» KoHTponucawem npoToK 3eM/bOTPECHE eHEPrUje KPo3
TNO U KOHCTPYKUWjY, MOXeMO Aa nobosbliamo

» CurypHoct
» ExoHommuHocT
Jepemufi UCDAVIS] ..o
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MoTueauuja

Taunoct Mogenosawa 1 Cumynauuja

» Bepudunkaumja: aokas Aa je mofen TauHO pelLleH,
MaTeMaTUuUKK npobnem

» Banupauuje: gokas Aa je pelleH npaBu MOAEN,
MeXaHUUKK npobnem

» Hymepuuko aHanmsa: kopuwherwe Hymepuukor mogena
3a npefBuLjarbe CTawa cucTema 3a ontepehera koja
Hucy kopuwhieHa npu TecTupamy (Banugaumjn)

» [Mpeasubarse/aHanunsa y3 teopujy BeposaTHoha:

> HeCl/II'ypHOCT MopAena

» HecurypHocT napametapa
Jepemufi UCDAVIS] ..o
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Modeling and Parametric Uncertainty

Modeling Uncertainty: Simplified Models

» Simplified modeling: Features (important ?) are neglected
(6D ground motions, inelasticity)

» Modeling Uncertainty: unrealistic and unnecessary
modeling simplifications

» Modeling simplifications: justifiable iff higher level
sophistication model shows are features not important

) 5 DB: npp_model01_ff_quake.hs.feloutput
DB: nop. modelD]_f_quake.ns feioutput DB: npio.im al P

- N T— 'ﬁ /\
Jepemufi UCDAVIS \l
Enacro-lnactnuHoct n BeposaTHofie




Ysoa Mporpam AHanuze 3akJbyyak
0000000 000 0000000000 [e]e)
ooe 000000 00000000

0000000000000

Modeling and Parametric Uncertainty

Parametric Uncertainty: Material and Loads

» Significant uncertainty in material and loads
» Need to propagate uncertainty through simulation, to give
regulators and engineers information for design, licensing...
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Transformation of SPT N-value: 1-D Young’s modulus, E (cf. Phoon and Kulhawy (1999B))
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Real ESSI Simulator System

Real ESSI Simulator System

Jepemunh

» The Real ESSI-Program is a 3D, nonlinear, time domain,

parallel finite element program specifically developed for
Hi-Fi modeling and simulation of Earthquake Soil/Rock
Structure Interaction problems for NPPs (infrastructure
objects) on ESSI-Computers.

The Real ESSI-Computer is a distributed memory parallel
computer, a cluster of clusters with multiple performance
processors and multiple performance networks.

The Real ESSI-Notes represent a hypertext
documentation system (Theory and Formulation, Software
and Hardware, Verification and Validation, and Case
Studies and Practical Examples) detailing modeling and
simulation of ESSI problems. 20
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Real ESSI Simulator Modeling and Simulation Process
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Real ESSI Simulator: DSL

[fragile]
» Domain Specific Language (DSL), Yacc & Lex

v

English like modeling and simulation language

v

Parser and compiler, can define functions, models, etc.

Can extend models and methods

v

v

Requires units!




YBoa Mporpam AHanuze 3aksbyyak
0000000 000 0000000000 [e]e)
[e]e]e} 00@e000 00000000

0000000000000

Real ESSI Simulator Components

Real ESSI Simulator Program: Finite Elements

» Dry/single phase solids (8, 20, 27, 8-27 node bricks),

» Saturated/two phase solids (8 and 27 node bricks,
liquefaction modeling),

» Truss, Beams, linear and nonlinear

» Nonlinear concrete shell and linear shell (ANDES)

» Contacts (dry and/or saturated soil/rock - concrete, gap

opening-closing, frictional slip),
» Base isolators (elastomeric, frictional pendulum)
» Stochastic Elastic-Plastic FEM (1D and 3D solid)
. A
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Real ESSI Simulator Components

Real ESSI Simulator Program: Material Models

» Elastic (solids): Linear, nonlinear, isotropic and anisotropic

» Elastic-Plastic (solids): von Mises, Drucker Prager,
Rounded Mohr-Coulomb, Leon Parabolic, Cam-Clay,
SaniSand, SaniClay, Pisano. All elastic-plastic models can
be used as perfectly plastic, isotropic hardening/softening
and kinematic hardening models.

» Elastic-Plastic (structures, 1D fibers): concrete and steel
» Probabilistic Elasto-Plasticity
Aﬁ N
Jepemunh UCDAVIS N
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Real ESSI Simulator Program: Seismic Input

Analytic input of seismic motions using Domain Reduction
Method (Bielak et al.)

» Body (P, S) seismic waves

» Surface (Rayleigh, Love, etc.) seismic waves,

» Analytic radiation damping.




Real ESSI Simulator Program: V&V

» Verification: mathematics issue,

» Each element, model, algorithm and procedure has been
extensively verified (math issue),

» Validation: physics issue,

» Limited, current DOE project will provide a wealth of data
for soil, SSI, &c.




Examples

» Earth and Concrete Dam: level of sophistication and the
influence of human factor (expert opinion)

» Nuclear Power Plant: 3D (6D) vs 1D seismic motions

» Stochastic Elastic Plastic Finite Element Method: risk of
undesirable performance




YBopa
MoTuneayuja
Modeling and Parametric Uncertainty

[Mporpam
Real ESSI Simulator System
Real ESSI Simulator Components

AHnanuze
BpaHa
Hykneapra EnekTtpana
Mexanunka 1 Teopunja BeposaTHoha

3akJsbyyak
3akrbyuak

~




YBoa Mporpam Ananuze

3akJbyyak
0000000 000 0@00000000 (e]e]
000 000000 00000000
0000000000000
BpaHa

Dam, Satellite Photo
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Dam, 3D Slope, Satellite Photo
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3D Slope
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BpaHa

3D Slope, Ground Photo
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Dam, Construction Photo
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3D Dam — Slope Stability

>

>

Jepemunh

3D earth slope part of a concrete, earth dam

Movements recorded during lowering of reservoir (and

significant rain!)

3D slope unstable (?), no one could tell, all commercial

software does 2D slope stability

2D vs 3D slope stability

Shear strength (?) as the only material parameter

("Expert(") increased value of (a single) measured shear

strength

Load cases: lowering and raising reservoir, slow and fast

Dam build using untreated alluvium .

. N
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Dam, Section
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Dam, Model




Dam Slope, Failure Modes

» 3D failure pattern Ty AT
v

» 3D has lower FS than 2D ()) AN
. R

» Original S;: FS barely enough b \\\\Q\‘\\\
- N ; : \\\\\\N\k\ N\,

» With "increased" S, FS a bit higher : \\\\\\\\\3\\ \

.
» Seismic: immediate slope failure BN N\

% BN e A TP
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HykneapHa EnektpaHa

Nuclear Power Plants, Modelling Issues

» Nuclear Power Plants (NPPs), early use of SSI analysis
(SASSI, CLASSI, &c.)

» State of practice for ESSI analysis of NPPs:

» Linear elastic material
» 1D seismic motions
» Incoherent seismic motions

» Current state of art for ESSI analysis of NPPs:

» Nonlinear soil, rock, contact, structure
» 3D (6D) seismic motions

» Seismic motions issue/problem
Aﬁ N
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1D, 2D, 3D Earthquakes?

ACC. (on/secex2)

LS5T97 RECORDED MOTIONS AT FA25
t t T T t

LSST12 RECORDED MOTIONS AT FA25
T + T t t

- AR —|

ssssssssssssssssssssssss

FARS-UD Anax = 204 on/secerz

vvvvvvvvv

» SMART-1 array, Lotung, Taiwan,

» LSSTO7: almost 2D (the only one!)

» LSST12: full 3D




YBon Mporpam Ananuze 3aksbyyak
[e]e)

0000000 000 0000000000
[e]e]e} 000000 000@0000
0000000000000

HykneapHa EnektpaHa

3D (6D) or 1D Seismic Motions for NPPs

» Assume that a full 6D (3D) motions at the surface are only
recorded in one horizontal direction

» From such recorded motions one can develop a vertically
propagating shear wave in 1D

» Apply such vertically propagating shear wave to the same
soil-structure system

L

—> r=m

/ﬁ A
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Synthetic (Realistic) Test Motions



http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Free_Field_small_model_April2015/movie_input.mp4
http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Applications_ESSI_for_NPPs/Free_Field_small_model_April2015/movie_input_closeup.mp4
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Hykneapta Enektpana

Synthetic Test Motions, 6D vs 1D

» Danger of picking one component (1D) of motions
» Excellent (forced) fit, but it is not a prediction

DB: npp_model0]_ff_quake.hs feioutput
Time:0.77

DB i fmodel0]_ffquake.hS feloutput

Jepemunh
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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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Hykneapta Enektpana

6D vs 1D NPP ESSI Response Comparison

1 _iayiaignt 5 11 quaks s eicutput

user: [aabel
Tue Mav 19 17:19:21 2015

Jepemunh
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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

6D vs 1D NPP ESSI, Top of Containment, Differences

Disp-Y [mm] Disp-X [mm]

Disp-Z [mm]

Accel-X [g]

Accel-Y [g]

C i 1t building top

0.0 0.5 10 15 20
Time [s]

Accel-Z [g]
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Uncertain Material Parameters and Loads

\{

Decide on modeling complexity

v

Determine loads and model/material parameters

Loads are uncertain!

v

v

Model/material parameters are uncertain!

» Measurements
» Transformation
» Spatial variability




Parametric Uncertainty: Material Properties
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MexaHuka 1 Teopuja BepoaTHoha

Uncertainty Propagation through Inelastic System

» Incremental el—pl constitutive equation

ES  mmnNpgEE
Agij = Elﬁ(llz> AEkl = E,]eli —— P~ pakl Aek/
el
anErstuth - f*h*
» Dynamic Finite Elements
Mu + Cu + K®u=F
» What if all (any) material and load parameters are
uncertain
Aﬂ N
Jepemunh UCDAVIS m
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MexaHuka 1 Teopuja BepoaTHoha

Stochastic Elastoplastic Finite Element Method
(SEPFEM)

» Material uncertainty expanded along stochastic shape
functions:

E(x,t,0) = S0 ri(x, 1)  S[{&1, o Em)]
» Loading uncertainty expanded along stochastic shape
functions: ,
f(Xa t, 9) = Ei:fo fi(Xv t) * Ci[{gm—H ’ '-'7£f]
» Resulting displacement expanded along stochastic shape
functions:
U(Xa ta 0) = Z;D:uo Uj(X, t) * wl[{€1 9ty fma €m+1 PR gf}]
Aﬁ A
Jepemunh UCDAVIS m
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SEPFEM : Formulation

Stochastic system of equation resulting from Galerkin approach

U0 1
. P
$H < v > KW L P < owpug > KK : Silofi < Wo¢i >
S < ouguy > kK T cwpy > KK Uno Sl fi < wi¢ >
k=0 kY0¥ 1 k=0 k¥ P¥A 5
2 | T < wai >
: : : uip, .
Pq K M K . P )
S8 < O > KW M < o wpup > KK : S < Wp, G >
LUnpy, 4

# KL terms material # KL terms load PC order displacement Total # terms per DoF

4 4 10 43758

4 4 20 3108 105
4 4 30 48 903 492
6 6 10 646 646

6 6 20 225792 840
6 6

30 1.1058 100
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SEPFEM : Probabilistic Constitutive Modeling

» Probabilistic constitutive modeling :

» Evolution of stress and stiffness via stochastic
Armstrong-Frederick kinematic hardening rule
Ao = Hale — co|Ae|
» Initial stiffness Ha and shear strength Ha/cr are now
uncertain : Ha = X h;o; Cr=Xco,
» Resulting stress and stiffness are also uncertain :
S Doy =
Py <—Ps Py P P,
Zi:1 Zk:1 hiAex®iPy — Z/’:1 Kk—1 2/21 C/Aeka,QDjd)kcb,
» Polynomial Chaos decomposition of stress and stiffness is
updated incrementally at each Gauss Point via stochastic
Galerkin projection
» Time integration is done via Newmark algorithm =
A
Jepemuh UCDAVIS] .o n
Enacto-lnactnuHoct n seposaTHofie




SEPFEM: Solution

» Solution is probability density function (PDF) of :

» displacement
velocity
acceleration
stress

>
>
>
» strain

» These PDFs evolve in space and time

» PDFs include dynamic uncertainty from materials and
loads
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MexaHuka 1 Teopuja BepoaTHoha

SEPFEM : Correlation Structure Representation

» Material properties E(x, y, z; 0) are spatially correlated,
with correlation structure C(xy, y1, Z1; X2, y2, Z2) between
two point locations

» Eigenvalue analysis of 3D correlation structure (KL
Expansion)

Jys C(X1, y1, 215 X2, Y2, Z2) fu(X1, Y1, 21)dx1 dy1dzy =
A (X2, Yo, Z2)

» 3D eigenfunctions can be included in stochastic shape
functions W to propagate correlation structure of materials
E(X)yv Z, 9) = Zio:‘l m fk(X7y7 Z) \U{ék(e)}

/ﬁ A
Jepemufi UCDAVIS \l
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SEPFEM : Correlation Structure Representation

Eigencloud 3

Eigenclud 1

Eigencloud 2
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Eigencloud 7 Eigencloud 8 Eigencloud 9




SEPFEM

Stress (Pa)

S A N

Probability Density Function

o

clic Loading of Uncertain Stress

: Probabilistic Elastic-Plastic Modeling

Cy&limf.oading of Uncertain Stiffness

Stress (Pa)

Mean Stress Mean Stiffness
g ————— inni ~~—~ Mean Stiffness +/- 1 inni
I ‘i:zli:;l%a& f Beginning Reloading Stage 7 |« Beginning

Y
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2l

0 R
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g
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w
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G 0.6
c
3
Q04
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o
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http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Probabilistic_Elasto_Plasticity_and_Stochastic_Elastic_Plastic_Finite_Element_Method/PEP_Animation.mp4

SEPFEM : Example in 1D

2Slochaslic Displacement from SEPFEM

y coordinate (m)

1

Fragility Curve of Node number 1

—6— 50th percentie 97th percentie
- -0 - 84th percentile 09l
@ 97th percentile )
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B
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S
{ ZBosf 50th percentile
]
o
© 041
2z
T
] =
E 03
5
o
02F
1 16th percentile
011
3th percentile
Yy 0
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x coordinate (m) %10® x coordinate (m) %10


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

SEPFEM : Example in 3D

Stochastic Motion of an B-node brick with Uncertain Young's Modulus
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http://sokocalo.engr.ucdavis.edu/~jeremic/lecture_notes_online_material/_Chapter_Probabilistic_Elasto_Plasticity_and_Stochastic_Elastic_Plastic_Finite_Element_Method/SFEM_Animation_3D.mp4
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Summary

Jepemunh

>

High fidelity modeling and simulation allows reduction of
modeling uncertainty and direct propagation of parametric
uncertainties through the dynamic ESSI system
Development and expert use of high fidelity modeling and
simulation numerical tools: Real ESSI Simulator System
Education and training of users (researchers, designers,
regulators, owners) will prove essential
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