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Comparison of Exp. Test Methods
Quasi-
Static

Shaking 
Table

Hybrid 
Simulation

Dynamics NO YES YES

Strain Rate 
Effects

NO YES YES
(if real-time test)

Large- or 
Full-Scale

YES NO
(limited by table)

YES

 First Hybrid Simulation (Online Test) in 
1975 by Takanashi et al.
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Hybrid Simulation

 Inertia
 Energy Dissipation
 Resistance

5



   t    rM u C u P u P 

physical model of 
structural resistance

analytical model of structural 
energy dissipation and inertia

Dynamic Loading:
 Seismic
 Wind 
 Blast/Impact
 Wave
 Traffic

Hybrid Simulation

Static Loading:
 Gravity
 Prestress

analytically add nonlinear 
geometric effects to 
measured resisting forces
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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 
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Testing 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



OpenFresco
Software Framework
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What is OpenFresco?
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 
computing:

 Control Systems
 dSpace
 MTS 

 STS family
 Flextest/CSI
 Flextest/Scramnet

 National Instruments
 Pacific Instruments
 ADwin

 Computational Drivers
 OpenSees
 OpenFrescoExpress
 Abaqus
 LS-DYNA
 Matlab
 Simulink
 Ansys
 UI-SimCor



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

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

Typical features 
of an analysis 
framework

ADMINISTRATIVE
FUNCTIONS COMMUNICATIONRECORDERS

NODAL
GEOMETRY

BOUNDARY
CONDITIONS

MASS AND
DAMPING

PROPERTIES

LOADING
SOLUTION
METHODS

ELEMENT TYPES
AND LOCATIONS

ELEMENT PROPERTIES

STATE DETERMINATION

NUMERICAL 
ELEMENT 3

NUMERICAL 
ELEMENT 1

NUMERICAL 
ELEMENT 2

?

Proper numerical 
model uncertain
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LABORATORY 
CONTROLLERS 

AND DAQS
Laboratory

Rethinking implementation strategies
Embed test specimen(s) in an existing 

computational framework of user’s choice
ADMINISTRATIVE

FUNCTIONS COMMUNICATIONRECORDERS

NODAL
GEOMETRY

BOUNDARY
CONDITIONS

MASS AND
DAMPING

PROPERTIES

LOADING
SOLUTION
METHODS

ELEMENT TYPES
AND LOCATIONS

ELEMENT PROPERTIES

STATE DETERMINATION

Define element as 
an “Experimental 
Element”

OpenFresco OpenFresco

Typical features 
of an analysis 
framework

EXPERIMENTAL 
ELEMENT 1

NUMERICAL 
ELEMENT 1

NUMERICAL 
ELEMENT 2
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OpenFresco Components
FE-Software

Experimental Site

Experimental Setup

Experimental Control

Control System
in Laboratory

Experimental Element

provides all features of unmodified 
computational framework, including 
parallel and network computing 

provides control of physical actuators 
as well as data acquisition using 
physical instrumentation devices

OpenFresco
(Middleware)
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OpenFresco Components

stores data and provides 
communication methods 
for distributed testing 

transforms between the experimental element 
degrees of freedom and the actuator degrees of 
freedom (linear or non-linear transformations)

interfaces to the different 
control and data acquisition
systems in the laboratories

provides all features of unmodified 
computational framework, including 
parallel and network computing 

provides control of physical actuators 
as well as data acquisition using 
physical instrumentation devices

represents the part of the structure that is physically 
tested and provides the interface between the FE-
software and the experimental software framework

FE-Software

Experimental Site

Experimental Setup

Experimental Control

Control System
in Laboratory

Experimental Element
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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    

Multi/Three-Tier Software Architecture

17



OpenFresco Components local
deployment
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network
deployment
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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

Global System Cantilever Basic System
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OpenFresco Components
Experimental Site
Stores data and provides communication 
methods for distributed testing

LocalExpSite available for local testing and 
RemoteExpSite/ActorExpSite pair available 
for geographically distributed testing

Utilizes communication channels with TCP, 
TCP+SSL or UDP communication protocols
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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)

Actuator SetupCantilever Basic System

T 
1 0 0
0 1 L0

0 1 L1
















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OpenFresco Components
Experimental Control
Interfaces to the different control and 
data acquisition systems in the 
laboratories (IP addresses and port 
numbers)

xPC TargetPredictor-Corrector
23
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OpenFresco TCL-Commands



Experimental Elements
EEBeamColumn (2D,3D)

$eleTag unique element tag
$iNode,$jNode end nodes
$tranTag tag of previously defined

crd-transf object
$siteTag tag of previously defined

site object
$Kij initial stiffness matrix

elements (ndf x ndf)
-iMod flag for I-Modification

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

(optional, default=0.0)

expElement beamColumn $eleTag $iNode $jNode 
$tranTag -site $siteTag -initStif $Kij         
<-iMod> <-rho $rho>
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Experimental Sites
LocalExpSite

$tag unique site tag
$setupTag tag of previously 

defined setup object

expSite LocalSite $tag $setupTag
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Experimental Setups
ESThreeActuators

$tag unique setup tag
$ctrlTag tag of previously

defined control object
$La1-3 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)

expSetup ThreeActuators $tag <-control $ctrlTag> 
$La1 $La2 $La3 $L1 $L2 <-nlGeom> <-posAct1 $pos> 
<-phiLocX $phi> <-trialDispFact $f> …
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Experimental Controls
ECxPCtarget

$tag unique control tag
$type predictor-corrector type
ipAddr IP address of xPC Target
$ipPort IP port of xPC Target
appName name of Simulink

application to be loaded
appPath path to Simulink

application

expControl xPCtarget $tag $type ipAddr $ipPort 
appName appPath
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Command Language Manual
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Downloading and Installing
OpenFresco
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http://openfresco.berkeley.edu
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http://openfresco.berkeley.edu/users/openfresco
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Login or Register

First, log in if 
you already 
have an account 
or register for a 
new account
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Download Files

1. Download and install 
Tcl/Tk 8.5 
Important: install in 
C:\Program Files\Tcl

2. Download and install 
OpenSSL (optional)

3. Install OpenSees
4. Download and 

extract OpenFresco
in a convenient 
directory
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Run OpenFresco
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openfresco.berkeley.edu/developers/svn
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Example:
Building a Hybrid Model

using OpenSees & OpenFresco



HS of Structural Collapse
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 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 expensive test 

equipment from specimen impact
 Only critical, collapse-sensitive elements of a structure 

need to be physically modeled

Structural Collapse



Implementation in a Hybrid Model
Physical portion of the model:

 Test material and cross-section level 
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 
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Properties of Model:
• NDOF = 8 (4 with mass)
• Period: T1 = 0.49 sec
• Damping:  = 0.05
• P = 50% of φPn

Structural Collapse of Portal Frame

• Crd-Trans: P-Delta, Corotational
• ExpElements: EEBeamColumn2d
• ExpSetups: ESOneActuator
• ExpControl: ECxPCtarget
• SACNF01: pga = 0.906g
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OpenFresco Local Architecture

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

Transforms between experimental element 
DOFs in OPF and the actuator DOFs in the 
laboratory.  Linear and non-linear 
transformations are available.

Communication methods for distributed testing.
In this case, we are using a local site.

Fully simulated

Exp. beamColumn element defined in OpenSees
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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Portal Frame Model
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Geometry

withGravity 0: turns off gravity loads (no P-delta)
withGravity 1: turns on gravity loads (P-delta)
 Assigned no rotational mass – must use implicit 

integration method

1 2

3 4
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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Materials/Experimental Control

Want to control two columns
 SimUniaxialMaterials used to simulate a specimen
 Need to create a separate experimental control for 

each element so create experimental control with 
tags “1” and “2”

 Assign a material tag to each

Column 1 (left)
Column 2 (right)
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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 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.
 -crtlDispFact 2 = target displacement x 2
 -daqDispFact 0.5 = measured displacement x 0.5

Refers back to SimUniaxialMaterials Experimental Control
Left and right columns (tags 1 and 2)

Experimental Setup and Site
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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 L=50”
 A=2.26 in2

 I=4.02 in4

 E=29000 ksi

1 2

3 4

3 2

2

0 0
1310.8 0 0

12 60 0 11.2 280.0
0 280.0 9333.36 40

init

EA
L

EI EIK
L L
EI EI
L L

 
 

  
       
    

 
  

1
2

3

Geometric Transf & Exp. Elements
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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Gravity Loads

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

53



Load Control with 10 steps

Only using homogeneous single point constraints

DOFs assigned arbitrarily (ok for small models)

Test EnergyIncr $tol $maxNumIter

Newton-Raphson algorithm

Banded General SOE

Perform a static analysis

Gravity Analysis Options
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Gravity Recorders and Analysis
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Tcl File Components
Geometry
Materials

Experimental Control
Experimental Setup
Experimental Site

Geometric Transformation
Experimental Elements

Numerical Elements
Gravity Loads

Gravity Analysis
Dynamic Loads

Dynamic Analysis
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Place ground motion file in the same folder as the 
PortalFrame_Local.tcl file

Dynamic Loads
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Same as gravity analysis

5 iterations/time-step

NewmarkHSFixedNumIter: implicit 
Newmark method with 5 
iterations/time-step
γ=0.5: second order accuracy, no 
numerical damping
β=0.25: average acceleration, 
unconditional stability

Dynamic Analysis Options
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Dynamic Recorders
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Dynamic Analysis
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 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

Running the Hybrid Simulation
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Run Simulation
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Recorders Save Output Files
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Compare Deformations
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Compare Hysteresis Loops
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Basic System
Global System
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Material 1

Material 2 Material 3
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Simulated Controllers
vs.

Real Controllers



OpenSees Finite 
Element Model

OpenFresco
Middleware

xPC-Target real-time
Predictor-Corrector

Physical Specimen
in μNEES Lab

MTS 493 real-time 
Controller

Connecting to MTS 493 controller
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Modify Experimental Control

Want to control two columns
 xPCtarget used for left column
 SimUniaxialMaterials used to simulate right column
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Computational Drivers
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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

70



Computational Drivers
OpenSees

Stiffness

Force

Displacement

O
penFresco

Initialization

Termination

L
S-D

Y
N

A

LS-DYNA
Abaqus
Matlab/Simulink
UI-SimCor
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More Information

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

Download documentation and software:
http://openfresco.berkeley.edu
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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.
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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.
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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



Questions?
Thank you!

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


