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Natural Hazards Engineering Research

A Large-Scale Real-time Hybrid
Simulation - RTHS

RTHS EQ Simulation of Buildings
with Dampers




What is Hybrid Simulation?




Overall Concept of Real-time Hybrid Simulation (RTHS):

Structural System Subject to Predefined Wind Loading

NSF CMMI: Semi-Active Controlled Cladding Panels for Multi-Hazard Resilient Buildings
- S. Laflamme (lowa State), J. Ricles (Lehigh University), S. Quiel (Lehigh University)

Structural System Hybrid Wind Simulation Experiments
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Natural Hazards Engineering Research

A Large-Scale Real-time Hybrid
Simulation

A Large-Scale Hybrid Simulation - HS

HS EQ Simulation of Buildings
with SC-MRF
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A Large-Scale Real-time Hybrid
Simulation

Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid
Simulation (with Real-time Online
Model Updating)
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Large-Scale Real-time Hybrid
Simulation

Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid
Simulation (with Real-time Online Model
Updating)

Large-Scale Real-time Hybrid
Simulation with Multiple Experimental
Substructures

RTHS EQ Simulation of Building
with Multiple Dampers
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Large-Scale Real-time Hybrid
Simulation

Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid
Simulation (with Real-time
Online Model Updating)

Large-Scale Real-time Hybrid
Simulation with Multiple
Experimental Substructures

Geographically Distributed
Hybrid Simulation

Distributed Hybrid Simulation
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Distributed RTHS EQ Simulation
of 1-10 Collector Bridge
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t
Large-Scale Real-time Hybrid ]
Simulation Smin 1,
Large-Scale Hybrid Simulation I .
Large-Scale Real-time Hybrid y | 1 Remote
Simulation (with Real-time e compen [ - £
Online Model Updating)
Large-Scale Real-time Hybrid Lehigh

Simulation with Multiple
Experimental Substructures

Geographically Distributed
Hybrid Simulation

Geographically Distributed Real-

time Hybrid Simulation o EQ Simulation of Building with MR Dampers
Kim, Christenson
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1.5

Large-Scale Real-time Hybrid A s s 3 mp down

Simulation I T T A Y L
Large_SCaIe Hybrid Slmulatlon é AN S . B W T O U O T O O R O A W
Large-Scale Real-time Hybrid

Simulation (with Real-time Online g
Model Updating) T |
Large-Scale Real-time Hybrid
Simulation with Multiple Experimental
Substructures

Geographically Distributed Hybrid : S ex
Simulation .
Geographically Distributed Real-time &
Hybrid Simulation Temperature Control Chamber

Predefined load or displacements - -
(Quasi-static testing or Characterization of Full-scale Semi-active

characterization testing) - QS and Passive Dampers for Wind and EQ
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Large-Scale Real-time Hybrid
Simulation

Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid
Simulation (with Real-time Online
Model Updating)

Large-Scale Real-time Hybrid
Simulation with Multiple Experimental
Substructures

Geographically Distributed Hybrid
Simulation

Geographically Distributed Real-time
Hybrid Simulation

Predefined load or displacements
(Quasi-static testing or characterization
testing) - QS

Characterization of Large-scale RC
Coupled Shear Wall System Subject
to Lateral and Gravity Loading
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Large-Scale Real-time Hybrid Simulation
Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation
(with Real-time Online Model Updating)

Large-Scale Real-time Hybrid Simulation
with Multiple Experimental Substructures

Geographically Distributed Hybrid
Simulation

Geographically Distributed Real-time
Hybrid Simulation

Predefined load or displacements

(Quasi-static testing or characterization

testing)

Dynamic testing - DT Multi-directional Dynamic Testing
of Pipe Couplers
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Large-Scale Real-time Hybrid Simulation
Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation
(with Real-time Online Model Updating)

Large-Scale Real-time Hybrid Simulation
with Multiple Experimental Substructures

Geographically Distributed Hybrid
Simulation

Geographically Distributed Real-time
Hybrid Simulation

Predefined load or displacements (Quasi-
static testing or characterization testing)

Dynamic testing
Tsunami/storm surge debris impact
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Large-Scale Real-time Hybrid Simulation
Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation
(with Real-time Online Model Updating)

Large-Scale Real-time Hybrid Simulation
with Multiple Experimental Substructures

Geographically Distributed Hybrid
Simulation

Geographically Distributed Real-time
Hybrid Simulation

Predefined load or displacements
(Quasi-static testing or characterization
testing)

Dynamic testing
Tsunami/storm surge debris impact
Soil-pile interaction
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Large-Scale Real-time Hybrid Simulation
Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation (with
Real-time Online Model Updating)

Large-Scale Real-time Hybrid Simulation with
Multiple Experimental Substructures

Geographically Distributed Hybrid Simulation

Geographically Distributed Real-time Hybrid
Simulation

Predefined load or displacements (Quasi-static
testing or characterization testing)

Dynamic testing
Tsunami/storm surge debris impact
Soil-pile interaction

Real-time Hybrid Simulation of Offshore Wind
Turbine Structures

(a) Str. Sys.

Wind load
F

WY

Hydro dynamic
Load F[*
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[ \ Sea bed

Pile

Offshore Wind Turbine
Structure - Aeroelastic and
Hydrodynamic Loads
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Large-Scale Real-time Hybrid Simulation
Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation (with Real-
time Online Model Updating)

Large-Scale Real-time Hybrid Simulation with
Multiple Experimental Substructures

Geographically Distributed Hybrid Simulation

Geographically Distributed Real-time Hybrid
Simulation

Predefined load or displacements (Quasi-static
testing or characterization testing)

Dynamic testing

Tsunami/storm surge debris impact 8o ks
Multi-directional Shake Table

SOII_pI le Inte raCt|0n RII Track-4: Quantifying Seismic
I I I i i Resili f Multi-Functional FI
Real-time Hybrid Simulation of Offshore Wind T ST T G
Turbine Structures Physical Testing (OIA 1929151), P -
. . . ) . Scott Harvey, University of
Multi-directional Real-time Shake Table Hybrid Oklahoma).

Simulation
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A Multi-directional Real-time Hybrid Simulation with Neural Networks
and Machine Learning
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Neural Network Model of Soil Training Comparison with OpenSees

RTHS with Soil-Foundation-Structural System Interaction

Al-Subaihawi, Saf wan. (tiehgbtidsimil®Rienaf large structural systems under multi-natural hazards." PhD dissertation,
Lehigh University, Bethlehem, PA.



ATLSS Lab Infrastructure

A 3-D Multi-directional reaction wall facility
A 3-dimensional

A Up to 50 ft height e e
A 5 ft anchor p0|nt grld : _c:su-sm}onedwauz -\qs .
A Strong floor R

A 40 ft by 100 ft
A 5 ft anchor point grid

Hydraulic Supply System

Over 30 Hydraulic Actuators

Digital servo-hydraulic controllers

Data Acquisition Systems

Large array of conventional sensors
Advanced sensors: Digital Image
Correlation Systems

Ancillary equipment: 40 kips crane, etc.
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NHERI Lehigh EF Hydraulic EqQuipment
and Power

A Enables real-time EQ large scale
demand to be imposed for up to
30* seconds

A Hydraulic supply system (ATLSS)
A 5-120 gal/min pumps
A Accumulator System (NHERI)
A 16 piston accumulators
A 50 gal each s
A 5 dynamic hydraulic actuators (NHERI) §

A Maximum load capacity
A 2 actuators: 517 kips
A 3 actuators: 382 kips

A Stroke
A +/-20in
A Maximum velocity

A 45 in/s for 382 kip actuators
A 33in/s for 517 kip actuators

A 10 - 550 gal/min servovalves and
HSMs




Other NHERI Lehigh EF Equipment

A High Speed 300+ Channel Data Acquisition System

A 3 Real-Time Targets for simulation
coordination, including additional DAQ

A Three real-time servo-hydraulic controllers

A Sensors (displacement, accelerometers,
Inclinometers)

A Telepresence webcams

A Specs for all equipment found in
User 0s Gui de




Real-time Integrated Control System

A Configured with experimental protocol required by
user to perform test

Large-Scale Hybrid Simulation

Large-Scale Real-time Hybrid Simulation

Large-Scale Real-time Hybrid Simulation with Multiple
Experimental Substructures

Geographically Distributed Hybrid Simulation
Geographically Distributed Real-time Hybrid Simulation

Predefined load or displacements (Quasi-static testing or
characterization testing)

Dynamic testing e ‘

o Bo Do Do Do o D>

. . o RTMDdata | RTMDws am web Cameras Science DMZ \ _ 1( ®
A Testing algorithms reside on a Speedgoat RTPC gt e ll:@ @
and run in real time ( 3_1
A Experiments can be run in true real-time (real-time rEL""‘: 'RT'DS: :T:;%l'k:m:; ;";ﬂ; ::D;ZF ‘E‘?;‘:'---i Lemgn?rewau
hybrid simulation, real-time distributed hybrid I oosvcier | conntrer | “rargs ] Cramet” ) ¢ hl R
simulation, dynamic testing, characterization testing). | } sonsorl
[ SCRAMNet D
A Or,_experiments can be run at an expanded time scale L_______ Y }

(hybrid simulation, distributed hybrid simulation,
guasi-static testing).

] =1 Actuators
ubs tructure B:-I-I.:»n
Hydraulic Pumps &

. ) . . . . Real-“me Integrated Accumulator System
A Distributed hybrid simulation via: Control System

A OpenFresco
A Custom software
A Flexible-designed system

A Software and middleware packages developed by users or
NHERI CI can be plugged in and utilized for testing




NHERI Lehigh EF Control Room

Control Center

A Houses Real-time Integrated
Control System

A Camera Control

A Data Acquisition System and
Server

A Data Streaming System
U Video
U Sensors

A Video Displays

A Local Repository




Instrumentation

A Displacement transducers

A Strokes ranging from N6.4mm (LVDTs) to 1524mm (linear
potentiometers).

A Temposonic position sensors with a N760 mm stroke, to a N1100
mm stroke.

A All transducers are calibrated to within NL% accuracy, with the
LVDTs calibrated to within N0.1%.

A Inclinometers ranging up to N\20 degrees with 1% accuracy:.

A Each hydraulic actuator is equipped with a load cell.
A All load cells are calibrated to k.. 5 I
within NO.1% accuracy.




NHERI Lehigh EF non-NHERI Equipment

A Site leverages Non-NHERI equipment to provide
capability, improve capacity and maintain throughput.

30 Actuators

ATLSS Wineman Controller
2 MTS 458 Controllers

MTS FlexTest 100 Controller
DAQ systems

Trilion System for Digital Image Correlation - full field
displacement and strain

Transducers - over 96 LVDTs, 62 load cells, Temposonics
(12 ATLSS)

SSI instrumentation

A Users Guide - Available ATLSS Equipment

https://lehigh.designsafe-ci.org/resources



https://lehigh.designsafe-ci.org/resources

Instrumentation

A Digital |mag|ng correlatlon (DIC) systems.

Digital Imaging Correlation System:
NEES@Lehigh Coupled Shear Wall Test reinforced concrete coupled-shear wall

Specimen with Multi-Directional Loading test specimen measured pier vertical
displacements (courtesy M. McGinnis)



Soil-Structure Interaction Instrumentation

Professor Muhannad Suleiman

A Advanced instrumentation to understand SSI
of foundation systems under different loading
conditions

Combine with hybrid simulation to improve
analytical substructure models, or

Hybrid simulation with soil included in
experimental substructure

Load -
lSoiI surface —>

Pressure sheets
G
[ n-soi

|

4

oad pressure
1 Sensors

,,,,,,,, 1 0] ;2&‘.0‘;30023100 500 600 700 1400

y (mm) B
Sheet/ 1600

3 X (mm)
pressure [

Soil-pilgJpleartiQRns dhape acceleration Shays wavPigiidmage correlation
Test Setup and instrumentation PrEsslie sEnsens




ATLSS Lab Infrastructure and
NHERI Lehigh EF Equipment

A Combined resources enables multiple concurrent large-
scale experimental projects to be conducted

. 2 PR el
- South Side Damper at 20 Floor |

RTHS 7 Semi-Active Controlled Cladding Panels HS i Frame-Spine System with Force-Limiting Connections for
for Multi-Hazard Resilient Buildings Low-Damage Seismic Resilient Buildings

QS 1 Advancing Knowledge on the Performance of Seismic
Collectors in Steel Building Structures

QS &HSTA esilience-based Seismic Design
Methodology for Tall Wood Buildings
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NHERI Lehigh EF: ATLSS Space,
Resources, Accommodations

Specimen Prep Areas
A Staging Areas

A Machine Shop
Laboratories

A Intelligent Structures
A Mechanical Testing
A Welding and Joining Mechanical
A Materials testing

A Microscopy

Offices: Faculty; Staff;
Visiting Researchers

Meeting Rooms:
Auditorium: Conference
Room

Storage Areas
Secure Facility

Specimen preparation
staging area

B LEHIGH Z __RIMD @ PESIGNSATEC



NHERI Lehigh EF Testbeds

A Lateral Load Resisting
System Testbed

A Perform experiments on test
frame specimens:

U Up to 45 ft height
U Up to 36 ft width

A Large-scale lateral load system
characterization tests

A Real-time hybrid simulations

Hybrid simulation of building with self-centering
resilient moment resisting frames




NHERI Lehigh EF Testbeds

A Non-Structural _‘ S
Component Multi- | i | Actuato?#s; [
Directional Seismic T S |
Simulator

A Non-structural components
and systems:
U Up to 40 ft length | NS ,
4 Upto 10 fwidth A PR
A Multi-directional real-time 7 le : *
characterization testing

A Multi-directional real-time Multi-directonal Real-time hybrid
hybrid simulations simulation of building piping system

gid ’honz Ntruss

‘Waj

sufpended- (o] 1)
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NHERI Lehigh EF Testbeds

A Full-scale Damper Testbeds

A Enables full-scale damper tests:
U Damper characterization tests
U Real-time hybrid simulations Real-time hybrid simulation of building
A Stoke, velocity, and force capacity:
U +/- 20 in. stroke
U 45 in/s for 382 kip actuators
U 33 in/s for 517 kip actuators

W|th four passwe dampers

UNIVERSTITY., |

o8 LEHIGH



NHERI Lehigh EF Testbeds

A Real-time Cyber-Physical Structural Systems Laboratory

(CPSSL) T Real-time Testbeds

U New resource created to enhance the research, ECO, and researcher

training participant experience in cyber-physical systems (hybrid-
simulation) with the goal of broadening the user base

Small-scale, lower costs with test beds, creating more hands-on
opportunities in cyber-physical systems testing. p——

Efficient resource for capacity building pilot studies mF— E'E“ﬁ

A Five Hydraulic Actuators:
U 2-Model 244.21G2
U 1 - Model 244.20G2S

U 2 - Model 244.20
A Two Electric Actuators (5000 Ibs, 3 in stroke)

A Independent Real-time Integrated Controland 1o | ’
DAQ Systems Actuator Specifications : ; :
I 7T S N 7Y S N R
Max Force 50 kN (11 kips) 82 kN (18.5 kips) 100 kN (22 kips) n Damper
Max disp. ¢ U mm( p TN) p X mm( Xin) X ¢gmm ( oin) ion tests
Max velocity 0.74 m/s (29 in/s) 1.29 m/s (51 in/s) 0.38 m/s (15 in/s)

Servo Valve 30 gpm 90 gpm 30 gpm



NHERI Lehigh EF Testbeds

A Real-time Cyber-Physical Structural Systems Laboratory
(CPSSL) i Multi-directional Shake Table

U New resource created to enhance the research, ECO, and researcher
training participant experience in cyber-physical systems (hybrid-
simulation) with the goal of broadening the user base

U Small-scale, lower costs with test beds, creating more hands -on.
opportunities in cyber-physical systems testing. o -y

U Efficient resource for capacity building pilot studies j

A Independent Real-time Integrated Control and
DAQ Systems

A Multi-directional motions, including two orthogonal
translations (X and Y-axis) and in-plane rotation

A Multi-channel digital controller with 2048 Hz clock

RTHS of Floor Isolation System using

Speed ) Multi-directional Shake Table
A A payload of 13 kips (5.9 tons) at 1g acceleration. PI - Scott Harvey, University of Oklahoma
A Table platen size of 6 ft I 6 ft. y ol et e
A Maximum table motions of N7 in. (X-axis) and N10 in. N .
(Y-axis).Peak velocities of 51 inch/sec (X-axis) and 29~ -/ ./ N v _} /Jf“/ D, /”
inch/sec (Y-axis) ey A L S b
A Can be used for RTHS; QS; or conventional Shake 7 e - V
Table mode P S s

2 0 2 - 4 2 ) 2
NS direction(in) isolator displacement(in)



NHERI Lehigh EF Testbeds

A Non-Structural

oo (Y (/TR

CO m pO N ent M u |t| - , ) “W’“ : Actuatos 43 il ” . ‘/ A

Directional Seismic o 0 Y e e

'fl}gb' nded tom

Simulator
A Non-structural components
and systems:
U Up to 40 ft length
U Up to 10 ft width

A Multi-directional real-time
characterization testing

A Multi-directional real-time Multi-directonal Real-time hybrid
hybrid simulations simulation of building piping system

LEHIGH = % DESIGNSAFE-C|
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NHERI Lehigh EF Testbeds

A Tsunami & Storm Surge Debris
Impact Force Testbed

A Enables full-scale debris impact tests:  Real-time simulation of impact forces

i High speed DAQ; high speed 5000 fps from tsunami shipping container debris
cameras = )

U High bandwidth, resolution load cells

U Accelerometers, laser-displacement
transducers




NHERI Lehigh EF Testbeds

A Reduced-scale Soil Box - Professor Muhannad Suleiman, CEE Dept

A Enables soil-structure interaction Soil-foundation structure
research interaction testbed

U Flexible designs (6 x 6 x 6 ftand 6 x 6
x 3 ftin size)

U Actuators with load cells; data
acquisition system

U Sensors for soil and foundation
response measurements

U Advanced sensors - Digital Imaging
Correlation System




NHERI Lehigh EF Testbeds

A Large-scale Soil Box - Professor Muhannad Suleiman, CEE Dept

A Enables soil-structure interaction So'ilr';zlsggt?gf?ezttﬁféure
research T
(i (15 x 15 x 20 ft in size ) e
U Actuators with load cells; data
acquisition system
U Sensors for soil and foundation
response measurements

U Advanced sensors - Digital Imaging
Correlation System

LEHIGH = . DESIGNSAFE-C|
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Offshore Wind Testing Facility

Visitors Observation Area

Instrumentation/control Room

Soil pump Outdoor soil stor e
Grillage New Soil Box u ! g

Pl. Professor Muhannad Suleiman, CEE Dept




Offshore Wind Turbine Real-time Hybrid
Simulation

Wm Open FAST modules
/7 — /
/ (b)RTHS e
(SRS ff';r’ YT | Blades: Aero-Dyn //
—> // + Elasto-Dyn (/
— fj(} DOi= RT —
/ i=1Ln i —T
—> [/ — ’i‘-
| o~ v A\
> q@f Tower: Aero-Dyn [N
: > \ﬁ: Simulation coordinator + Elasto-Dyn 4
Wind load 3| . . a i e _ rh -
4 \ Mui -+ Cui -+ Ri. + IQI -+ RI‘. = l(*i —
\TJ‘ 0
F’ —> \\ \\ — R;
— ‘ | \\ 3 A 'y
—> ' \\‘ U, Uy R{  uw R¢ Fh ;‘ﬁgi"r‘ggd Water
N \ 1 i e e——
\ 4 ™ R 3 Hydro-Dyn Fi E‘ |
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. a’\ ! U, Uj
] — Al —
Hvdl_r;:ar:iv;; mic ~ ‘ |
' =~ ‘ | Sea bed 0 a Submerged structure
b analytical substructure
N/ N/
Pile Experimental Analytical M = mass matrix of submerged structure
substructure substructure C = damping matrix of submerged structure

R = restoring force of analytical substructure

R{ = restoring force of experimental substructure
RT=interface dynamic reaction forces

Fih = hydro dynamic loads 41



Users Guide

A Details of the Equipment Specifications, Experimental
Protocols, and Equipment Inventory are given in the
Us e IGaice

https://lehigh.designsafe-ci.org/resources/

LEHIGH UNIVERSITY DESIGNSAFEC]
EXPERIMENTAL FACILITY N/

® Facility Overview Equipment Portfolio Protocols ~ Projects Resources Workshops  Contact

RESOURCES FOR RESEARCHERS

NHERI Lehigh ATLSS Usage Responsibility of Data ATLSS Laboratory
RTMD EF User's htes for NSF Rates for non- Costs Management Plan Safety Plan
Guide HERI Projects NHERI Projects



https://lehigh.designsafe-ci.org/resources/

Researcher Training
and Experiment Support

Researchers and NHERI Lehigh team work together on training,
development of experimental protocols, instrumentation, control and
safety plans

Create Project Workspace for future curation and publication on
DesignSafe-Cl Data Depot

On-site laboratory walk through and identification of IT systems with
demonstrations

Validate control configuration through numerical and hydraulics off
simulations

Configure data acquisition system for sensor equipment

Configure video acquisition system for cameras

Configure data streaming for local and remote data viewing

Determine safety protocols for equipment and specimen

Conduct experiments

Data is locally archived and synced with DesignSafe Project Warehouse

Research team processes data locally and stored in Data Depot at
DesignSafe-Cl into data model. Tools available to process data available
locally and on DesignSafe-Cl




NHERI Lehigh EF Overview

Thomas Murallo

NHERI Lehigh EF IT Systems Manager




RTMDdata RTMDws RTMDcam
Data Storage Website Cameras

j] T, |
110 Gbps Ethernet
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I'T Infrastructure

Web Cameras

RTMDdata RTMDWS ' RTMDcam < |
Data Storage Website e —_|C\‘ |
! -
( 1/10 Gbps Etharnat 0

SCRAMNet GT

Lehigh Firewall

1 Gbps Iﬂ: Gbps

o LAV IN S
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Actuators 1 1|t —

. Substructuréi) D |

Hydraulic Pumps &
Accumulator System
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SCRAMNet GT

A Fiber-optic based
High-Speed, Low-Latency
ndustrial Protocol for
Real-time data control

UNIVERSTIT
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T Infrastructure

Web Cameras

RTMDdata RTMDws RTMDcam

Data Storage Website Cameras )

( 1/10 Gbps Ethernet

I

RTMDtele RTMDsim RTMDxPCl RTMDxPC2 RTMDctll RTMDcud2
Data Turbine Simulation Real-time Real-time Pulsar Servo  Pulsar Servo
Data Archiver Coordinator Target Target Controller Controller

/0 ' HllEl' HUB '

( SCRAMNet

Electric
Actuators
ll Hydraulic t@‘:
| Actuators
Substructure Ijl I

Hydraulic Pumps &
Accumulator System [@C[

Spedmen
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RTMDdagq

A Pacific Instruments 6000 o |
Data Acquisition System - Reried )]

A 304 channels, 384 expandable

AVoltage, Strain,
Thermocouple

A Variable sampling rates
A4 kHz for Real-time Testing




T Infrastructure

Web Cameras

RTMDdata RTMDws RTMDcam
Data Storage Website Cameras I:E)

!

( 1/10 Gbps Etherne

I

RTMDtele RTMDsim RTMDxPC1 RTMDxPC

Data Turbine Simulation Real-time Real-time
Data Archiver Coordinator Target Target

1/0 '

+

Control Systems —

Lehigh Firewall

=LA 1 Gbps Im Gbps

Instrumentation
&
Sensors

( SCRAMNe
¢ Elec
Actuators
'l Hydraulic [EC_
Actuators

A Substructure

Hydraulic Pumps &
Accumulator System [@C[
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RTMDctrl

A Servotest Pulsar Hub Control System

A Configurable servo-control system for
hydraulics actuator PID control

A 2048Hz or hlgher control rate

A Wide vendor
support

A Customizable
Interface




RTMDctrl

A Wineman INERTIA Control System

A Unlimited multi-mode
closed-loop control

A Integrated test editor
A Integrated with various NI modules
A Integrated PID control loop tuning

A Complete access to tuning system
variables

A Programmable control and DAQ rates




