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Hybrid Simulation
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Hybrid Simulation

"+ Model the well understood parts of a
structure in a finite element program on
one or more computers

+ Leave the construction and testing of the
highly nonlinear and/or numerically hard
to model parts of the structure in one or
more laboratories

+ Can be considered as a conventional
finite element analysis where physical
models of some portions of the structure
are embedded in the numerical model
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Required Components

1. Discrete model of the structure to be analyzed,
including the static and dynamic loading

2. Servo-hydraulic control system with static or dynamic
actuators

3. Physical test specimen, including a reaction-frame
4. Data acquisition system with instrumentation

N

Discrete FE-Model
with static & dynamic loading

FE-Software with Specimen
Integration Algorithm




Testlng Methods

"+ Conventional hybrid simulation test where
specimen is loaded using a ramp-and-
hold loading procedure

+ Continuous test where specimen is loaded
at a continuous slow to moderately slow
rate to avoid load relaxations

+ Real-time test where specimen is loaded
at correct velocities to account for rate-
dependent material behaviors

‘ + Geographically distributed network test
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What is OpenFresco?

4+ Open source Framework for Experimental Setup
and Control

+ Secure, object oriented, network enabled
“middleware” -- Pairs computer analysis software
with laboratory control systems and other
software to enable hybrid and collaborative

N

computing:
-+ Computational Drivers + Control Systems
= dSpace
Express «= MTS
= Abaqus + STS family
= LS-DYNA + Flextest/CSI
= Matlab + Flextest/Scramnet
= Simulink ‘= National Instruments
= Ansys = Pacific Instruments

UI-SimCor

= ADwin o
@penFresc 1 . ' , -




@pen FresCom

Why a Software Framework?

+Lack of a common framework for
development and deployment of HS

+ Problem specific implementations which
are site and control system dependant

+Such highly customized software
implementations are difficult to adapt to
different structural problems

N
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—»Need a robust, transparent, adaptable
~and easily extensible software framework

=

for research and deployment
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Rethinking implementation strategies
+Embed test specimen(s) in an existing

computational framework of user’s choice

ADMINISTRATIVE
itk RECORDERS COMMUNICATION
NODAL BOUNDARY ”S’Zfasp?ﬁg
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ELEMENT TYPES
LOAEIE AND LOCATIONS SOLUTION
METHODS
ELEMENT PROPERTIES
STATE DETERMINATION

NUMERICAL NUMERICAL NUMERICAL ;
ELEMENT 1 ELEMENT 2 ELEMENT3 |~
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Typical features
of an analysis
framework

_Proper numerical
model uncertain
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Rethinking implementation strategies

+Embed test specimen(s) in an existing
computational framework of user’s choice

ADMINISTRATIVE

Typical features
of an analysis

itk RECORDERS COMMUNICATION
NODAL BOUNDARY ”S’Zfasp?ﬁg
GEOMETRY CONDITIONS A
ELEMENT TYPES
LeiDIe AND LOCATIONS SOLUTION
METHODS
ELEMENT PROPERTIES

fra mework

STATE DETERMINATION

NUMERICAL NUMERICAL EXPERIMENTAL / Deflne element aS
ELEMENT 1 ELEMENT 2 ELEMENT 1 !
4@? o an “Experimental
g | ¢ Element”
v - |
[ —Openfresco | ~——— OpenFresco
{ S
CONTROLLERS — ~— Laboratory ,;
AND DAQS .




"OpenFresco Components
T provides all features of unmodified
FE- Software computational framework, including
parallel and network computing
&
OpenFresco
(Middleware)
v D
Control System - provides control of physical actuators

as well as data acquisition using

INn Laborato ry ~ physical instrumentation devices




OpenFresco Components

provides all features of unmodified

F E_Software computational framework, including

N

parallel and network computing

A

y represents the part of the structure that is physically

Experimental E|ement tested and provides the interface between the FE-

software and the experimental software framework
l T stores data and provides
Experimenta| Site communication methods

for distributed testing
l T transforms between the experimental element
Experimenta| Setup degrees of freedom and the actuator degrees of

l T freedom (linear or non-linear transformations)
interfaces to thé differeht

Experimental Control | | controland data acquisitor

systems in the laboratories

Y i
provides control of physical actuators
C:_()ntrOI SyStem as well as data acquisition using V
IN Laboratory physical instrumentation devices
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Requirements for Architecture

"+ Provide connectivity to a wide variety of
FE-software (clients), independent of the
language, such analysis software is
programmed in

+ Enable distributed testing and support
different communication protocols

+ Interface with rapidly evolving control and
~ data acquisition systems deployed at
testing facilities all over the world |

N

— Multi/Three-Tier Software Architectu
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OpenFresco Components

Experimental Element

Transforms between the global element
degrees of freedom in the FE-Software
and the basic element degrees of
freedom in the experimental element

/ Consider element in structure
Two coordinate systems
‘used in FE analysis

controlled displacements
and acquired forces

dz,w d1= q1

d;, g

L x| S

| Cantilever Basic S.

- Global System




"OpenFresco Components
\V
Experimental Site
FE—Sthware Stores data and provides communication
Ge”ei'CEime”" methods for distributed testing
v | LocalExpSite available for local testing and
Experimental Element RemoteExpSite/ActorExpSite pair available
4 for geographically distributed testing
Y |
. . Utilizes communication channels with TCP,
Expe”mental Site TCP+SSL or UDP communication protocols
I L
v ! | | | | | | |
Experimental Setup
v f
Experimental Control
| A
v |

Control System
in Laboratory
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OpenFresco Components

Experimental Setup

Transforms between the basic
experimental element degrees of freedom
in OpenFresco and the actuator degrees
of freedom in the laboratory (linear vs.
non-linear transformations are available)

controlled displacements
and acquired forces

dz’qZY% d1, q.[

7 ds, a,
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OpenFresco Components

_ Experimental Control
- ESOTtwa e Interfaces to the different control and

data acquisition systems in the
, laboratories (IP addresses and port
Y numbers)

EX p e rl m e n ta | E | e m e nt <) Define xPC Target Control

Define xPC Target Control

v Control Name :

Number of Setups (numSetups) :

EX p e rl m e n ta I S Ite Predictor-Corrector Type (type) :

xPC Target IP Address (ipAddr) :

v’ xPC Target IP Port (ipPort) :

Application Name (appName) :

Experimental Setup AppctonPth (et

V|
Experimental Control

b flemd o BEBE - REET®

!
Control System
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Experimental Elements
EEBeamColumn (2D,3D)

N

<-iMod> <-rho $rho>

$eleTag unique element tag

$iNode,$jNode end nodes

$tranTag tag of previously defined
crd-transf object |

$siteTag tag of previously defined
site object | |

$K1 ] initial stiffness matrix
elements (ndf x ndf)

- iMod flag for I-Modification

(optional, default=false)

$rho mass per unit length
(optional, default=0.0)

@pen FresCt

expElement beamColumn $eleTag $iNode $jNode
$tranTag -site $siteTag -initStif $Kij

Cantilever Basic DOF

Ubyzan

Ub‘3,Q3

¥ |
|Experimental Element‘

I
Y
Experimental Site
P! I
Experimental Setup
R
Experimental Control

|
Control System
in Laboratory

Ub’1,q1




FE-Software

Y
Experimental Element

Experimental Sites ==

Y
Experimental Setup
I3 |

N

LocalExpSite

\
Control System
in Laboratory

expSite LocalSite $tag $setupTag

$tag unique site tag
$setupTag  tag of previously
defined setup object




FE-Software
Y

Experimental Element

Experimental Setups

N
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Experimental Setup

ESThreeActuators

A
Control System
in Laboratory

expSetup ThreeActuators $tag <-control $ctriTag>
$Lal $La2 $La3 $L1 $L2 <-nlGeom> <-posActl $pos>
<-phiLocX $phi> <-trialDispFact $f> ..

$tag unique setup tag 3 A oo

$ctriTag tag of previously g = o ; .
defined control object -

$Lal-3 length of actuators 1-3

$L1-2 length of rigid links 1-2

-nlGeom NL-geometry (optional)

$pos position of actuator 1
(optional, default = left)

$phi angle from rigid loading

beam to local x-axis
(optional, default = 0.0)




FE-Software

v
Experimental Element

Experimental Controls

N

Experimental Setup

ECxPCtarget

\J
Control System
in Laboratory

expControl xPCtarget $tag $type i1pAddr S$ipPort
appName appPath

$tag unique control tag ; ' .
$type predictor-corrector type e
1pAddr IP address of xPC Target
$ipPort IP port of xPC Target
appName name of Simulink
application to be loaded
appPath path to Simulink

application
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~~~~~~ Command Language Manual

HOME NEWS USERS DEVELOPERS RelolalNIhpidlellil REFEREN

Open Framework for Experimental Setup and Control (OpenFresco)

OpenFresco Command

= OpenFresco Installation & Getting Started Manual 2.6 L M I
= OpenFresco Command Language Manual 2.6 ang uage an ua
= OpenSSL How To i“':}

Example Manuals Andreas Schellenberg, Hong K. Kim, Yoshlkazu Takahashl,
= OpenFresco Example Manual 2.6 - LabVIEW Gregory L. Fenves, and Stephen A. Mahin

DOCUMENTATION

OpenFresco Example Manual 2.6 - SimFEAdapter
OpenfFresco Example Manual 2.6 - UI-SimCor
OpenfFresco Example Manual 2.6 - xPCTarget

= OpenfFresco Example Manual 2.6 - LS-DYNA

= OpenFresco Example Manual 2.6 - Matlab

= OpenFresco Example Manual 2.6 - OpenSSL

= OpenfFresco Example Manual 2.6 - PortalFrame

= Openfresco Example Manual 2.6 - SignalFilter OpenFresco.exe & OpenFresco.dlil
» OpenFresco Example Manual 2.6 - SimDomain Version 2.6
-

L ]

L ]

July 2009

Workshop Presentations 2009

= OPFW 2009 - Agenda

OPFW 2009 - Opening Remarks (Mahin)

OPFW 2009 - Installing OpenFresco (Kim)

OPFW 2009 - Architecture & Tcl (Schellenberg)

OPFW 2009 - Hands-on Exercise (Whyte)

OPFW 2009 - Class APIs (Schellenberg)

OPFW 2009 - GenericClient & Adapter (Kim, Schellenberg)
OPFW 2009 - Experiences (Terzic)

Workshop Presentations 2008 Created on 9/26/07

OPFW 2008 - Agenda

OPFW 2008 - Opening Remarks (Mahin)

OPFW 2008 - Installing OpenFresco (Kim)

= OPFW 2008 - Architecture & Tcl (Schellenberg)
C—OaCLOO00 ""‘;'-on Exercise (Whyte)
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ttp://openfresco.berkeley.edu

USERS DEVELOPERS DOCUMENTATICN REFERENCES COPYRIGHT

HOME Search
OpenfFresco (the Open-source Framework for Experimental Setup and Control) is an
environment-independent software framework, that connects finite element models with
control and data acquisition systems in laboratories to facilitate hybrid simulation of Menu
structural and geotechnical systems.
= Log in
Hybrid simulation is an experimental testing technique where a test is executed based on = Register
a step-by-step numerical solution of the governing equations of motion for a hybrid
model, formulated considering both the numerical and physical portions of a structural Downioads
system. In order for the earthquake engineering community to take full advantage of
this technique, OpenFresco standardizes the deployment of hybrid simulation and OpenFresco
extends its capabilities to applications where advanced numerical techniques are utilized, OpenFrescoExpress
boundary conditions are imposed in real-time, and dynamic loading conditions caused by OpenSees Navigator

wind, blast, impact, waves, fire, traffic, and, in particular, seismic events are considered.
Accordingly, the architecture of the OpenFresco software package provides a great deal
of flexibility, extensibility, and re-usability to the researcher or developer interested

in hybrid simulation. 11,
*‘liﬁ o
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OpenFresco (the Open-source F
environment-independent softw iR
control and data acquisition syst
structural and geotechnical systd

HOME

OpenFresco .
v“ Bl Setup and Control) is an

bcts finite element models with
ilitate hybrid simulation of

Feedback

Hybrid simulation is an experimental testing technique where a test is executed based on
a step-by-step numerical solution of the governing equations of motion for a hybrid
model, formulated considering both the numerical and physical portions of a structural
system. In order for the earthquake engineering community to take full advantage of
this technique, OpenFresco standardizes the deployment of hybrid simulation and
extends its capabilities to applications where advanced numerical techniques are utilized,
boundary conditions are imposed in real-time, and dynamic loading conditions caused by
wind, blast, impact, waves, fire, traffic, and, in particular, seismic events are considered.
Accordingly, the architecture of the OpenFresco software package provides a great deal
of flexibility, extensibility, and re-usability to the researcher or developer interested

in hybrid simulation.

FE-Software

i
[

[Experimental Elementi
i

| Experimental Site |

'

\ Experimental Setup |

i

[ Experimental Control |

I=4
B

Control System
in Laboratory

DOCUMENTATICN REFERENCES

COPYRIGHT

Search

Menu

= Log in

= Register

Downloads

OpenFresco
OpenFrescoExpress
OpenSees
OpenSees Navigator
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HOME NEWS USERS DEVELOPERS DOCUMENTATION REFERENCES COPYRIGHT

OpenFresco Search

New to OpenFresco? Creck out Openfrascobeprass = 3 GUI 0a5/0ned B a5y aoolication of rydria simulation
Openfresco (the Open-source Framework for Experimental Setup and Control) is an

environment-independent software framework, based on modern object-oriented Menu

software design and programming methodologies. The software connects finite element
models with control and data acquisition systems in an extensible manner to facilitate
conducting local and geographically distributed hybrid simulations of structural systems.

— First, log in if

OpenFresco is best used in laboratories where the laboratory staff and graduate students Downloads ~ | d

are experienced in the concept and application of hybrid simulation methods. It is suited : you a rea y

for advanced hybrid simulation when the users have complicated laboratory loading OpenFresco , ~

configurations and boundary conditions, or want to create their own custom data OpenFrescoExpress

recorders and error monitors. Thus, the OpenFresco software package provides a great OpenSees . ave a n a CCO u nt
deal of flexibility, extensibility, and re-usability to the researcher or developer interested OpenSees Navigator ' ‘

in hybrid simulation.

F inf t bout th ft f k, visit the D tati Or regISter for a

or more information about the software framework, visit the Documentation page. To ! :

Download, see below. :

N qim;ﬁ, ‘new account
eatures i

= OpenFresco can act as middleware for a wide variety of computational software

packages, including: OpenSees, Matlab, Simulink, LS-DYNA, Abaqus, and UI-SimCor. PEER
= OpenFresco interfaces with many popular experimental control and data acquisition

systems manufactured by dSpace, MTS (STS and FlexTest systems) National

Instruments, SCRAMNet, Pacific Instruments and others.

Download & Install OpenFresco

Note: The executable and dynamic link library for OpenFresco are only provided for
Windows based PC computers. For other operating systems you will need to download
and build the source code yourself.

1. Install Tcl/Tk

If you have not installed Tcl/Tk on your computer, please download the Tcl/Tk
installation file below and double-click to install it (OpenFresco employs Tcl/Tk 8.5).
When installing Tcl/Tk it is essential that you change the installation directory to
"“C:\Program Files\Tcl” during the course of the installation. If you run OpenFresco




-+ Download Flles
k’/

Download & Install OpenFresco |
Note: The executable and dynamic link library for OpenFresco are only provided for =
Windows based PC computers. For other operating systems you will need to download 1 . Down |Oad a nd I nSta I
and build the source code yourself.
Tcl/Tk 8.5
1. Install Tcl/Tk . .
If you have not installed Tcl/Tk on your computer, please download the Tcl/Tk I t t' t II
installation file below and double-click to install it (OpenFresco employs Tcl/Tk 8.5). m por a n " InS a In
C:\Program Files\Tcl
2. Download and install

version you just installe

2. Install OpenSSL (optional)
If you would like to use OpenFresco’s capability to encrypt signals during geographically

OpenSSL (optional)
distributed hybrid simulations through Secure Socket Layer, please download the . InSta ” Opensees
OpenSLL installation file from the website below and install it (OpenFresco employs the

full (not light) version of OpenSSL 1.0). When installing OpenSSL it is essential that you 4. Down |Oad a nd

change the installation directory to “C:\Program Files\OpenSSL" during the course of

the installation. Download OpenSSL eXtraCt Open FreSCO

3. Install Computational Driver = .
Install the structural analysis software package of your choice. OpenFresco can interface In a CO nven Ient

with many software packages including OpenSees, Abaqus, LS-DYNA, Matlab, Simulink,

UI-SimCor, ANSYS (coming soon!) d i rectory

4. Download & Extract OpenFresco
ODownload OpenFresco 2.6.2 (.zip file, 5 MB)




File Edit View Tools Help
Organize =) Open New folder v Al @
# Dropbox i Name ’ Date modified Type Size
OpenFresco - N n
%, Dscomi32.dlI 5/27/2011 4 Ap exte 56 KB
OpenSees . . I . n
%, genutil.dll 5/27/2011 4:11 - 41 KB
Research ~ .
~a Libraries

¢ Documents
J Music
k= Pictures
Subversion
™ Videos

*& Homegroup

/& Computer

&, Local Disk (C:

€M Network

C:\Program Files\OpenFresco>openfresco
OpenFresco —— Open Framework for Experimental Setup and Control
Uersion 2.6.2

Copyright {(c> 2086 The Regents of the University of California
All Rights Reserwved

OpenFresco >




HOME USERS DOCUMENTATION REFERENCES COPYRIGHT
SVN Search
The OpenFresco source code is stored using the Apache Subversion (SVN) software. SVN
provides the means to store not only the current version of a piece of source code, but a
record of all changes that have occurred to that source code over time and a record of Menu
who made those changes. The use of SVN is particularly common for software projects
with multiple developers, because SVN guarantees that changes made by one developer = Log in
are not accidentally removed when another developer commits changes to the source = Register
code. For the OpenFresco software project anyone can check out the code via
anonymous SVN access, but only trusted developers have the ability to commit changes
2 5 Downloads
and additions to the code repository.
R (# OpenFresco @ calm English - English
Gatting the Code SUBVERSION REPOSITORIES @ OPENFRESCO [& e B
To download the OpenFresco source code from the repository yo
on your local machine first. You can download SVN for all major g (root)!trunk/SRC - Rev 332 rev | HEAD | Go
Linux, Windows, and MacOSX. If you are working on Windows, th
is particularly nice and easy to use. It lets you control SVN functi 4Rev 329 | . Last modification | & Compare with Previous | || View Log | £ RSS feed
menus as you navigate the file system in Windows Explorer,
LAST MODIFICATION Path Last modification Log RSS
Once you have SVN installed, you can download the OpenFresco { ... 250 5017.06.15 10:50:44 [ branches/ 288 589d 07h hongkim [JLog 3 RSS
) : B = tagss 206 1042d 09h aschellenberg [ Log B RSS
Author: aschell 1 2 trunk/ 332 12d 11h aschell [lLog B3 RsS
Log message: El - (21 EXAMPLES/ 321 312d 23h aschellenberg [E]Log E) RSS
updated copyright information B - @eur 332 12d 11h aschell | |Log 3 RSS
B - [ MAKES/ 314 402d 08h aschellenberg =] Log £ RsS
The checkout command makes a local copy of the entire OpenfFr| Bl L. =isrer 332 12d 11h aschell " ILog £) RSS
your current working directory. By requesting . ../CpenFresce/ [ L WINg2/ 229 159d 00h aschel ElLog B Rss
development trunk, which should have the latest stable source cq i
[ COPYRIGHT 332 12d 11h aschell | ILog £3 RSS
, B Makefile 314 402d 08h aschellenberg (] Log E) RSS
Browsing the Code
You can browse the source code online using WebSVN. The applig Compare Paths
the-minute view onto the OpenFresco repository that has been de
Subversion methodology. You can view the log of any file or dire
the files changed, added or deleted in any given revision. You ca AT REE
differences between two versions of a file so as to see exactly wh
particular revision.

720-1792 - (510) 642-3437 - peer_center@berkeley.edu
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HS of Structural Collapse

N

@pen FresCom




Structural Collapse

+ On shaking tables, simulation of collapse is
dangerous and expensive

+ In hybrid simulations
= Gravity loads and resulting geometric nonlinearities can
be modeled analytically
+ Therefore, no complex active or passive gravity load
setups are necessary
= Actuator movements will limit displacements during
collapse (safety)

» Thus, there is no need to protect expenswe test
equment from specimen impact |

= Only critical, collapse-sensitive eIements of a structure
need to be phy5|caIIy modeled | |

/R
\




Implementation in a Hybrid Model

+ Physical portion of the model:
= Test material and cross-section level

N

response

+ Analytical portion of the model:
= Apply the gravity and/or prestress loads

= Provide the geometric transformations such
that the second-order effects due to axial
loads are accounted for

= Model the rest of the structure




Structural Collapse of Portal Frame

P = 5.32 kip /7 W6x12 Beam

_._‘

EEBeamColumn2d EEBeamColumn2d

A

i P = 5.32 kip
m, = 0.0138 kip-sec?/in. m, = 0.0138 kip-sec?/in.

/" Ky = 2.8 Kip/in. Kyt = 28 Kipfin. "\ 50.0"

A

100.0"

Properties of Model:

¢ NDOF = 8 (4 with mass) e Crd-Trans P DeIta Corotational

- Period: T, = 0.49 sec
e Damping: ¢, = 0.05
o P =50% of pPn

@pen Fresce

. ExpEIements EEBeamCqungd
e ExpSetups: ESOneActuator

e ExpControl: ECxPCtarget
* SACNFO1: pga = 0.9069 g




N

OpenFresco Local Architecture

Exp. beamColumn element defined in OpenSees ~—_

Communication methods for distributed testing.

In this case, we are using a local site. N

Transforms between experimental element
DOFs in OPF and the actuator DOFs in the /

OpenSees

\‘I'k ExpElement

L1

=T |ocalExpSite

v

/L ExperimentalSetup

vl

ExperimentalControl

laboratory. Linear and non-linear
- transformations are available.

~ Interface with control and data acquisition |
- systems. In this example, SimUniaxialMaterials
~ will simulate the response of the experimental
~ element using a material defined in OpenSees,
- Steel02

- Client

T

I “kan
Backend
:

oerve

jpAaboratory

Wm

Fully simulated




Tcl File Components

Geometry
Materials
Experimental Control
Experimental Setup
Experimental Site
Geometric Transformation
Experimental Elements
Numerical Elements

Gravity Loads
Gravity Analysis
Dynamic Loads
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- Portal Frame Model

/
4

19 $ e

20 4 Start of model generation

21 F e

22 # create ModelBuilder (with two-dimensions and 3 DOF/node)

23 model BasicBuilder -ndm 2 -ndf 3

24

25 # Load OpenFresco package

26 $F -

27 # (make sure all dlls are in the same folder as openSees.exe)
28 loadPackage OpenFresco

P =5.32 kip W6x12 Beam P =5.32 kip
\ /

i
mz = 0.0138 kip-sec?/in. m, = 0.0138 kip-sec?/in.

EEBeamColumn2d EEBeamColumn2d

/" Ky = 2.8 kiplin. Kyjoix = 228 Kipfin. — \ 50.0"

A A




e

G P = 5.32 kip W6x12 Beam P = 5.32 kip
eometry o 4
Ya m3 = 0.0138 kip-sec?/in. m, = 0.0138 kip-sec?in.
%
30 # Define geometry for model
31 F -
P ; ; . EEBeamColumn2d EEBeamColumn2d
32 set withGravity 1; /7 Ky = 28 Kiplin, g o = 2.8 Kiplin. 50.0"
S set Pc 10.638;
34 set P [expr 0.5*S$Pc]: Y
35 set mass3 [expr S$P/386.1):;
36 set mass4 [expr $P/386.1):;
37 $# node S$tag $xCrd $yCrd S$mass 7;;5;;_-§ 2;5__"
3 node 1 0.0 0.0
39 node 2 100.0 0.0 1000°
40 node 3 0.0 50.0 -mass Smass3 S$mass3 0.0
41 node ¢ 100.0 50.0 -mass $mass4 $mass4 0.0
42
43 # set the boundary conditions
44 # fix S$tag $DX $DY $RZ
45 ix 1 z: 2 K
46 Eix 2 % 0

+ W|thGraV|ty 0: turns off gravity Ioads (no P- delta)
~+ withGravity 1: turns on grawty loads (P delta)

“+ Assigned no rotational mass — must use implicit
integration method

@pen FresC
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Materlals/ Experimental Control

# Define materials

/\

# uniaxialMaterial Steel02 SmatTag $Fy SE $b SRO S$cR1l $cR2 $al $a2 $Sa3 Sa4
1. 5 9.8 .01 8.5 0.928 0.15 0.0'Y.0 0.6

uniaxialMaterial Steell: 1.5 2.8 0.1 18.5 0.925 D.
$#uniaxialMaterial Elastic 1 2.8

# Define experimental control

# expControl SimUniaxialMaterials $tag SmatTags

expControl SimUniaxialMaterials ;(:) (:()ILJrT]r] ]. (lEEft)
expControl SimUniaxialMaterials 2 1 *-—— === Column 2 (I‘Ight)

+ Want to control two columns
+ SimUniaxialMaterials used to S|mulate a specimen

+ Need to create a separate experimental control for
- each element so create experlmental control with
tags \\1" and \\2” V V V V V V

+ Assign a material tag to eact

@pen FresCOR
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_Experimental Setup and Site

T Refers back to SimUniaxialMaterials Experimental Control
B Hetine ExpEriaearal aseag <‘Left and right columns (tags 1 and 2)
63 # expSetup OneActuator $tag <-control S$ctrlTag> $dir -sizeTrialOut $t $o <-trialDispFact $f>
64 expSetup OneActuator 1 -control 2 -sizeTrialOut 3 3
65 expSetup OneActuator 2 -control(2)2 -sizeTrialOut 3 3

# Define experimental site
-

s —— — ————————————————————

69 # expSite LocalSite $tag $setupTag ~ 0 1
70 expSite LocalSite '. § .
71 expSite LocalSite 2(2) §E — I L

N Actuator 3

OneActuator direction in element'’s local coordinate system
sizeTrialOut are equal to number of basic DOFs of element
Optional Factors: all factors are multipliers ; ;

e'g' Specimen
-crtIDispFact 2 = target displacementx2 | , L

-dagDispFact 0.5 = measured displacement x 0.5
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Geometric Transf & Exp. Elements

A
\J

ST TP P T
J o b W

)
(8 4]

)
O W

W W N e

-] & n

0 @ O @ @ ¢ o o

[#+]

L

$# Define geometric transformation

#geomTransf PDelta 1
geomTransf Corotational 1
# Define experimental elements
F o
# left and right columns

# expElement beamColumn $eleTag $iNode $jNode S$transTag -site S$siteTag -initStif $Kij <-iMod

P =5.32kip

3%

f W6x12 Beam

P = 5.32 kip

47

m; = 0.0138 kip-sec?/in.

EEBeamColumn2d
k."m = 2.8 kip/in.

=

3
m, = 0.0138 kip-sec?/in.

EEBeamColumn2d
Ky init = 2-8 Kipfin.

v

expElement beamColumn 1(3 1)1
expElement beamColumn 28 21
£# Define numerical elements

% element elasticBeamColumn

element elasticBeamColumn 3 3 4
- 19E] 6El 1310.8 0 0
0 =5 -=|=| 0 112 -2800
L L
6El  4E| 0 -280.0 9333.3
0 -— =
L L |

-site 1
-site 2

PO

-initStif 1310.8 0O
-inictStif

SeleTag $iNode $jNode S$A SE
3.595 29000 22.1 1

L=50"

A=2.26in2
1=4.02in*

1310.8 O

00
0 0 11.2

AANANANANANY

100.0"

11.2 -280.0

-280.0

.
- E=29000 ksi

0 -280.0 9333.3333
0 -280.0 9333.3333
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(

90 if {SwithGravity} {

91 # Define grawvity loads

92 F ———————————————

93 # Create a Plain load pattern with a Linear TimeSeries
94 pattern Plain 1 "Linear" {

95 # Create nodal loads at nodes 2

96 = nd FX FY Mz

97 load 3 0.0 [expr -$P)] 0.0

98 load ¢ 0.0 [expr -$P] 0.0

99 }
100 F e
101 # End of model generation
102 F

Loads in the negative Y-direction at nodes 3§and 4




Gravity Analysis Options
, )4 Y P
\V
105 } ——————————————————————
106 # Start of analysis generation
107 § -
108 # Create the system of equation
109 system BandGeneral Banded General SOE %
110 # Create the DOF numberer
111 numberer Plain DOFs assigned arbitrarily (ok for small models)
112 § Create the constraint handler
113 constraints Flain Only using homogeneous single point constraints
114 # Create the convergence test ¢ ; ¢
115 test EnergyIncr 1.0e-6 10 - Test EnergyIncr $tol $maxNumliter
116 § Create the integration scheme : j i
117 integrator LoadControl 0.1 Load Control with 10 steps
118 # Create the solution algorithm V ; { ; { V
119 algorithm Newton Newton-RaphSOn a|gor|thm
120 # Create the analysis object j ; j
121 analysis Static ~ Perform a static analysis
122 - —— AR
123 # End of analysis generation
124 F ——mmmmmm e




A
%

127 $F —————————————————————————————

128 # Start of recorder generation

129 $ —————————————————————

130 # create a Recorder object for the nodal displacements at node 2

131 recorder Node -file Gravity Dsp.out -time -node 3 4 -dof 1 2 3 disp

132 recorder Element -file Gravity Frc.out -time -ele 1 2 3 force

133 #F e

134 # End of recorder generation

135 $F ——————————————— e ————————

136

137

138 F ————————————————— e

139 # Perform the gravity analysis

140 $8 —————————

141 # perform the gravity load analysis, requires 10 steps to reach the load level

142 if {[analyze 10] == 0} {

143 puts "\nGravity load analysis completed”

144 } else {

145 puts "\nGravity load analysis failed"

146 exit -1

147 }
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Dynamic Loads

A
\J

L

158
159
160
161
162
163
164

165

# Define dynamic loads

# set time series to be passed to uniform excitation
set dt 0.01
set s -,

timeSeries Path 1 -filePath SACNFO0l.txt -dt $dt -factor [expr 386.1*S$scale]

# create UniformExcitation load pattern
# pattern UniformExcitation $tag $dir -accel $tsTag <-vel0 SvelO>
pattern UniformExcitation 2 1 -accel 1

# calculate the rayleigh damping factors for nodes & elements

set alphaM 1.2797; # D = alphaM*M

set betakK 0.0; # D = betaK*Kcurrent

set betaKinit 0.0; # D = beatKinit*Kinit

set betaKcomm 0.0; # D = betaKcomm*KlastCommit

# set the rayleigh damping
rayleigh SalphaM S$betaK SbetaKinit S$betaKcomm
R —

# End of model generation




= = ) = = e
o (8] o (8] o (8] o (8] (4]
< o Wb W N

O W

[

o

=} =} =) (e
w o (Vo) w w
< O U b W N

w0 w

0O
O w o

}>

O 0 0 O \

N NN NN NN
e T - |
-] h N b W N =

o T T e |

O
@
=
Tl
o
D
W

# create the system of equations

system BandGeneral

iIcial

# create the DOF numberer
numberer Plain

¥ create the constraint handler

constraints Plain

# create the convergence test

test FixedNuml

Cer >

# create the integration scheme

integrator Newmar

T p— o e
TN 3 HSFixedNnr 5y
AOOL 1 ClUNVLULL LCL

# create the solution algorithm
algorithm lewton

# create the analysis object

.

analysis Transient

Dynamlc Analysis Options

— Same as gravity analysis

5 itefatidns/time-step

NewmarkHSFixedNumIter: implicit
Newmark method with 5
iterations/time-step

y=0.5: second order accuracy, no
numerical damplng

B=0.25: average acceleration,
unconditional stability




******* Dynamic Recorders

(]
\V

218 F e ————————

219 # Start of recorder generation

220 F e

221 # create the recorder objects

222 recorder Node -file Node Dsp.out -time -node 3 4 -dof 1 2 3 disp

223 recorder Node -file Node Vel.out -time -node 3 4 -dof 1 2 3 vel

224 recorder Node -file Node Acc.out -time -node 3 4 -dof 1 2 3 accel

225 recorder Node -file Node Rxn.out -time -node 1 2 3 4 -dof 1 2 3 reactionIncludingInertia
226

227 recorder Element -file Elmt glbFrc.out -time -ele 1 2 3 forces

228 expRecorder Control -file Control ctrlDsp.out -time -control 1 2 ctrlDisp
229 expRecorder Control -file Control_dagDsp.out -time -control 1 2 daqgDisp
230 expRecorder Control -file Control daqFrc.out -time -control 1 2 daqForce
231 $ e

232 # End of recorder generation

233 $ ———————————————————————————




'Dynamic Analysis

€

236 F ———————ee————————

237 # Finally perform the analysis

238 F ———————mmm——

239 # perform an eigenvalue analysis

240 set pi [expr acos(-1.0)]

241 set lambda [eigen -fullGenLapack 4]

242 puts "\nEigenvalues at start of transient:"

243 puts " lambda omega period frequency e
244 foreach lambda $lambda {

245 set omega [expr pow($lambda,0.5)]

246 set period [expr 2.0*$pi/Somega]

247 set frequ [expr 1.0/Speriod]

248 puts [format "| £5.3e $8.4f $7.4f $9.4f |" Slambda $omega Speriod $frequ]
249 }

250

251 # open output file for writing

252 set outFilelID [open elapsedTime.txt w]

253 # perform the transient analysis

254 set tTot [time {

255 for {set i 1} {§i < 2500} {incr i} {

256 set t [time {analyze 1 [expr $dt/1.0]}]
257 puts SoutFilelID §t

258 #puts "step $i"

259

260




Start the OpenSees executable file from the
directory where you saved PortalFrame_Local.tcl

At the prompt, type source PortalFrame_Local.tcl
and press enter

( E=ETT

Administrator: C:\windows\system32\cmd.exe - opensees

ml»

C:\Users\Andreas\Documents\OpenFresco\SourceCode\trunk\EXAMPLES\PortalFrame >open
sees

OpenSees —— Open System For Earthquake Engineering Simulation
Pacific Earthquake Engineering Research Center -— 2.4.0

(c? Copyright 1999.20080 The Regents of the University of California
All Rights Reserved
(Copyright and Disclaimer @ http://uwuwwu.berkeley.edu/OpenSees/copyright _html>

OpenSees > source PortalFrame_Local.tcl

\

®+#pen Fresc‘o




Run Simulation

r ™y
Administrator: C:\windows\system32\cmd.exe ] o |6 I&J

N

OpenSees > source PortalFrame_Local.tcl

OpenFresco —— Open Framework for Experimental Setup and Control
Uersion 2.6.2

Copyright <(c> 28086 The Regents of the University of California
All Rights Reserved

t:getTangentStiff(> — Element: 1
TangentStiff cannot be calculated.
Return InitialStiff including GeometricStiff instead.
Subsequent getTangentStiff warnings will be suppressed.

WARNING EEBeamColumn2d::getTangentStiff{(> — Element: 2

TangentStiff cannot be calculated.

Return InitialStiff including GeometricStiff instead.
ubsequent getTangentStiff warnings will be suppressed.

Gravity load analysis completed
WARNING: NewmarkHSFixedNumlter::domainChanged{(> - assuming Ut-1 =

t start of transient:
i omega period frequency
i 12.8040 A.4907 2.08378

1.63%e+802 i i
388.4638 | 0.8284 | 49 .089234
] '

2.515e+8084
9.532e+064
1.496e+885

0.62084 49.1378
8.8162 61.55508

388 .7421
386.7612

Elapsed Time = 815445 microseconds per iteration

C:\Users\Andreas\Documents\OpenFresco\SourceCode\trunk\EXAMPLES\PortalFrame>_




Recorders Save Output Files

-
\J

L

Name

d, PortalFrame_Local.tcl
&' Node_Vel.out
,:", Node_Rxn.out
&' Node_Dsp.out
2’| Node_Acc.out
| Gravity_Frc.out
| Gravity_Dsp.out
| Elmt_glbFrc.out
i Control_daqgFrc.out

[¥

=

& Control_daqDsp.out
| Control_ctriDsp.out
I SACNFO1.txt

@’ elapsedTime.txdt

‘n' PlotOutput.m

Date modified

3/6/2013 7:20 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM
3/6/2013 8:50 PM

10/13/2010 10:47 ...

3/6/2013 8:50 PM
3/6/2013 8:59 PM

Type

TCL File
OUT File
OUT File
OUT File
OUT File
OUT File
QUT File
OUT File
OUT File
OUT File
OUT File
Notepad++ Document

Notepad++ Document
MATLAB Code

Size

9KB
164 KB
286 KB
168 KB
144 KB
2KB
1KB
381 KB
63 KB
61 KB
61 KB
78 KB
79KB
9KB
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OpenSees

| ExpElement |

| LocalExpSite |

| ExperimentalSetup | \
| ExperimentalControl |
-| Client }

Sarv
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Control System
in Laboratory

P =532kip /7 W6x12 Beam P =532kip

|
my = 0.0138 kip-sec?in. my = 0.0138 kip-sec?/in.

OpenSees Finite
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“Modify Experimental Contro

WV

# expControl SimUniaxialMaterials $tag S$matTags
#expControl SimUniaxialMaterials 1 1
expControl x! - 3% 'm192. .2.20" 22222 HybridControllerD3D3 1lAct

expControl L axi ] : s 2 1

+ Want to control two columns
+ xPCtarget used for left column
+ SimUniaxialMaterials used to simulate right column

(! HybridControllerPoly3_nAct/xPC HC
Fie Edt View Simulation Format Tools Help

EEX

-) Real-Time xPC Target Spy

sf_car_xpe

D

=d&

T

3

fi Noma <] B B2

REE®

t to 0.000000
t to ©.000000

newTarget sMemory  tMamory

I

@.000000

s limit t to ©.000000
limit set to 180.000600
plication finished

File Seope

i

Ready

L 14:1
D)
Zetos(1 .nAct) =
taighsp
s File Scope
—
1d:2
ol flag f o File Scope
= 14:5
awitehPC :I File Scope
Pradictor Canetor 10:3
File Scope >
measDsp Out D 3
meassp
n
measre Out =
@ N [>——f5]
freln measFre

ol File Scope
1 1d:7

FixedStepDiscrete
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How to Interface

+Two Ways to Interface with FE-Software
= Generic Client Element
= Experimental Element Directly in FE-Software

+ Generic Client Element to be Programmed
by the Developers

+Several generic client elements available:
~ [trunk/SRC/simApplicationClient

N




Computational D

N

L

<

penSees
+LS-DYNA

+Abaqus
+ Matlab/Simulink
+ UI-SimCor

Test_1 1 Test_GenericClient
File Edit | Fle Edit

O =] O

= HE

‘iew  Simulation  Format  Tools

rivers

Initialization

VNAQ-ST

Displacement

Force

Stiffness

OpenSees

| ExpElement |

A

| LocalExpSite

v 4

| ExperimentalSetup |

vA

| ExperimentalControl |

09sa14uadQ

Termination

[

Sin

1

GenericClient

¥

[ L]

Sine Wave

Ready IReady [100%

Element
S-Funetion
Scoped

= Ele  Model Viewport View  Resul

DEE®i+ e «LEHLBA
Q@A O §, B T vouokcatin dofauts v

Wodule: |visualzation v | GDB: |C:/SIMULIATemp{Transientanalysis.odb v |

b

Forces at ..t 1 Mode 1 -- Reaction
Reaction F..T ALLNCDES - Spatial
Spatial di,. T ALLMODES -- Total m
ol Steps (1)
B mnstances (2)
[BE Materials (1)
2 Sections (3)
"5 Element Sets (8)
24T node Sets (2)
ALLNODES
ALL NODES
B surface Sets
1. Session Coordinate Systems
L& 0D Coordinate Systems
User Dats
Spectrums (7)
®VPlats (1)
EQ wvDsta (1)
[L paths
=1 o Display Groups (1)
Al
B Free Body Cuts
B movies

B images

-I Client I

Backend
Server

Control System
in Laboratory
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More Informatlon

A
\]

& A8 PACIFIC EARTHQUAKE ENGINEERING
w pen Fres W) 4 558 RESEARCH CENTER

HOME Search

OpenFresco (the Open-source Framework for Experimental Setup and Control) is an environment- Search
independent software framework, that connects finite element models with control and data acquisition
systems in laboratories to facilitate hybrid simulation of structural and geotechnical systems.

Advanced Implementation of Hybrid Simulation

Menu
Hybrid simulation is an experimental testing technique where a test is executed based on a step-by-step = Log in
numerical solution of the governing equations of motion for a hybrid model, formulated considering both + Register

the numerical and physical portions of a structural system. In order for the earthquake engineering
community to take full advantage of this technique, OpenFresco standardizes the deployment of hybrid
simulation and extends its capabilities to applications where advanced numerical techniques are utilized, Downloads
boundary conditions are imposed in real-time, and dynamic loading conditions caused by wind, blast,

Openfrosco
impact, waves, fire, traffic, and, in particular, seismic events are considered. Accordingly, the architecture
of the OpenFresco software package provides a great deal of flexibility, extensibility, and re-usability to the OpenFrescolipness Andreas H. Scheller:lberg
researcher or developer interested in hybrid simulation. OpenSees Navigator Slephen A. Mahin
Gregory L. Fenves
1 i i Dynamic Loading: University of California, Berkeley
Hybrid Simulation bigseinc i
i aibll,
G () e i
b = Wave 'l
1 = Traffic
1 Static Loading: PEER
= Gravity
= _Prestress

Download documentation and software:
http://openfresco.berkeley.edu
y aissy T

Download report from:
http://peer.berkeley.edu/publications/

D physical model of
structural resistance

OpenFrescoExpress is a self-contained software package, induding a easy-to-use graphical user interface,
that facilitates hybrid testing of systems having up to two degrees of freedom. OpenFrescoExpress
addresses the needs of a wide range of users including:

laboratory staff and research students learning about hybrid simulation and starting to use this
experimental testing method. PEER 2009/104
staff and students at laboratories that regularly use hybrid simulation but desire a tool for quick NOVEMBER 2009
demonstration of the hybrid simulation testing method. 8

» researchers who are conducting simple tests and would like to take advantage of a graphical user

interface that quickly and easily displays useful real-time test data.

» graduate students and researchers who are not at a laboratory but wish to run the software as a pure
simuiatinn tanl to learn more ahot huhid sioulation and how it worke




Summary & Conclusions

+ Hybrid simulation inherently requires
close collaboration amongst experts from
many different fields.
= Structural behavior
= Laboratory testing and control
= Computational simulation

= Information technology =~

+ Hence, hybrid simulation fosters

~ collaboration and communication among

distant researchers in different labs.

N




Summary & Conclusions

+ OpenFresco, the environment-
independent software framework for the
development and deployment provides an
excellent platform for this collaboration
(on-site and geographically distributed)

+ The modularity and transparency of the
framework permits existing components
to be modified and new components to
be added without much dependence on
other objects. —T

N




Summary & Conclusions

+ Large libraries of hybrid simulation direct
integration methods, experimental
elements, experimental setups, controller
models, and event-driven solution
strategies are available to the researchers
to choose or adapt from.

+ Needs:

= User feedback on reﬁnements and new
features .

= Developer contributions to extend libraries

/R
\




Questions?
Thank you!

The development of OpenFresco has been sponsored in parts by the
National Science Foundation through grants from the NEES
Consortium, Inc. |
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