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RTHS Background

ÅCombines experimental and analytical 
substructures

üExperimental substructure(s)
ÅNot well understood and modeled analytically

ÅFull scale component can be easily accommodated

ÅRate dependent devices (e.g., dampers, base-isolators) 
can be tested

üAnalytical substructure(s)
ÅWell understood and modeled numerically

ÅVarious substructures possible for a given expt. 
substructure

ÅDamage can accumulate (not a problem) provided it 
can be modeled



Overall Concept of Real-time Hybrid Simulation: 

Structural System Subject to Multi-Natural Hazards
NSF CMMI:  Semi-Active Controlled Cladding Panels for Multi-Hazard Resilient Buildings

- S. Laflamme (Iowa State), J. Ricles (Lehigh University), S. Quiel (Lehigh University)
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Task 4: Experimental Validation of Control System Designs (LU) 

The objective of Task 4 is to experimentally validate the semi-active control system. The test matrix for 

the experimental test program of the proposed semi-active device is given in Table 2, and include the 

multiple hazards of wind, seismic, and blast loading.  

Table 2:  Tentative test matrix 

Hazard Test Methodology Hazard Level 

Wind Real-time hybrid simulation 700- and 1700-yrs return period per wind speeds & 

hurricane 

Seismic Real-time hybrid simulation DBE, and MCE ground motions 

Blast Shock tube GSA Medium and High design basis blast threat 

Task 4.1 Hybrid Simulation for Wind and Seismic Loading 

The laboratory simulations for the wind and seismic hazards will be conducted at the Advanced 

Technology for Large Structural Systems (ATLSS) Engineering Research Center at Lehigh University. 

The ATLSS Engineering Center at Lehigh University is currently a national leader in experimental 

research of structural resistance to earthquakes. The capabilities of ATLSS include the ability to interface 

experimental tests of structural elements with real-time, simultaneous computer simulations of large 

structural systems. This approach is referred to as real-time hybrid simulation (RTHS), and is shown 

conceptually in Fig. 9 for seismic loading of a two-story braced frame with dampers. The structural 

system is discretized into two substructures: (1) analytical substructure; and, (2) experimental 

substructure. The analytical substructure is created using the finite element method to develop the 

analytical model of the portion of the structural system defined by this substructure. The experimental 

substructure is created by constructing a test specimen of the remaining part of the structural system 

represented by the experimental substructure. The two substructures are kinematically  linked together via 

the simulation coordinator so 

order that the demand 

imposed on the structural 

system is correctly 

represented by that imposed 

on the two substructures 

during a hybrid simulation. 

Command displacements are 

generated for each time step 

of a simulation by integrating 

the equations of motion, 

where the restoring forces 

from the analytical and 

experimental substructures 

are used to perform the 

integration for each time step. 

Dr. Ricles is among the worldwide leaders in this method for structural evaluation of seismic loading.  

Real-time hybrid simulation is ideally suited to the proposed experimental study of the semi-active 

cladding connections because it enables an experimentally loaded cladding panel with the semi-active 

connections to simultaneously interact with a computationally simulated structure (i.e., the analytical 

substructure) in real-time. Dr. Laflamme, who is an expert in structural response to wind, will work with 

Dr. Ricles to adapt the RTHS technique to address wind loading. Both seismic and wind loading are 

conducive to RTHS because these loads have a frequency that can be accommodated by not only the 

speed of the numerical scheme used for the integration algorithm but also the latency of the simulation 

coordinator. 

Figure 9: Conceptual diagram of hybrid simulation experimentation 

for seismic loading at ATLSS 
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Why Real-Time Hybrid Simulation?

ÅEnables cost-effective large-scale dynamic tests

ü Low experimental cost compared to a full shake table test

ü Various analytical substructures can be used for a given 
experimental substructure, enabling extensive and comprehensive 
experimental studies

ü Meets the need of the natural hazards engineering community of 
providing experimental validation of concepts for natural hazards 
mitigation

ÅAccounts for rate-dependency of physical 
specimens

ü Rate-dependent structures (frictional devices, dampers, base-
isolators, tuned mass damper, etc.) can be investigated with RTHS

Č not possible with conventional, slow hybrid simulation



RTHS: Implementation issues and challenges

Analytical substructure

Ç Fast and accurate state 

determination procedure for 

complex structures

Experimental substructure

Ç Large capacity hydraulic 

system and dynamic actuators 

required

Ç Actuator kinematic 

compensation

Ç Robust control of dynamic 

actuators for large-scale 

structures

Ç Numerical integration algorithm

Å Accurate

Å Explicit

Å Unconditionally stable 

Å Dissipative

Ç Fast communication

Simulation coordinator

Preferred



RTHS: Implementation issues and challenges

NHERI Lehigh 

Solutions

Ç Numerical integration algorithm

Å Accurate

Å Explicit

Å Unconditionally stable 

Å Dissipative

Ç Fast communication

Simulation coordinator

Å Various explicit model-based algorithms

Å RTMD real-time integrated control  architecture



Model-based explicit algorithms for RTHS
NHERI Lehigh Solutions to RTHS Challenges

Single-parameter families of 

Algorithms with numerical dissipation

Model-Based Algorithms

Semi-Explicit - (SE- ) Method Explicit - (E-♪) Method

Single-Parameter Semi-Explicit -

(SSE- ) Method

Kolay-Ricles-

(KR- ) Method
(Kolay & Ricles, 2014)

Chen-Ricles (CR) Algorithm
(Chen & Ricles, 2008)

Families of 

algorithms

Kolay, C., & Ricles, J. M. (2015). Assessment of explicit and semi-explicit classes of model-based algorithms for direct integration in 

structural dynamics. International Journal for Numerical Methods in Engineering. doi:10.1002/nme.5153

Modified Kolay -Ricles-

(MKR - ) Method
(Kolay & Ricles, 2017)
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Numerical Integration Algorithms
Explicit Modified KR- (MKR- ) Method

ÅExplicit Integration of Equations of Motion 

ÅUnconditionally Stable

ÅOne parameter (” ) algorithm

ÅControlled Numerical Damping ïeliminate spurious high frequency 

noise

Velocity update: ἦ▪ ἦ▪ Ўὸ ἦ

Displacement update: ἦ▪ ἦ▪ ɝὸἦ▪ Ўὸ ἦ▪

Weighted equations of motion: Ἑἦ▪ Ἅἦ▪ ἕἦ▪ ἐ▪

Kolay, C., and J.M. Ricles (2014). Development of a family of unconditionally stable explicit direct integration algorithms with 

controllable numerical energy dissipation. Earthquake Engineering and Structural Dynamics, 43(9), 1361ï1380. 

http://doi.org/10.1002/eqe.2401

Kolay, C., and J.M. Ricles (2017) ñImproved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional 

Stability and Controller Numerical Dissipation,ò Journal of Earthquake Engineering, http://dx.doi.org/10.1080/13632469.2017.1326423.

, , and : model-based 

integration parameters

*

*

Spurious 

higher 

modes 

(typ.)

*

*

Lower 

modes 

of 

interest 

(typ.)

E
q

u
iv

a
le

n
t 
D

a
m

p
in

g
 
Ӷ
‒

(%
)

Stability:  Root-Loci Controlled Numerical Damping

http://doi.org/10.1002/eqe.2401
http://dx.doi.org/10.1080/13632469.2017.1326423


ἦ
Ἃ
ἐ

ἐ
ἠ

ἐ

Set Ὥ Ὥ ρ

Optional calculation:

ἦ Ἆἦ

ἦ ἦ ἦ░
ἦ ἦ ɝὸἦ ρ

ς ɝὸἦ

ἐ
Ἄ
8

ἐ
Ἅ
ἦ

ρ

ἦ

Ἆ ἦ
Ὦ

ὲ
ἦ ἦ

ἦ andἦ

ἠ
SetὮ Ὦ ρ

ἠ ἠ ἕ ἦ Ἆ

Ἅ ἦ ἤ

Ὦ ὲ ρ

ἠ

Analytical SubstructureExperimental Substructure

Initial calculations: specify ” ,

calculate ,, ἕ , Ἅ, Ἃ, Ἄ, Ἅ, and Ἆ

Initial conditions: ἦ ,ἦ , ἦ , and ἠ

KR-♪Method: Implementation for RTHS

Extrapolation

Effects ïsmall 

ὸ) s small)

Definitions:

Ἃ ɝὸ Ἑ Ἑ

Ἄ
ρ

ɝὸ
Ἑ

Ἆ
ρ

ɝὸ
ἦ ɝὸ ἦ

ἠ ἠ ἠ

ἠ ρ  ἠ ἠ

Excitation forces:ἐ

Responses: ἦ,ἦ,ἦ, andἠ

Set Ὥ π

Kolay, C., Ricles, J., Marullo, T., Mahvashmohammadi, A., and Sause, R.. (2015). Implementation and application  of the unconditionally 

stable explicit parametrically dissipative KR-method for real-time hybrid simulation. Earthquake Engineering & Structural Dynamics. 

44, 735-755, doi:10.1002/eqe.2484.


