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MoTueauuja

MoTueauwnja

» [loborbluabe MOAeNOBakba U CUMyNaumja 3a CUCTEME
TNa U KOHCTpyKUmMje

» Pa3Boj ekcnepTHOr cUCTEMa 3a HYMepuuUKe aHanumse

» YnoTtpeba npeumsHux Modena 3a aHann3e CTaTuUKe U
OVHAMUKKe CUCTeMa TNa U KOHCTPyKumje

» Llum je pasBoj meTogonormje 3a Hymepuuka
npeasubarba N MHPOPMMCAHE KOPUCHWKA, CTPYUHbaKa, a
He pe3ynTaTV KOjuU MpaTe Heky 3afaTy NNHW]Y, Ha cuny

/ﬁ A
Jepemufi UCDAVIS \l
MopgenoBare Tna 1 KOHCTpyKLMje




[MpeTnocTaeka

» /lHTepakumnja AMHAMUYUKMX KapaKTEpUCTLKA
3eMJbOTpPeCca, TNIa U KOHCTPYKLUWNje KOHTPONLLE HUBO
owTehera KOHCTpyKUMje

» MecTo 1 Bpeme gncunaumje 3eM/bOTPECHE eHepruje
oapebyje nokaumjy n HMBO owTeRera KOHCTPyKUnje

» KoHTponucawem NpoToK 3eMJbOTPECHE eHEpruje Kpos
TNO N KOHCTPYKLM]Y, MOXeMO Aa nobosbliamo

» CurypHoct
» EkoHOMUMuHOCT
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MoTueauuja
Taunoct Mogenosawa 1 Cumynauuja

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

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

» Hymepuuko aHanusa: kopuwhere Hymepnukor 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
MopgenoBare Tna 1 KOHCTpyKLMje
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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_model0]_ff_quake.hs.feloutput
DB: nop_odel0l_ff_quake:nd feioutput DB: npio.rm

/77
o7

b R Y 'Aﬂ N
Jepemufi UCDAVIS \l
MogenoBatbe Tna 1 KOHCTPyKUMje
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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...

g 30000 .
w G o L 0.00008
5 25000 . S 5
= . . . 5
3 20000 g 0.00006
[=] =
= 15000 &
o s 8 0.00004
© 10000¢ts §° T
=1 H £
o H 7 e 5 0.00002
> 5000 T E=(101.125+19.3) N063 Z
= 1 SRR .
5 10 15 20 25 30 35 -10000 0 10000
SPT N Vaue Residua (w.r.t Mean) Young's Modulus (kPa)
Transformation of SPT N-value: 1-D Young’s modulus, E (cf. Phoon and Kulhawy (1999B)) .
ﬂ A
Jepemunh UCDAVIS m

MogenoBatbe Tna 1 KOHCTpyKUMje



YBopa
MoTuneayuja
Modeling and Parametric Uncertainty

Mporpam
Real ESSI Simulator System
Real ESSI Simulator Components

Ananuzse
BpaHa
BeTtoHcku Moct
HykneapHa EnekTpaHa
Mexanunka u Teopnja BeposaTHoha

3akJsbyyak
3akrbyuak




YBoa
0000
000

[Mporpam AHanuze 3aksbyyak
oeo 0000000000 [e]e)
00000000 00000000

000000000

0000000000000 0

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. DY

UCDAVIS m

MogenoBatse Tna 1 KOHCTpyKUMje



Real ESSI Simulator Modeling and Simulation Process
Nimput
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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

Requires units!




Real ESSI DSL Example

0ONO O~ WD =

model name "UNR Test Setup";

new loading stage "First, static";

add node # 1 at (Oxm, Oxm, Oxm) with 6 dofs;

add node # 2 at (0Oxm, Oxm, 1lx*m) with 6 dofs;

add element # 1 type beam_elastic with
nodes (1, 2) cross_section=1.0*m"2
elastic_modulus=1.0e5xKN/m"2
shear_modulus=2.0e4xKN/m"2
torsion_Jx=2+0.083+m"4
bending Iy=0.083+*m"4 bending_TIz=0.083+m"4
mass_density=2500.0xkg/m"3
xz_plane_vector = (0, -1, 0)
joint_1_offset = (0.0+*m, 0.0%m, 0.0%*m)
joint_2_offset = (0.0+*m, 0.0%m, 0.0x*m);




Real ESSI DSL Example

0ONO O~ WD =

fix node No 1 dofs all;

add load # 1 to node # 2 type
linear Fx=-9xkN;

define load factor increment 0.01;

define solver UMFPack;

define convergence test
Norm_Displacement_Increment
tolerance = le-5
maximum_iterations = 20
verbose_level = 4;

define algorithm Newton;

simulate 100 steps using static algorithm;

dovidjenija;
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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

Jepemunh UCDAVIS ﬂ
MogenoBatse Tna 1 KOHCTpyKUMje
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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

MogenoBatse Tna 1 KOHCTpyKUMje




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)

» Concrete Bridge: matching of earthquake, soil and
structure dynamic characteristics

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

» Stochastic Elastic Plastic Finite Element Method: risk of
undesirable performance
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Dam, Satellite Photo
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Dam, 3D Slope, Satellite Photo
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3D Slope
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Bpana

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 =
= A

UCDAVIS m

MogenoBatse Tna 1 KOHCTpyKUMje



Dam, Section

Elevation (ft)

750

700

600

Description: Alluvium

Wt: 116

Cohesion: 0

Phi: 25
26

Perpendicular Section at Sta 35+75

Random Fill

49

Surcharge = 1500ps
Applied to Platform

9845 44 1

36

300
Distance (ft)

350

Description: Embankment Fill
Wt: 126.7

Cohesion: 0
Phi: 30

750

600




Dam, Model




Dam Slope, Failure Modes

v

v

v

v

v

3D failure pattern

3D has lower FS than 2D (!)
Original S,: FS barely enough

With "increased" Sy, FS a bit higher
Seismic: immediate slope failure

NN “Q\

% B SRR A LT

- ae9.0.0 0
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Post-Tensioned Concrete Bridge in Variable Soil
Linear elastic deck/box girder, concrete, post-tensioned

vvyyvyy

Nonlinear frame, r. concrete
Nonlinear piles, r. concrete
Nonlinear soil (Sand, Clay) :

. ///W
2

o1 0005 0065 ©
Rotation (rad)

oW

w
Stearig

iy
Elastic Beam-Column  Rigid Joint Offset &

/ Nonlinear Beam-Column \
Zero-ength hings due to
bar slip ~ 5
~
e

X
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Betonckn Moct

Variable Soil

» Stiff frames (bends) in variable stiffness soils

Sol  Puopery
(Bert Num )

» Short period

6 7 8 9 W 1M 12

S

4 u % =
=

earthquake = FLUE =

» Matching EQ, soil
and structure ’ CEEREREEQE
stiffness vl g SEEgEE

» Variable soil » § E
creates extra ) El 3
demand on main HE &8k
girder - B~ i’ ok

'Aﬂ A
Jepemunh UCDAVIS m
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Betonckn Moct

Short Period Earthquake, Northridge

Jepemunh

» Usual assumption: soft soil is a problem
» Design: static pushover, single bent, soft sail
» Actual critical behavior: system in stiff and variable soil

Acceleration Time Series — Input Motion (NORTHRIDGE EARTHQUAKE, 1994)

«—
& T T T T T
E 2 B
5
.@ 0
oL, 4
8 2 1 1 1 1 1
£ 10 20 30 40 50 60
Time (s)
—_ Displacement Time Series - Input Motion (NORTHRIDGE EARTHQUAKE, 1994)
\E, 0.2F T T T T T |
f=4
£
S O—IVJ\J\M/\/W\—
o
k)
% -0.2¢ I I I I I |
o 0 10 20 30 40 50 60
Time (s)

MogenoBatse Tna 1 KOHCTpyKUMje
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Detailed 3D Bridge Model, 3 Bends

surrounding Soil (Soft or Sti

ining Layer (Stiff Soil)

'Aﬂ N
Jepemunh

UCDAVIS m
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Short Period E.: Moments, Bent #1, SSS, CCS, CCC

——888 - - CCS —CCC




Short Period E.: Moments, Bent #2, SSS, CCS, CCC

4000
3000
2000+
10001~
ok

Moment (kN*m)

-1000-
—2000
-3000




Short Period E.: Moments, Bent #3, SSS, CCS, CCC

CCS —CCC
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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 A
Jepemunh UCDAVIS N
MopgenoBare Tna 1 KOHCTpyKLMje




Example Earthquake: M 6.6, Norcia, Italy, 300ct2016
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1D, 2D, 3D Earthquakes?

LSST@7 RECORDED MAOTIONS AT FA2S L.S5T12 RECORDED MOTIONS AT FA25
R ‘ ‘ " T ‘ R ‘ . : .
i e FRESINS A 185 oasssenez
: ¢ 1
N H a‘«l\w vtwfu;/mw
N izt
g u
g < :

FAZSEK  Ana. = 184 sn/eeorsz

2

ACC. Cen/aac

» SMART-1 array, Lotung, Taiwan,
» LSSTO7: almost 2D (the only one!)
» LSST12: full 3D N
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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

e

—> [ir=m
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Jepemufi UCDAVIS \l
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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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HykneapHa EnektpaHa

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: npp_model01_ff_quake.hS.feioutput
Time: 8.312 A P

Jepemunh
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MogenoBatbe Tna 1 KOHCTPyKUMje


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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6D vs 1D NPP ESSI Response Comparison
user: jaabel
Tue Mav 19 17:19:21 2015 =
ﬂf\
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
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Uncertain Material Parameters and Loads

» Decide on modeling complexity
» Determine model/material parameters

» Model/material parameters are uncertain!

» Measurements
» Transformation
» Spatial variability




Parametric Uncertainty: Material Properties
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Uncertainty Propagation through Inelastic System

» Incremental el—pl constitutive equation

A . E El]mnmmnnpqE gkl
Ojj = Ijk/ - kI —

Aey
Ul el
Nrs Erstumtu 5* *

» Dynamic Finite Elements

Mu + Cu + K®u =F

» What if all (any) material and load parameters are
uncertain




Probabilistic Elasto-Plasticity: von Mises Surface
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MexaHuka 1 Teopuja BepoaTHoha

Probabilistic Stress Solution:
Eulerian—Lagrangian form of FPK Equation

OP(ojj(xt, 1), t 0
(a,(a);r ): 1) _ G H<nmn(amn(xt,t),Em,,,s(xr),e,s(xr, t))>
+ /t drCovy {%mn(amn(xt, ), Emnrs(Xt), €rs(Xt, t));
0 aO’ab

Hao(0ab(¥5 et = 7), Eaboa (=), cca(Xtrrt r)] } P(oy(x ). t)}
82 t
m |:{-/0 drCovy |:77mn(0'mn(xt, t), Emnrs(Xt)7 €rs(Xt7 t));

nab(Uab(Xt—n t— T), Eabcd(xt—f)y €cd(Xz_7—, t— T)):| } P(O’,]‘(Xt, t), t):|

\

Jepemufi UCDAVIS] ..o
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(Jeremic et al. 2007, Sett and Jeremi¢ 2010, Sett et al. 2007, 2011) Ny
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Eulerian—Lagrangian FPK Equation and (SEP)FEM

» Advection-diffusion equation

OP(oj, t) 0

_ Mpi iy 9 N@ pr
i = O NG Py - 2 (NGLPla )

» Complete probabilistic description of response

» Second-order exact to covariance of time (exact mean
and variance)

» Any uncertain FEM problem (Mu + Cu + Ku = F) with

» uncertain material parameters (stiffness matrix K),
» uncertain loading (load vector F)

can be analyzed using PEP and SEPFEM to obtain PDFs
of DOFs, stress, strain... .
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Probabilistic Elastic-Plastic Response
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Spectral Stochastic Elastic—Plastic FEM

» Minimizing norm of error of finite representation using

Galerkin technigue (Ghanem and Spanos 2003, Sett et al.
2011):

Z K,fmdn, + Z Z dn/ Z C//kae,ﬁ( = (Fmil{&r}])

n=1 j=0 k=1

K = / B,E®PBndV Kb = / BV Ak BmdV
D
Cp = (EOWHENHEN)  Fn= / ONmalV

/ﬁ |f\
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Wave Propagation Through Uncertain Saoill
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Uncertain Response at the Surface cov
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Displacement PDFs at the Surface cov- 120
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Displacement CDFs (Fragilities) at the Surface cov- 120




Probability of Exceedance, disp = 0.1m cov- 1204
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Summary
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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
Collaborators: Yang, Cheng, Jie, Sett, Taiebat, Tafazzoli,
Karapiperis, Abell, Pisand, Feng, Sinha, Lacour, Yang,
Behbehani, Wang, Petrone, Wong, McKenna, McCallen
Funding from and collaboration with the US-NRC, US-NSF,
US-DOE, CNSC, LBNL, LLNL, INL, ILEE, AREVA NP
GmbH, and Shimizu Corp. is greatly appreciated, Y
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