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Short course Objectives

This short course provides a comprehensive overview of the various aspects of hybrid simulation.
The participants are given the assignment to apply the method to assess the seismic performance
and resiliency of a structural system. The objectives of the course are:

1) Gain foundational knowledge about hybrid simulation and its applications.
2) Acquire hands-on experience by participating in an exercise involving real-time hybrid simulation.

3) Create an awareness and appreciation of the power of using real-time hybrid simulation to assess
the performance of complex systems subjected to extreme natural hazards.

Course Contents
1) Session 1: Overview and Motivation for Using Hybrid Simulation

2) Session 2: Hybrid Simulation Background and Theory

3) Session 3: Implementation and Execution to Perform a Real-time Hybrid Simulation (RTHS)
4) Session 4: Hands-on RTHS Group Assignment

5) Session 5: Short course - Perform RTHS

6) Session 6: Group Presentations of RTHS Outcomes and Conclusions
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Workshop References
1) Course Notes (QR code to be posted)

2) List RTHS References (QR code to be posted)

Prerequisites

The workshop is a short course on the theory and implementation of hybrid simulation, and
its application to structural systems subjected to extreme natural hazards. The emphasis will
be on real-time hybrid simulation (RTHS). Hybrid simulation involves the need to integrate
theories from across several different disciplines. These include structural analysis, structural
dynamics, structural mechanics, control engineering, numerical methods, linear algebra,
computer science, artificial intelligence, and machine learning. While participants are likely
not to have a familiarity with all of these theories, they can enhance their understanding of
hybrid simulation by studying the course notes and reading the references.

Assignments

Participants will be divided into groups. Each group will be using RTHS to assess the seismic
performance of a structural steel building system. A presentation will be made by each group,
where they present their simulation outcomes, an assessment, and conclusions.
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Short Course Assignment

Evaluate the seismic performance of the Lateral Force Resisting System (LFRS) for the structure shown below
» What is the efficacy of the dampers?
» What are the effects of the soil-foundation-structure interaction?
» What is the performance under two prescribed hazard levels —
» Design Basis Earthquake (DBE — 474-year return period)
» Maximum Considered Earthquake (MCE — 2474-year return period)
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Short Course Assignment __ .
€
* W12X45 beams and W14X43 columns S
» 3D force-based fiber beam column elements ®
BelPlastic Material as uniaxial material in the fibers =
5-point Lobatto integration scheme 8
» P-Delta effects accounted for by using lean on P-Delta columns ‘m;;;#’ o
. . o m
* Gravity loading Seveliar
413.34 kN on the first floor — North
411.28 kN on the second floor L N
» Building located in Pomona California on a stiff soil (Type D) E
q ™
» Two levels of hazard considered Test Frame N
DBE (474 years return period)
MCE (2474 years return period) IS
+ Friction dampers in the first and second story ™
N~
—a
+—>
7.31m
Floor Plan
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Short Course Assignment

* A HyCoM-3D input file and manual are provided on Workstations in Life Cycle Computational Lab

* The file needs to be completed by each individual group
» Compare the natural periods obtained from the eigenvalue analysis

» Atotal of 6 cases need to be run
»  Without dampers (Will be done in Life Cycle Computational Lab)
» DBE and MCE
»  With dampers on a fixed foundation (RTHS — Will be done in the control room)
+ DBE and MCE
»  With dampers considering SFSI (RTHS — Will be done in the control room)
» DBE and MCE
» Each group will be assigned a workstation and will have to complete the HyCoM-3D input file and
run the cases without dampers for the two specified hazard levels
» Compare the results obtained from your analysis to the provided results
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Hybrid Simulation Short Course References
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Session 1: Overview and Motivation for Using
Hybrid Simulation
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Resilient Structural Systems

» Resilient systems often created using response modification devices
» Performance-based design procedures require experimental validation, considering

effects of:
» Large-scale
> Load-rate d nden Assessment of large-scale
> Roall- gel edpe ency systems subjected to multi-
ea_'St_'C 0‘_"‘ Inke) directional, multi-hazard
» Multi-directional system response demand in real-time
> Interaction effects among components of the system

Natural rubber

bearings

Semi-active
hydraulic dampers

Elastomeric dampers Magneto-Rheological damper Rubber bearings w/
(Kontopanos 2006) (G. Yang, 2001) ) semi-active controlled

1}\ dampers (Nagashima
= 2012)

4

Nonlinear Viscous Fluid -
dampers (Kolay 2016) Lead-rubber bearings (CivilDigital, 2016)
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What is (RT)HS? Why is it important? °™""""**
(Real-Time) Hybrid Simulation

Performed in real time Simulation of response
| Cyber (analytical/numerical) |
+

| Physical (experimental) |
*Well understood structural components *Not well understood structural
*Modelled numerically components
+Various substructures possible for a *Modelled physically with appropriate

given experimental substructure boundary conditions
*Easy to accommodate full-scale
components

* Cost effective large-scale testing metho

* Integrates benefits of numerical simulations & physical tests: Best of both worlds

» Comprehensive system and component response
Gy | NSF NHERI 2%
@ CYBER-PHYSICAL SIMULATION

* Rate dependent devices can be tested

Real-time Hybrid Simulation (RTHS) Concept:  ©Rces @ Malk 2025
Structural System Subject to Multi-Natural Hazards

Structural System Hybrid Earthquake Simulation Experiments

40-Story Building with Outriggers
and Supplemental Dampers

Real-time input EQ ground
NL Viscous

acceleration
Ve B

a  Excitati
E xcitation
Cmd Fiva Ccmd
Analytical Displ Displ Experimental
substructure Xx@ P xep substructure
i . . : L d
i Simulation Coordinator ﬂ (ETE)
EQ Ground 31 4 P 2
Aocalratons o 7 MXi1q + CXiyq + RY +REy = By T
’i Riy Riv1
q4L Restoring  Integrates Restoring
Force  Eqns of Motion Force

(Modeled in the computer) (Modeled in lab)

Real-time structural

response

= [
Wind Tunnel Tests NHERI@FIU
Wind Load Determination

If the real-time hybrid simulation processes do not remain
synchronization within the time step At. This leads to an inaccurate
result and potential instability.

Digital Controllers: 1024 to 2048 Hz -> At &€ 1/2048 to 1/1024 sec
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Selected RTHS Examples
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Steel Structure with Nonlinear Viscous Dampers ©es 2 Mafk 2029
Studied using Large-scale RTHS
* Prototype building
— 3-story, 6-bay by 6-bay office building located in Southern California

— Moment resisting frame (MRF) with RBS beam-to-column connections,
damped brace frame (DBF), gravity load system, inherent damping of

building
Seismic tributary area South  North south  Nerth
> _ 2uth_Nonh
I H— =
| MRF = O
! R NI ' v
DBF I V4 I R V4 I )
% : | DBF orl. [ 13 e | —
H | = Mg |
; Tth a0 e N
East ®)
i i Wes(¢ o w‘
— 71 South | IRE VRT I ] % o o E
: : - A= Gravitylll MRF DBF
! 6 @25t ' ! 6 @25t ' system
Plan view of prototype building Section view of prototype building Test structure

Dong, B., Sause, R., and J.M. Ricles, (2015) “Accurate Real-time Hybrid Earthquake Simulations on Large-scale MDOF Steel Structure with Nonlinear Viscous
Dampers,” Earthquake Engineering and Structural Dynamics, 44(12) 2035-2055, https://DOl.org/10.1002/eqe.2572.
Dong, B., Sause, R., and J.M. Ricles, (2016) “Seismic Response and Performance of Steel MRF Building with Nonlinear Viscous Dampers under DBE and

MCE,” Journal of Structural Engineering, 142(6) https://DOI.org/10.1061/(ASCE)ST.1943-541X.0001482.
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Nonlinear Viscous Dampers

Characterization testing

2ramp up
[ cycles

Actuator stroke (inches)
°

ez (] 2 6 8 10 12
Time (s)
Damper testbed . on Vo Loading Protocol
600 — 1 600 1 ! 1
wl /" s !
= |..'>1|L/,,,-" // \ i Z 2001 (.25 Hz 1
: 10 H7 / // oL 05Hz s
ua_lh / - L0 Hz
£ 0.25 Hz £ .00 F1.5 Hz
400 100 - 1
=600 2

80 -60 -40 -20 0 20 10 60 80
Deformation up (mm)

Damper force - deformation

Velacit
Damper

ty ip (mm/s)

force - velocity
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Large-scale RTHS on Structure with Nonlinear
Viscous Dampers: Substructures
Substructures for RTHS Phase-1

P RBS, typ.
3 Rigid diaEhrag_m_é
m; e ——=

Panel-zone
P, element

Fiber
-/E/ element
m] A - ]

Lean-on
column MRF

Analytical substructure
(MRF, mass, gravity system,
inherent damping)
Real-time state determination
« Analytical substructure has 296 DOFs and 91 elements;
« Nonlinear fiber elements for beams, columns, and RBS;
« Nonlinear panel zone elements for panel zone of beam-column connection;
« Elastic beam-column element for the lean-on column;
« P-delta effects included in the analytical substructure.
* At = 3/1024 sec.

Damper |

Experimental substructure
(0.6-scale DBF)
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Phase 1 Large-Scale Real-Time Hybrid Simulation

(MREF, Floor Diaphragm, Gravity System, Mass, Inherent Mass in Analytical Substructure)

Analytical Substructure [Experimental Substructure
8 _ !
RN,
6 ]
0 4 LN
o
k]
= 2
0
L]
2 e
2 0 2 4 6
Floor Displacement Damper 1 Hysteresis
44
1F
2F
3F
E g
£ ]
a ©°
] 5
a w
44 -380
0 Time (sec) 20 10 Deformation {(mm) 10

© Ricles and Malik, 2025

Phase 2 Real-Time Hybrid Simulations on MRF Building

Structure with Nonlinear Viscous Dampers (MCE)

Comparison of Phase-1 and Phase-2 RTHS Results (Validate Phase-1 Analytical

Substructure)

100:|

Comparison of Displacement Response I— Maximum peak displacement difference:

[ 1)) — :

-20

E -50 x™ Phase 2
£ 1-6 18 Phase-1
£
@
8
5
3
[
Phase-2

-40

2 4 6 8 10 12 14 16 18

Time (s)

Dong, B., Sause, R., and J.M. Ricles, (2015) “Accurate Real-time Hybrid Earthquake Simulations on Large-

scale MDOF Steel

Structure with Nonlinear Viscous Dampers,” Earthquake Engineering and Structural

Dynamics, 44(12) 2035-2055, https://DOI.org/10.1002/eqe.2572.

LEHIGH

UNIVERSITY

Z

"3rd floor | 2.1,1.7, 1.8 mm (6.8%, 2.7%, 2.1%)

1994 Northridge Earthquake record RRS318
component scaled to MCE (~2500yr)

5]
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Phase-1 Real-Time Hybrid Simulations on MRF
Building Structure with Nonlinear Viscous
Dampers

Phase-1 Real Time Hybrid Simulations (RTHS)

* Experimental substructure (DBF with dampers) is undamaged by DBE and MCE input; damage is confined
to MRF within analytical substructure; enable use of new, undamaged MRF for each simulation

* Therefore, an ensemble of ground motion records could be used in Phase-1 RTHS to account for record-
to-record variability

DBE Level MCE Level
25 Response 25 Response
) ——— DBE-1 ) —— MCE-1
s Spectra DBE2 s Spectra MOE2
g 2f - - ———— ——DBE3 T 2F o - ——— MCE3
o ! ! ! —— pee4 @ L A\ ! ! MCE-4
s ! ! | —— pBES § WARAR ! | mces
1T -t - - - —H——oses s 15 < 7T T T H——mces
) | I| —— DpBE7 2 i ! . MCE-7
S 1 | 1 Median spectrum 8 1 i, 7 I/ X\ || =——— Median spectrum
© A | Target hazard spectrum % Il - Target hazard spectrum
5}
£ | 1 1 £ | | T
8 05 —— - §05F ——7-——-—"> S -
@ = @ by ! | | | (R
i ®) I I I | I
0 0
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Period, Tn (s) Period, Tn (s)

Dong, B., Sause, R., and J.M. Ricles, “Seismic Response and Performance of Steel MRF Building with Nonlinear Viscous Dampers under DBE
and MCE,” Journal of Structural Engineering, 142(6) https://DOl.org/10.1061/(ASCE)ST.1943-541X.0001482, 2016.
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Response of RTHS Phase-1

0 Response structure to Design Basis Earthquake (DBE) and Maximum
Considered Earthquake (MCE) level RTHS

a Structure designed for 100% (D100V), 75% (D75), and 60% of the
Design Base Shear.

Peak story drift ratios

Mean (% rad)

MCE

Mean (% rad)

1 st 2nd 3rd 1 st 2nd 3rd
story story story story story story
0.69 0.76 053  1.20 138 1.00
0.98 0.74 1.53 1.86 1.52
1.17 0.95 1.88 2.21 1.88

NSF NHERI =%
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Response of RTHS Phase-1

0 Response structure to Design Basis Earthquake (DBE) and Maximum
Considered Earthquake (MCE) level RTHS

a Structure designed for 100% (D100V), 75% (D75), and 60% of the
Design Base Shear.

Residual story drift ratios

Mean (% rad) Mean (% rad)

qst 2nd 3rd qst 2nd 3rd
story story story  story story  story

0.02 0.03 0.01 0.06 0.06 0.06
0.04 0.05 0.03 0.13 0.17 0.15
0.05 0.06 0.05 0.20 0.20 0.20

GER | NSF NHERI 287 o
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Phase-1 RTHS Results Evaluation

» Damper-brace interaction

( )
‘ —— Damper force-Damper deformation Damperforce—siorydriﬂ‘
600 600 600
~ 400 ~ 400 ~ 400
z z Zz
£ 200 £ 200 £ 200 D75V structure,
S S S
g o S o S o DBE level RTHS,
8 3 o]
g -200 £ 200 £ 200 PTS315 record
IS < <
S 400f — - - - = © 400 S 400 — ;
4 1 1 | | | 1 | 1 1 | 1
60?30 20 10 0 10 20 30 -60-030 -20 -10 0 10 20 30 40 60-030 20 10 0 10 20 30
Deformation (mm) Deformation (mm) Deformation (mm)
\. J

» Story drifts are larger than damper deformations, which indicates elastic
flexibility exists within the damper force path;

» Damper forces are larger at the times of peak story drift, which indicates
the partially in-phase behavior of damper force with story drift

Dong, B., Sause, R., and J.M. Ricles, “Seismic Response and Performance of Steel MRF Building with Nonlinear Viscous Dampers under DBE

and MCE,” Journal of Structural Engineering, 142(6) https://DOl.org/10.1061/(ASCE)ST.1943-541X.0001482, 2016.
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Phase-1 Real-Time Hybrid Simulations of MRF Building
Structure with Nonlinear Viscous Dampers

Seismic Fragility Curve: Probabilistic Assessment of a Structure’s Performance in terms of a Engineering
Demand Parameter (e.g., Peak Story Drift)

Experimental substructure (DBF with dampers) is undamaged; enables use of undamaged MRF in analytical substructure for
each simulation; an ensemble of ground motion records was used to account for record-to-record variability

Results from Phase-1 RTHS for DBE

D100V (with dampers) D75V (with dampers) D60V (with dampers)
1 1 e
08 08 08 "N
w06 1\ “ _____ bdian |, 06 _ Median_| 5 06 | GX[ane Median_
2 04 204 204 |
02 i, 02 02
34story }.. I . ) .
0 L L RTINS — 0 L L i I 0 L
02 04 06 08 1 12 04 06 08 1 12 14 06 08 1 12 14 16
Peak story drift ratio (% rad) Peak story drift ratio (% rad) Peak story drift ratio (% rad)

Dong, B., Sause, R., and J.M. Ricles, “Seismic Response and Performance of Steel MRF Building with Nonlinear Viscous Dampers under DBE
and MCE,” Journal of Structural Engineering, 142(6) https://DOl.org/10.1061/(ASCE)ST.1943-541X.0001482, 2016.
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Damped Systems Summary

Damped systems... reducing lateral drift without increasing accelerations

0o Steel building structures (e.g., MRFs) with dampers can have significantly enhanced
performance relative to conventional steel MRFs

o Elastic flexibility in the damper force path causes the viscous damper forces to be partially
in phase with the story drift resulting in combined column response with large axial force
at the time of peak bending moment. These combined column demands should be
considered in the design of frames with nonlinear viscous dampers

o D75 and D60V MRFs with dampers (75% and 60% Design Base Shear):

» Demonstrated that reduced-strength MRFs with dampers perform well compared to
conventional MRFs

Performance is between “Immediate Occupancy” and “Life Safety” for DBE and MCE
»  Significantly better performance than conventional steel MRF

Y

R
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Tall Building Subject to Multi-natural Hazard

40-story (+4 basement) BRBF building in Los Angeles designed by SGH(" for B
PEER Tall Building Initiative case studies — BRBFs with Outriggers Outrigger F=¥

.

* Objectives of study
« Improve performance using nonlinear fluid viscous dampers with outriggers

« Assess performance of structure under multi-hazards using RTHS. oM )
Viscous \_] B %

w qrwz‘ J;., J; 1 JP 1 J: 22m—l SRR
35 3 & &5 35

\WF steel beams
Outrigger

S——

M g Outrigger
truss (at 20, N\T" N | I I | columns
301, 4010 0
stories) v

i 4
r Box columns
L ————

() Moehle et al., PEER 2011/05 f‘?:j:(':%’g’;} WF steel column

P4

32—
Z‘/\

Floor Plan

Al-Subaihawi, S., Kolay, C., Thomas Marullo, Ricles, J. M. and S. E. Quiel, “Assessment of Wind-Induced Vibration Mitigation in a Tall Building with Damped
Outriggers Using Real-time Hybrid Simulations,” Engineering Structures, 205, https://doi.org/10.1016/j.engstruct.2019.110044, 2020.
Kolay, C., Al-Subaihawi, S., Thomas Marullo, Ricles, J. M. and S. E. Quiel, “Multi-Hazard Real-Time Hybrid Simulation of a Tall Building with Damped

Outriggers,” International Journal of Lifecycle Performance Engineering, Vol. 4, Nos. 1/2/3, pp.103-132, https://doi.org/10.1504/IJLCPE.2020.10893, 2020.
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Multi-Hazard 3-D Nonlinear RTHS of Tall Building —
EQ & Wind

+ Bidirectional EQ ground motions
» 1989 Loma Prieta EQ — Saratoga Aloha Ave Station
scaled to MCE (2500 year return period) hazard level

+ Bidirectional wind loading ouiggor 1 '
» Wind speed of 110 mph, 700 MRI v
Dam::secrcs)us\_l V; 31

Y
e

» Exposure B

w
< i 4 %%
L\ 4
W
N \§ %_/
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© Ricles and Malik, 2025

RTHS Substructures

T Analytical Sub. Key features:
N 7902 DOF
* 2974 Elements

> 2411 Nonlinear Explicit Force-
based fiber elements
> 11 Nonlinear Explicit Maxwell
Elements(!) with real-time on-
line model updating (dampers
placed in each outrigger at 20th,
30t & 40t floors)
NL > 552 Nonlinear truss elements to
iscou model Buckling Restrained

NL
Viscous
Dampers
(OMU)

LD ad cell Loadmg beam
l’ounchuon beam

L ? L Dampers
‘South-east damper at 40 story outrigger ; (OMU) Braces (BRBS)
Experimental Substructure — 7 * Reduced Order Modeling
NL Fluid Viscous Damper < 7 I } * Geometric nonlinearities
8 a
N » Mass

* Inherent damping of building

Analytical Substructure
(1) Al-Subaihawi, S. (2023). Real-time Hybrid Simulation of Complex Structural Systems Subject to Multi-Hazards. PhD Dissertation, CEE Dept.,

Lehigh University.
SF NHERI 2%
{YBER PHYSICAL SIMULATION

i 1 i i © Ricles and Malik, 2025
3-D Real-time Hybrid Simulation g
1989 Loma Prieta EQ Bidirectional Ground Motions Scaled to MCE
ogheSouth v. East-West Roof Displacersern S _— -
i oot —— 36w Fier b oo —— 6 riser
0.5
o N
7® S1 1 5 10 15 20 25 30 35 ]
o suqn\“ Story Y\‘_H](Iil\nwmn Response
£ D o 3 ® ® % % ®
_ ) A
R .02
BRB Deformuation (1
_ sao Sory EW BRI Hystertic Respone
L %o 3 0.03
BRB Deformation ()
S godh Floor Damper . Experimetal Sub.
; 0 Yy
- ] North-East Damper at 40th story Outrigger
< i 2% o .08 3D Real-time Hybrid Simulation of 1 Seismically Excited Tall Building with NL Viscous Dampers
N . Dok Deamin 1) 1980 Loma Prieta EQ Bidircctional Ground Motions Sealed to MCE Level
Motions scaled by factor of 5 in animation BHHICH RTMDISE &
v =Y
Al-Subaihawi, S., Ricles, J., Quiel, S, and T. Marullo, “Development of Multi-directional Real-Time Hybrid Simulation for Tall Buildings Subject
to Multi-natural Hazards,” Engineering Structures, 315 (2024) 118348, https:/doi.org/10.1016/j.engstruct.2024.118348, 2024.
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2 8 A 3 © Ricles and Malik, 2025
3-D Real-time Hybrid Simulation
110 mph, 700 MRI Wind Storm (EW Windward Direction)
outh vs. East-West Roof Displacement
et
.78 0 10 150 0 ) 00
NS Roof Displ
—
1t Story NS BRB Hysteretic Resporne
> 2500
. % w00 i 00 i a0
i » i s00.0
-0.01 ° 0.01 5 =
BRB Deformation (] A ——Reof —— 30th flese ——20th flede
s00.0
o = 10 150 200 =0 300
s00.0
It Story EW BRB Hysterctic Response < 7
2500 £2
27 00
B, " i oot —— 3068 Honr ——3th Fisor
& ‘o 50 100 150 200 250 00
) T
= -2500
%o o w01
BRB Deformation (]
& mwm Story
w North-East Damper at 40th story Outrigger
{ %0 0.0 3-D Real-time Hybrid Simulation of a Wind Excited Tall Building with NL Viscous Dampers
N_* Wind Reyer De b Eastern 110mph, 700 MRI Wind Storm
Motions scaled by factor of 20 in animation BLEHCH RTMD )&
Al-Subaihawi, S., Ricles, J., Quiel, S, and T. Marullo, “Development of Multi-directional Real-Time Hybrid Simulation for Tall Buildings Subject
to Multi-natural Hazards,” Engineering Structures, 315 (2024) 118348, https://doi.org/10.1016/j.engstruct.2024.118348, 2024.
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3-D RTHS Results: Roof Lateral Accelerations = © 7 etk 2022
Wind from East @ 110 mph, 700 Year MRI

Floor Accelerations - NS direction

Peak Floor Accelerations RMS Floor Accelerations
40 40
30 30
£ With dampers £ With dampers
72 72

N Without dampers

10

= Without dampers

0 30 60

90 120
Max floor accelertion (Milli-g)

6 12 18 24 30
RMS floor accelertion (Milli-g)

* Peak Acceleration: 35% reduction in NS,10% reduction in EW
* RMS Acceleration: 49% reduction in NS, 2% reduction in EW

Note: Outrigger frames are in NS direction

UNIVERSITY
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3-D RTHS Results: Story Drift © Ricles and Hall 2025
1989 Loma Prieta EQ Scaled to MCE

Story Drift- NS direction

Peak Story Drift Residual Story Drift
40 40
i} 30
220 With dampers . ™~ With dampers
7z Without dampers %

o Without dampers

0 0.5 1 1.5 74 25 3 0 0.2 04 0.6 0.8 1
(/] (*w) g (%)
res

max

 Peak Story Drift: 20% increase in NS, Minimal change in EW
» Residual Story Drift: 48% reduction in NS, Minimal reduction in EW
» BRB ductility demand: Minimal reduction in EW, 30% reduction in NS

Note: Outrigger frames are in NS direction

e 3 NSF NHERI 2%

3-D RTHS Results: Story Drift © Ricles and Mall 2020
1989 Loma Prieta EQ Scaled to MCE

0 &7 1o NS BRE Hysterstio Response _ 8" Story E-W BRB Hysteretic Response

= 50 = 5
Z @ Z )
@Q @
o o
w w
s s
= =
< -5000 < -5000
-0.015 0 0.03 0.06 0015 0 0.03 0.06
Axial Deformation (m) Axial Deformation (m)

BRB force-deformation response under earthquake RTHS in (a) N-S and (b) E-W
directions in BRBFs 1 and 3
40 40 =

—BRBF3-Max Mag
—BRBF4-Max Mag

@
t=)
@
S

——BRBF 1-Max Mag_
—BRBF2-Max Mag

Story number
)
3

Story number
L3
o

s
s

5

=3

6 12 0 6 12
BRB ductility BRB ductility

Peak magnitude of BRBF ductility over the height of the building in the (a) N-S
and (b) E-W directions of selected BRBFs 1, 2, 3, and 4

Al-Subaihawi, S., Ricles, J., Quiel, S, and T. Marullo, “Development of Multi-directional Real-Time Hybrid Simulation for Tall Buildings Subject
to Multi-natural Hazards,” Engineering Structures, 315 (2024) 118348, https://doi.org/10.1016/j.engstruct.2024.118348, 2024.
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© Ricles and Malik, 2025

Member Stiffness in Damper Force Load Path —
700 Year MRI Wind

~5-20th floor, L4 “&—zomn
= s 20th Noor
RTHS oo ’ RUGISRE S

~

“\

Peak Floor Acceleration (mG)
RMS floor acceleration (mG)

Stiffness multiplier

Stiffness multiplier

» Outrigger truss members’ and columns’ axial stiffness increased using stiffness
multiplier in analytical substructure

» Alarger member’s stiffness results in an increase in the deformations being
concentrated in the dampers

» Inefficient to increase stiffness multiplier beyond value of 3.0

Al-Subaihawi, S., Kolay, C., Thomas Marullo, Ricles, J. M. and S. E. Quiel, “Assessment of Wind-Induced Vibration Mitigation in a Tall Building with
Damped Outriggers Using Real-time Hybrid Simulations,” Engineering Structures, 205, https://doi.org/10.1016/j.engstruct.2019.110044, 2020.
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Session 2: Hybrid Simulation Background
and Theory
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© Ricles and Malik, 2025

RTHS: Implementation issues and challenges

Simulation coordinator

Q Numerical integration algorithm Experimental substructure
» Accurate

O Large capacity hydraulic
Preferred system and dynamic actuators
required

\ O Fast communication O Actuator kinematic
compensation

Analytical substructure QO Robust control of dynamic
actuators for large-scale

_ \ a

Gy | NSF NHERI 2%
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© Ricles and Malik, 2025

Direct Integration Algorithms

o Nsmggzr‘;v
Nipr; | CYBER-PHYSICAL SIMULATION IR

6/23/2025

18



6/23/2025

s and Malik, 2025

Background — Numerical Direct Integration Algo?'ff ms

Implicit

Iterative

Can provide
unconditional stability
Convergence problems!

Direct Integration Algorithms

Conditionally Unconditionally

Sarp— stable stable
Noniterative
Conditionally stable
Sometimes preferred for
highly nonlinear

problems

At At governed by accuracy

(Um ax

Preferred for numerical simulation Preferred for seisinic .S and RTHS
v Unconditionally stable — implicit v Explicit
v' Second-order accurate v' Second-order accurate
v' Parametrically dissipative v" Unconditionally stable
v' Example: HHT-a, WBZ-a, G-a v’ Parametrically dissipative
v' Example: limited study
HS: Hybrid simulation; RTHS: Real-time hybrid simulation

GER | NSF NHERI 287
.LQE\I_.I!QH s @ ‘{YBEMHYS[ALSIMULATION

© Ricles and Malik, 2025

Integration Algorithm

* Integration Algorithm Desirable (required) characteristics

» Explicit formulation
» Unconditional stability
» Controllable numerical damping

» Improved overshoot for high-frequency
modes

» Improved stability for nonlinear
stiffening type systems

Modified KR-a (MKR- a) method

Kolay, C., & Ricles, J. M. (2014). Development of a family of unconditionally stable explicit direct integration algorithms with controllable numerical energy dissipation.
Earthquake Engineering and Structural Dynamics, 43(9), 1361—1380. http://doi.org/10.1002/eqe.2401
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RTHS: Essentials of Discrete Control Theory
[Ogata 1995]

» Temporally discretized form of equations of motion

o . 2
m-X,, +2méw, X, + mo, -x;, =F,,

» Z-transform for a discrete system

Z{F (k)= F(z)= Y F(k)-=*

k=0

« The real translation theorem

Z{F(k-1)}=z"-F(z)
« Discrete transfer function G(z)

Gz)= X _nz +-+nztn, X(z) = input
F(z) dz*+-+dz+d, F(z) = output
_ X _ A 72’ +2-A -z + AL

E.g., for Equations of motion G(z)

TF@  [(4+0,7 A +450,A)2° + (<8 + 20, AL )2+ (4— 450, At + 0, AC) n

R | NSF NHERI 9%
@ | CYBER-PHYSICAL SIMULATION

Ogata, K. (1995). Discrete-Time Control Systems (2nd ed.). Englewood Cliffs, NJ: Prentice Hall

RIS

© Ricles and Malik, 2025

RTHS: Essentials of Discrete Control Theory

« Block diagrams

closed loop

open loop

F) X(2) F(z)

_ @ _x(2) G(2)
6@ =7 B&) =1 ~ T+ 6@

4

O AL
Force e Algorithm G(z)
= x; : Displacement vector

lo [E | 1, : Restoring force vector
| Substructure | ¢ s

p——

Block diagram representation of real-time
hybrid simulation

NSF NHERI 92
F CYBER-PHYSICAL SIMULATION
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© Ricles and Malik, 2025

RTHS: Essentials of Discrete Control Theory

* Root locus: closed-loop system
Roots of numerator of G(z) are open zeros

x(2) G(z) * Roots of denominator of G(z) are open poles
F(Z) = 146 (Z) H(Z) * Roots of numerator of B(z) are closed-loop zeros
* Roots of denominator of B(z) are closed-loop poles

B(z) =

Unit Circle in complex plane:
» Closed-loop poles migrate from open-loop poles to open-loop zeros

> If closed-loop poles stay on, or within the unit circle then closed-loop
system is stable Im(z)

. X open-loop poles
& ’ O open-loop zeros
Re(z
33—0. - K R
\\‘\ 7 ’ stable system ‘
’ unstable system K//

NSF NHERI 2%
g | CYBER-PHYSICAL SIMULATION

© Ricles and Malik, 2025

Analysis of an Integration Algorithm

O Discrete transfer function of an integration algorithm in z-domain

Roots of numerator polynomial = zeros
X(2) ng ... n3: humerator coefficients

G(z) = = d, ... d3: denominator coefficients
F d;z3 +dyz2+d d 0 3
(2) X(z): z-transform of x,,,,
F(z): z-transform of f,,, 4
X(z) : output Roots of denominator polynomial = poles
F(2) : input

Q G(z) is a function of m, Q = wAt, &, and algorithmic parameters

O Poles govern numerical dispersion (period error) and dissipation
(equivalent damping ratio), and stability characteristics

O Want algorithm to be second-order and not too dissipative for
important low-frequency modes

@B | NSF NHERI ¢
@0 | CYBERUPHYSICAL SIMULATION

= ech
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Implicit G-a Method (Chung & Hulbert, 1993)*"" **

O Weighted equation of motion; concept introduced by Hilber et al.,
1977

ml(1 — ) inss + amn] +c[(1 - af)J'cn+1 + afJ'cn] +k[(1- af)xn+1 + afxn]
= (1 - af)fn+1 + affn

DAttnzo me+C).C0+kxO=f0

U Adopts displacement and velocity difference equations of Newmark
method

Q a,, ar, v, & B are related to p,, € [1,0] to achieve unconditional
stability, second-order accuracy, and an optimal dissipation
characteristic

& NSF NHERI 2
g | CYBERABHYSICAL SIMULATION

Z

Izcn

Ricles and Malik, 2025

Proposed Explicit KR-a & MKR-a Method: SDOF Systems

4 Difference equations
Displacement (explicit): x4 = x, + Atx, + At?a, %,
Velocity (explicit): Xnp1 = Xp + Ataq Xy,

U How to develop an explicit (E) method which will inherit 3 poles of
G-a method?
U Need 3 model-based parameters (a4, a,, and a;)

U Modify weighted equation of motion of G-a method by introducing a;

m[(1 — ag)¥peq + agiy] + c[(l — af)y'cnﬂ + affcn] + k[(l - af)an + afxn]
= (1 - af)fn+1 + affn

= GEX. | NSFNHERI 2%
Lss i CYBER*PHYSICAL SIMULATION
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© Ricles and Malik, 2025

Proposed Explicit-a method: SDOF systems

U Determine a4, a,, and a3 so that E-a method inherits 3 poles of G-a
method

X(z) n3z®+nyz% +nz+n
G(Z) = =

F(z) |d3z®+dyz® +diz +dy|
Characteristic equations:

G-a method: d$z3 + d§z* +dfz+d§ =0

E-a method} dY¢%z3 + dYeWz? + dYWz + d)*¥ = 0

__(+2y8Q) | _ 1[1+2(y-2p)§0]. _ amt2amyEQtasBa?
1 = Tyea+pa?’ 2 = S ir2yen+p97) 37 T {i2yE04p0?

Q a4, a,, and a5 are functions of model parameters ¢, (1, and
integration parameters a,,, as, v, and 8, as intended

Z

Iz e

& NSF NHERI 2
§ | CYBER*BHYSICAL SIMULATION

© Ricles and Malik, 2025

Proposed Explicit-a method: MDOF systems
Displacement (explicit): X, = X, + AtX,, + At?a,X,
Velocity (explicit): Xpi1 = X, + At X,

M[(1— a3)Xp 41 + a3Xy] + C[(1 — af)Xpts + arXn| + K[(1 — ap)Xpe1 + apX,]
= (1—ay)Fpiq + asF,

U Model-based parameters:

o =a M

o = 2 Vo
o3 = a [, M+ a;yAtC + arfAL?K]

where a = [M + yAtC + fAt?K]

0 o4 and a, are related by a scalar

l LEHIGH

UNIVERSITY
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© Ricles and Malik, 2025

Model-based Integration Parameters
a4, a3, and a3 are functions of system matrices M, C, and K
For RTHS, a4, a,, and a3 need to include experimental substructure matrices
For RTHS use
* M;p =M+ M®
* M: analytically defined mass matrix that exclude M¢
* M¢: mass matrix for experimental substructure
* Cp=C+Cg +Cg
« C: analytically defined inherent damping matrix

* Cgq and CZ,;: equivalent damping matrices associated with supplemental damping devices, if any, in
analytical and experimental substructures, respectively

> KIP - K;l + Kgq
« K{: initial elastic stiffness matrix of analytical substructure
* Kg,: equivalent initial elastic stiffness matrix of experimental substructure

NSF NHERI
CYBER-PHYSICAL SIMULATION

LEHIGH

UNIVERSITY
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© Ricles and Malik, 2025

MKR-a Method: Dissipative Characteristics

* One parameter (p.,) family of algorithms
» ps = spectral radius when Q = w,At - o
v varies in the range 0 < p,, < 1
* P controls numerical energy dissipation
» P« = 1: No numerical energy dissipation
» po = 0: Asymptotic annihilation

3 2_ 1 1
ar = Peo ) am=—2p°°+p°° 1 , V=§—‘1m+llf, ﬁ:§<1’+5
Poot1 Poo®+Poo?+Poot1
. [Doshed s () Kl and G Sl s () MR-
15T —— —3
Unsit Cirele () 100 5
O = @At, Wk i /
i o Lower Spurious 1
Normalized 4n/5, & modes of  higher
apparent frequency 051 / 1 5 interest  modes
e ! < (typ.) .
E Mol = a (typ.) =0
g o "o o £
¢ = Equivalent = \ 8
damping ratio sk A i 5,
P =10 g
1 poe = 0.75 7 T 5
oo = 0.25 % Oper-loop poles
Y=l © Open-loop zeros | | | |
QH ‘| jL o " 15 0000 10 10° 10° 10¢

Q= 27(At/T)

Stability: Root-Loci Controlled Numerical Damping

Kolay, C., and J.M. Ricles, (2017) “Improved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional Stability and
Controllable Numerical Dissipation,” Journal of Earthquake Engineering, DOI: 10.1080/13632469.2017.1326423.
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Disp. (inch) Disp. (inch)

[
won = O

Demonstration of Numerical Dissipatio

O 3-DOF system with a very high-
frequency for third mode

—X[L)‘ pho=1
. i” z* - é - @ = 1372, @y = 36.08, and w3 = 504.99 rad/s
X 05
8 01 =100506 1.5433 1.5445]"
{a) KR-a !\ict_lmdj “'H: c ] i .' 1 ﬁl
ARG TR e L pr=[ 1.5587 —0.9412 —0.9461 |7

N ¢3=[0.0005 —0.2561 12.7823 |"

O Response for zero initial velocity and

initial displacements:

X = (61 + o) inches and X] = (¢1 + 62 +0.2¢3)

0.2 0.4 0.6 0.8 1 O Low-frequency mode response is
Time (s) negligibly influenced by numerical
dissipation

0 MKR-a possess better dissipative characteristics

ﬁi/;iles and Malik, 2025

6/23/2025
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MCE* Ievel RTHS using poo — 10 © Ricles and Malik, 2025

* Maximum considered EQ, return period = 2474 years

—=N Moment at MRF roof RBS, south end

1 _L
“los
Fre f =
-1t L L .= =
q Nay ™ a¢
D= Moment at first-story NI COTUNTIT DRSS SOTCIT =TT

: — I T

*Under nonlinear structural behavior, pulses are introduced in the acceleration at

the Nyquist frequency (= ﬁ) when the state of the structure changes within the

time step

*Pulses excite spurious higher modes present in the system which primarily
contribute to the member forces

*Problem becomes worst by the noise introduced through the measured restoring

forces and the actuator delay compensation which can amplify high frequency
noise.

Kolay, C., Ricles, J., Marullo, T., Mahvashmohammadi, A., and Sause, R. (2015). Implementation and application of the unconditionally stable explicit
parametrically dissipative KR-a method for real-time hybrid simulation. Earthquake Engineering & Structural Dynamics 735-755, doi:10.1002/eqe.2484.
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© Ricles and Malik, 2025

MCE level RTHS using p,, = 0.75

» N Analytical substr. Experimental substr.

o
1t
[ A
A a 1F 1
o Input ground excitation 0.5-
iy O =
] da
x # ‘{ =
s Z
0.5

Floor response

25 30

Time (sec)

4 ”AA;L:;-@ A8 o S daingas] Real-time hybrid simulation using explicit unconditionally stable
yut parametrically dissipative KR-z method

1 Ground excitation: B-WSM180 component, 1987 Superstition Hils, Westmoreland Fire Station
Hazard level: Maximum considered earthquake (MCE)

Algerithmic parameter. p,, = 0.75
NEES

oo = 0.75: solid lines
s %% s BLEHCH RTMD
Time (sec) st vt s o0 mcuT
Kolay, C., Ricles, J., Marullo, T., Mahvashmohammadi, A., and Sause, R. (2015). Implementation and application of the unconditionally stable explicit
parametrically dissipative KR-a method for real-time hybrid simulation. Earthquake Engineering & Structural Dynamics. 44, 735-755, doi:10.1002/eqe.2484.

LEHIGH

UNIVERSITY

pes = 1.0: dashed lines |

Floor Displacements (mm)
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© Ricles and Malik, 2025

Numerical Stability: Nonlinear SDOF Systems

a Employ the concept of linearized stability

» Provides necessary stability conditions which may not be sufficient

a Consider a linear SDOF system first

f'rHrl [ Tntt
o ) P
F(z) N/ L(z) X(2)
m§n+1 + an+1—af = fn+1—af - kxn+1—af
. (i
= tn+1
Where _ L) —(1_ a5
H@) = ryx = (- o)+

jC’}n+1 = (1 - ag)¥nyr + asiy

(')n+1—af = (1 - af)(')n+1 + af(')n

n3z3 + nyz? + njz + ng
dz3 +dyz? + djz + d;
X(2) H(2)G'(2)

6@ =5 =TT kHDC @)

G'(2) =

G'(z) is a function of ay, a,, & a3

Kolay, C., and J.M. Ricles, “Improved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional Stability and Controllable Numerical
Dissipation,” Journal of Earthquake Engineering, 23(5), pp 771-792, http://dx.doi.org/10.1080/13632469.2017.1326423, 2019.
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Numerical Stability: Nonlinear SDOF Systems
U Equation of motion for nonlinear SDOF system:

o . _ def
MXnyy + CXnyi-ap = fn+1—af ~Tnti-ap = s

linearized
O Incremental equation of motion:

mAZ, + chAk,_, » = Doaeap = Bag, = Dyogp = kibXn_o, = Aly

fJH»l . Afn—n_,—
o Hy(z
e roves

Al

Az, Tnt

i n—ary n+1
= (= O

-'SXQf(:)I—IZ(' ) X(z)

U Closed-loop transfer function:
X(2) _ G (2) _ H@G'(@)
o~ M90S T e o

Q G'(2) is a function of a4, a,, and a3, which are based on the initial stiffness
(k) of the system

GévLL (2) =

Kolay, C., and J.M. Ricles, “Improved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional Stability and Controllable Numerical
Dissipation,” Journal of Earthquake Engineering, 23(5), pp 771-792, http://dx.doi.org/10.1080/13632469.2017.1326423, 2019.
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© Ricles and Malik, 2025

Numerical Stability: Nonlinear SDOF Systems

Study location of closed-loop poles G-

(z) in complex z-plane
Q.i+= critical value of Q below which closed-loop poles lie on or inside unit circle
» O = wAt, w = initial elastic frequency of system

Study variation of Q,;; with ratio of tangent and initial stiffness (%) for various values of p5,
Closed-form expressions for stability conditions associated with % are derived (not
presented)

Kolay, C., and J.M. Ricles, “Improved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional Stability and Controllable Numerical

LEHIGH |&..

UNIVERSITY

Dissipation,” Journal of Earthquake Engineering, 23(5), pp 771-792, http://dx.doi.org/10.1080/13632469.2017.1326423, 2019.
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Numerical Stability: Nonlinear SDOF Systeffis "

10}1

107 L
10t ¢
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10t ¢
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Q(:rit

101

U Proposed methods are unconditionally stable within the time step for

10[) [

‘44*%Eﬁ4 SSE-q-2 =-=+=KR-q sa=ses MKR-x
P =1 P = 0.5 P =0
i £=011¢ | £=10 ] £=10
\\% E e
Be= Bl B Bt Ees Eet
=011 E=0.1 E=0.1
k‘\_"c.. E k‘:::ﬁc E ‘.L'“--.,.._
Pittengane | SR ]
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ko /k

ko /k

ki /k

linear and stiffness softening-type (k; < nk, n = 1) response
0 MKR-a compared with KR-a and SSE-a-2 (with § =0; £ # 0 & p3, < 1)

compared with SSE-a-1 show enhanced stability

LEHIGH

UNIVERSITY

Z

5

53

NSF NHERI 2
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Numerical Stability: Nonlinear MDOF Systems

0 Linearized stability analysis using discrete control theory can be

extended to MDOF systems

» Transfer function becomes a matrix of transfer functions

» Does not lead to any closed-form expression for stability conditions

0 Employ linearized stability concept using energy method (Hughes

et al. 1979; Hughes 1983)

» Consider nondissipative algorithms of proposed methods

Kolay, C., and J.M. Ricles, “Improved Explicit Integration Algorithms for Structural Dynamic Analysis with Unconditional Stability and Controllable Numerical

Dissipation,” Journal of Earthquake Engineering, 23(5), pp 771-792, http:/dx.doi.org/10.1080/13632469.2017.1326423, 2019.

K= ecn 4

© Ricles and Malik, 2025
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Computational Efficiency of MKR-a Algorithm
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A I . . C I I S . I . C I ﬁ Ricles and Malik, 2(i25
403 kN TIASKN  TL3SKN 4403 kN .
22.68 kN/m 12,18 KNim 2268 kN/m a Analy3|s case-1: Remove
Py bbby _ am only column C2
l l l ¢ 1 3 l l * 1 l 1 - 7 | 4930 a AnalySIS case-2: Remove
- o100 only column C1
_% e . )
EEREE==x REEEEE = Q Analysis performed
g Column using KR-a method
IEEENE === NN ERN ' Q At = 0.001 sec
EREEREE xxs R ERERE N
A241EN BR2SKN BRISKN  4243KN N
2141 kN/m 11,48 KN/ 21,41 kNfm E
Ll N
NI N2 N3 Nd
C 2 c3 ca g
¥ . I's "\ N
e e T T
I | Loads of oot 1-5 are the same
6000 2700 6000
Feng, D., Kolay, C., Ricles, J., & Li, J. (2015). Collapse simulation of reinforced concrete frame structures. The Structural Design of Tall and Special
Buildings, (2015). doi:10.1002/tal.1273
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Vertical displacement at N2 after

removal of interior column C2

Vertical Displacement (mm)

Vertical Displacement (mm)

Time (s)
Method Computational time
(s)
Newmark CAA 208
KR-a 188

Feng, D., Kolay, C., Ricles, J., & Li, J. (2015). Collapse simulation of reinforced concrete frame structures. The Structural Design of Tall and Special

Buildings, (2015). doi:10.1002/tal.1273

Application to Collapse Simulation: Column Remova

Vertical displacement at N1 after removal
of exterior column C1

6/23/2025

Ricles and Malik, 2025

0
= K R-alpha
————— Implicit Newmark
1000 =-=-=Central Difference ||
-2000
-3000
-4000
N
-5000
0 05 1 15
Time (s)
Method Computational time (s)
Newmark CAA -
KR-a 16
Central difference >36,000

$

b
AYAYAY) V|
“'A"V'.v"

'AVAVA

y )
4
A/

AN/
\

744,
NN

EALTIME MULTHOIKECTIONAL SMULAT 0K

=1.0s

/7
NN/

1994 Imperial Valley Earthquake scaled to 0.9 g
Computational time (s)

Method t=25s| t=28s
Newmark CAA 668 -
KR-a 294 344

Buildings, (2015). doi:10.1002/tal.1273

Q}{‘ Newmark constant average acceleration: At = 0.005 s

=10.08

7= R, | ST NHERI 227 .
NSE/ v riags or NG | CYBER-PHYSICAL SIMULATION [

© Ricles and Malik, 2025

1=250s

gi{ =t

m27.0s

KR-a: At = 0.005 s & ps, = 0.25

Feng, D., Kolay, C., Ricles, J., & Li, J. (2015). Collapse simulation of reinforced concrete frame structures. The Structural Design of Tall and Special
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Analytical Substructure Modeling

2 : HSFN# RIEY
% | CYBER-PHYSICAL SIMULATION

© Ricles and Malik, 2025

Analytical Substructure

* Desirable Characteristics of State Determination for RTHS

===
&

. Excit formulated force-based
element

v NSF NHERI =%
Iz o B s s )
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Fiber Element

© Ricles and Malik, 2025

Displacement-based fiber elements
O Curvature varies linearly

» Requires many elements per
structural member to model nonlinear
response

» Increases number of DOFs

Force-based fiber elements

U Equilibrium is strictly enforced

v Material nonlinearity can be modeled
using a single element per structural
member

v" Reduces number of DOFs

U State determination is straight forward

55 =My,

[EI Requires iterations at the element Ievel]

K s =N
2
4= Ml,y
S3 = M/,z
=

d=[d; d, d;]" =Section deformations

D=[D; D, D;]" = Section forces

v=[v1 v; V3 v Vs Ve]" =Element deformations

s=[S1 S2 Sz Sa Ss Sg]T =Element forces

Fiber element

Must be completed within the time step
Jeopardizes explicit integration

LEHIGH

UNIVERSITY

z

NSF NHERI 2%
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® Ricles and Malik, 2025

Force-Based Fiber Element State Determination

O Given element deformations v, need element restoring forces s
U Know the force interpolation function, b(x)
» Constant axial force and linear bending moment if no element loads

U Possible to get section forces but not clear how to get element restoring

forces from section forces O Spacone et al. (1996) developed an

iterative procedure at element level
» Not well suited for RTHS
U Neuenhofer and Filippou (1997)
proposed a noniterative procedure

> Uses iteration at the structure level
(Newton-Raphson type)

» Not applicable for RTHS using explicit
algorithms

d=[d; d, d;]" =Section deformations
D=[D, D,
v=[n1 vz v3 v Vs U] =Elementdeformations ] New implementation scheme

s=[S1 S2 S3 Si Ss Se]T =Element basic forces

D3]™ = Section forces

» Limit number of iterations to a fixed value
3D Explicit-Formulated Fiber Element

e

» Carry unbalanced section forces to the
next integration time step

53
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New Implementation Scheme

nistic
at element
; satisfy
(K)ps1 =K bl |
(f()),,, =P , oca
(i =7 (St =5 — KVl um and
(D(),,,, =G NnYes (D)., , = b)(S)nsy L] ibility at
|- (Dy(),,,, = Dy) D), = (DC),,, - Dieo| |tends
) [
' = ——olE carry over

=T
‘ﬂmﬂlmamrm&si ®=(F)?
= d

considering

Kolay, C., and J.M. Ricles. (2018) “Force-Based Frame Element Implementation for Real-Time Hybrid Simulation using Explicit Direct

Integration Algorithms,” Journal of Structural Engineering, 144(2), https://doi.org/10.1061/(ASCE)ST.1943-541X.0001944.

(of unbalanced
section forces,

residual element
deformations)

6/23/2025

© Ricles and Malik, 2025

Iz0c

= R, | ST NHERI 228
75 S 65
NSE/ o s o ¥ | CYBER-PHYSICAL SIMULATION

Element Convergence Criteria

U Employ energy-based criteria (Taucer et al., 1991)

© Ricles and Malik, 2025

NEV —7(5})’*‘ < Etol for j> 1
( )n—l = (EH=1) N = Lto orj=>
n

where

(ED), . = (as)" (AV)) = (v ) K (av) )

=

(EPT), ., = (A7) (A7) = (AV)ns1)T (K),, (AV)ns1

n

O Atypical value for Etol = 1071¢ is used (Taucer et al., 1991)

Kolay, C., and J.M. Ricles. (2018) “Force-Based Frame Element Implementation for Real-Time Hybrid Simulation using Explicit

Direct

Integration Algorithms,” Journal of Structural Engineering, 144(2), https://doi.org/10.1061/(ASCE)ST.1943-541X.0001944.
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State-Determination

Analytical Substructure: Nonlinear Explicit Experimental Substructure: NL Viscous Damper
Force-based Fiber Elements . . 2

— Exp. Substructure

Confined
Concrete

’ Material Constitutive Behavior ‘

EQ RTHS of RC Structure: Fiber Element Real-time Ricles and Maiik, 2025

Steel
Relia

1

Stre§r— JR— FTH
tension_] FRE— ﬂH >
Sepsll Sepsill wf-- o R z
- 7 —
; Strain | «|- % 1 ! “““““““ uéséqﬁ
4 @ - 1 - | Uncouined
Conerete
?:’ [ f Column Cross-
DEd Section w/
3 : @ I / 108 fibers
e A ARV 4 ’ | 5 Integration
# S $toe 5 _,PJL’L"ﬁ Stations per
i i 1 3 5 Element
1894 Northridge BQ, RSN960 Canyon Comntry Station, MCE Level
Strain Crarom © e
Concrete Steel Rebar JLEHICH RTMB I &

Kolay, C., and J.M. Ricles, (2018). “Force-Based Frame Element Implementation for Real-Time Hybrid Sin Column develops inelastic behavior with cyclic strength and
Integration Algorithms,” Journal of Structural Engineering, 144(2), https://doi.org/10.1061/(ASCE)ST.19: stiffness deterioration, and hysteretic pinching in force-

deformation response
Gy | NSF NHERI 2%
* CYBER-PHYSICAL SIMULATION

EARS OF
VERYAINNOVATION

© Ricles and Malik, 2025

Explicit-formulated Force-Based Fiber Element

* Energy Error and Section Force-Deformation Results

20 T T T T T T T
(a) mazIter =1 & CO=No
Reference —-—-— CO=No — — = CO=Yes
g 10 1 500 ‘ _~
(a) maxlter=1 SN —
0 — — 250 |- -
0 10 20 30 40 50 60 70 80 90 =
Time (s) z
S o .
5 x10-1 )
(b) mazlter = 1 &|CO=Yes = 2
= 50 4
~
= P
-500 L L L
-0.05 -0.025 0 0.025 0.05

Curvature (1/m)
0 10 20 30 40 50 60 70 80 90

Lize Moment Curvature Response — 1st story RC column

Time step Energy Increment (El) (CO: Carry over unbalanced section forces)
Error — 5x10° times smaller Note: Reference = Newmark Constant Acceleration Method

Kolay, C. and J.M. Ricles, (2018). Force-Based Frame Element Implementation for Real-Time Hybrid Simulation Using Explicit Direct
Integration Algorithms. Journal of Structural Engineering, 144(2) https://doi.org/10.1061/(ASCE)ST.1943-541X.0001944.
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Experimental Substructure: Real-time
Actuator Control

GG HSFN;%{I"’}W
CYBER-PHYSICAL SIMULATION

© Ricles and Malik, 2025

Experimental Substructure
* Desirable Servo-hydraulic Controlled System for RTHS

Adaptive control for large servo-hydraulic actuator
systems with kinematic compensation

G NSF NHERI =%
% | CYBER-PHYSICAL SIMULATION
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e
Xn+1

t() .

n+1 *

n+

m(@) .
n+l -

pe

”(’2 : compensated actuator input displacement at

© Ricles and Malik, 2025

RTHS: Experimental Substructure — Actuator Control

: displacement command at time t,,, derived
from integration algorithm

actuator displacement at time t,, .1, derived
from kinematic transformation

time t,41
measured actuator input displacement at

Y UNTVERS I TY

time t41
&-

| LEHIGH

substructure

Force
transformation

kinematic transformation
for each actuator DOF

Simulation uh!id\]l\l\m:

—‘%""’"*"—' o 1

) Effective force F 4, 1

Ground acceleration 1

5 1

X2.1.X5,, "lmcgra(i9n of equations of motion Xfi1 1

MX i1 + Xpyg + Ry +RYy = Fryy :

_______________ e T i e e e

---------------------- R ey
Analytical L Ramp generator and sl

Servo
controller

<)

ATS
compensator

Linear
= damper

FE model

R¢

n+1

VA L

EALTISEMULTHOIRECTIONAL SMULATIOK

n+1

/fg

EARS OF
VERYAINNOVATION
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Actuator Kinematic Compensation:
Specimen Large Target Multi-directional Displacements

o

SPN

Displaced Test
Position Subassembly
Displaced
J)_ Position
_______ L it i I TTTT T
>I—" 1 1
< | X | |
o | ! !
Iniial
Position | ! !
Ax 1 1 Actuator -
1 1
1

Initial

Displaced
Position

Actuator -
Initial Position

Subassembly

Test

| Position

Floor diaphragm subjected to in-plane bi-directional displacements

LEHIGH

UNIVERSITY

e

© Ricles and Malik, 2025

To achieve specimen’s target
displaced position requires
accounting for kinematic

relationship between actuator
DOF and specimen DOFs

NSF NHERI =%
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Actuator Kinematic Compensation

YIMGEN,  aEN,
ez b

xy
* Kinematic compensation scheme and implementation pere .
for RTHS (Mercan et al. 2009)
- Kinematic correction of command displacements for multi- 1
directional actuator motions Pesiion '
- Robust, avoiding accumulation of error over multiple time steps; e ey
2o M Y y-z‘ﬁléne

suited for RTHS
- Exact solution
(M ;SNxL,,,,,,M;SNyL,., )= (-LMa,,,.sin(@, + ¢, ), LMa,,,,.cos(©, +¢; )
9, = arcsin{M sin 93}
yE;/cosh;
24 LMb,,,> - F, /cosd,)’ }
2LMa,,,, LMb,,,,

inew

LMa

inew.

0; = arccos[

VM 1|cos(OM, ; +d" SPNO), M SN, —

(SPN" X110 SPN"™ ¥ 00, ) = (M SN X, =
W,‘sin(@M,ﬂ +d" SPNO))

Mercan, O., Ricles, J.M., Sause, R, and T. Marullo, (2009). “Kinematic Transformations in Multi-directional Pseudo-
Dynamic Testing,” Earthquake Engineering and Structural Dynamics, Vol. 38(9), pp. 1093-1119.

Amer, A. (2023) “Multidirectional Experimental Performance of a Seismically Resilient Self-Centering Cross-
Laminated Timber Shear Wall System.” PhD Dissertation, Lehigh University, Bethlehem, PA.

rny | NSFNHERI =%
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South Wall Panel

Experimental Substructure (0.625-Seale)

Out-of-Plane Luteral Load-Drift

In-Plane Lateral Losd-Drift
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t() .

<) .
Xn+1
time t,41

mO) .

X:,, . displacement command at time t,,,, derived
from integration algorithm
X,;1 - actuator displacement at time t,,.,, derived
from kinematic transformation
: compensated actuator input displacement at

n+1 - Measured actuator input displacement at

RTHS: Experimental Substructure — Actuator Control

© Ricles and Malik, 2025

[ Re
Linear s
= damper =

FE model

1 1
| 1
—‘%'M*"—' o 1
‘ : Effective force Fy |
Nonlinear | | Ground acceleration 1
[ o i 3 R 1 X
damper | X2.1.X5,, "lmcgran9n of equations of motion Xfi1 1
I MX i1 + Xpyg + Ry +RYy = Fryy :
‘ e T L el g
----------------------- ST S
Linear Analytical ntl Ramp generator and £
. . . . n+1
damper substructure Force kinematic transformation
transformation for each actuator DOF
i i
Servo ATS
controller | c() | compensator

Gy | NSF NHERI 2%
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Dynamic Servo Hydraulic Actuator Control

Sources of Nonlinearity in Real-Time Hybrid Simulation

/-Nonlinear actuator fluid and servo-
valve dynamics
* Test specimen material and
geometric nonlinearities
* Slop, misalignment, deformations in

test setup

~

J

Effect q%gial:rrggch

= ech

2. gt
Lss

LTy

°&E¢”@Lﬂ§fgﬁ$’lﬂ'ﬁ‘&'§@ror and time
- drlapdrgengochy diaibicgysten $Ratgadative damping)
- comjprenmisetheabiityfion target displacements

of theexperimwentalisubstructure to-iecachieve

gation

© Ricles and Malik, 2025
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R[2]1 S © Ricles and Malik, 2025

ervo Hydraulic Actuator Control
Adaptive Time Series (ATS) Compensator

Consider output displacement x of a servo-hydraulic system, with a constant time delay of 7
and amplitude error A with respect to the input displacement of the actuator u at time t:
Displacement

u(t)=

x(t +T)/A\

x(t+r)/'

Input disp. (u)
(=

AN

1
u(t) = Zx(t + T) Output disp. (x)

x(t)

Time.

Approximate using a Taylor Series expansion,
assuming x is n-times differential in the neighborhood
of t:
1 72 " d™x
u(t) =—|x@) +x(t) + =)+ -+ ——
®© A[() ORE  ORE

Chae, Y., Kazemibidokhti, K., and Ricles, J.M. (2013). Adaptive Time Series Compensator for Delay Compensation of Servo-hydraulic Actuator Systems

LEHIGH @

UNIVERSITY

for Real-time Hybrid Simulation. Earthquake Engineering and Structural Dynamics, 42(11), 1697-1715, DOI: 10.1002/ eqe.2294.
(3 NSF NHERI 2%
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SeI'VO Hydraulic Actuator Control © Ricles and Malik, 2025
Adaptive Time Series (ATS) Compensator

To obtain accurate experimental results in a RTHS, the time delay and amplitude error need

to be appropriately compensated whereby the target displacement x! is achieved by the
actuator

dmrxf

c _ t ol
U = AorXg + Ay XE qr 090 I @ arr

where uj, is the compensated input displacement into actuator at time time ¢,

with the coefficients equal to

Chae, Y., Kazemibidokhti, K., and Ricles, J.M. (2013). Adaptive Time Series Compensator for Delay Compensation of Servo-hydraulic Actuator Systems
22
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UNIVERSITY
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for Real-time Hybrid Simulation. Earthquake Engineering and Structural Dynamics, 42(11), 1697-1715, DOI: 1
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Servo Hydraulic Actuator Control © Ricles and Malik, 2025
Adaptive Time Series (ATS) Compensator

Minimize a cost function to arrive at the best actuator command displacements uj, in each time
step of a RTHS

q
2
Jk = Z(ulcc—i - ug¥;
=1

uj,_;: compensated input displacement into actuator at time t,_; associated with targeted
specimen motions xj_;, x_;, etc.
ugs’;: estimated compensated input actuator displacement at time ¢,_; associated with recent
history measured specimen motions x7_;, x_;, etc.
t
d"Xje—;
dt™
d™x

dt™

EHLERD Ui = QopXfemy + AapXi—; + ++ F G
est __ m . m
Uy = AopX j—i T QX + -+ Qg

Determine coefficients a;;, using regression analysis applied to a moving window of size q - At

Chae, Y., Kazemibidokhti, K., and Ricles, J.M. (2013). Adaptive Time Series Compensator for Delay Compensation of Servo-hydraulic Actuator Systems

LEHIGH @

UNIVERSITY

for Real-time Hybrid Simulation. Earthquake Engineering and Structural Dynamics, 42(11), 1697-1715, DOI: 10.1002/ eqe.2294.
. NSF NHERI 2%
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Servo Hydraulic Actuator Control © Ricles and Meallk, 2025
Adaptive Time Series (ATS) Compensator
2nd order ATS compensator
U, = QopXf + Akt + Az kf

ujf,: compensated input displacement into actuator

xL: target specimen displacement
a;i.: adaptive coefficients

Adaptive coefficients are optimally updated in real time to minimize error
between the specimen target and measured displacements to avoid
instabilities in a RTHS

A=(XIX,) X1,

. an T
A =lagg a1y - anil”, X = [Xm S (Xm)] ,X™ = [y X, e xlrcn—q]
T
U = [uf_y uf_, -~ ulcc—q] 0

6/23/2025
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ATS Compensator

Unique features of ATS compensator

* No user-defined adaptive gains =» applicable for large-scale structures
susceptible to damage (e.g., concrete structures)

* Negates both variable time delay and variable amplitude error response

» Time delay and amplitude response factor can be easily estimated from
the identified values of the coefficients

Amplitude error: 4 - 1
Aoy

q a.
Time delay: 7=—%
Aoy

Chae, Y., Kazemibidokhti, K., and Ricles, J.M. (2013). Adaptive Time Series Compensator for Delay Compensation of Servo-hydraulic Actuator Systems

for Real-time Hybrid Simulation. Earthquake Engineering and Structural Dynamics, 42(11), 1697-1715, DOI: 10.1002/ eqe.2294.
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Phase 2 Large-Scale Real-Time Hybrid Simulation

Experimental Substructure: MRF and Braced Frame with Dampers
(Floor Diaphragm, Gravity System, Mass, Inherent Mass in Analytical Substructure)

Gy | NSFNHERI =¥
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Actuator control Typlcal MCE level test & Poo = (.7 cles ana Mallk, 2025
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Analytical Substructure: On-Line
Model Updating
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On-line Model Updating - Motivation

o Number of physical devices in laboratory (i.e., experimental substructure) are often less than
number of response modification devices in the structure

» Accurate modeling of their complex nonlinear behavior important

» Traditional methods for online model updating (OMU) such as Unscented Kalman Filter
(UKF): sensitivity to initial parameter settings; non-positive definite covariance matrices

» Neural networks for online model updating

0 Neural networks coupled in real-time with an experimental substructure can provide optimal
performance

» Physics based model: Updates the parameters of the constitutive routine of the device, which is
used to predict the restoring force

» Data-driven model: Does not rely on a constitutive routine; directly predicts the restoring force of

© Ricles and Malik, 2025

the device
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Real-time Hybrid Simulation with Real-time On-line Model Up®&aiting Vaik 2025

Constrained Unscented Kalman Filter
Hybrid Wind Simulation Experiments

! Damplers omu Real-time input EQ ground

acceleration

Analytical
substructure

Cmd Displ Cmd Displ
e
i+1

Experimental
substructure
(damper)

e
i+1

Simulation Coordinator

I <-E Damper at 40"
= =

M1 + CRisr + RE, +RE, = Fy [

R Integrates Eqns of Motion
i+ Restoring Force
[Restoring Force
Real-time structural
response

(Modeled in lab)

Updated Nonlinear Maxwell

model parameters ¥;,,
Nonlinear Maxwell model

Spring stiffness, ky

AR
%Fw‘\-‘v‘.“-ﬁ'{ .
Deformation, ug

Nonlinear Dashpot
coefficient ¢,

a T
i = (K, Co 001

Damper computational model

Real-time system identification using Constrained
(Nonlinear Maxwell Model updated in real time)

Unscented Kalman Filter (UKF)

Al-Subaihawi, S., Ricles, J., and S. Quiel. “Online Explicit Model Updating of Nonlinear Viscous Damper for Real Time Hybrid
Simulation,” Earthquake Engineering and Soil Dynamics, Vol. 154, https://doi.org/10.1016/j.soildyn.2021.107108, 2022
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Constrained Unscented Kalman Filter

Initial conditions, N Unscented transform
parameter settings for process
. Prediction Unscented transform
_-covariance .
. . of amplitude for measurement
o )—> sigma points
mean ) ﬂ/’ l l
7 (I]) Sigma point weight Transform of
transformed for mean and covariance cross-covariance
-7 sigma points
true mean UT mean l’ l
o ¥ Sigma points Kalman
true covariance UT covariance calculation Gain
Graphical representation of the idea of UKF Paramoters
sigma points. update

Z = [or, fr, Ak

Block diagram of UKF prediction algorithm.

Wan, E. and Van Der Merwe R. The unscented Kalman filter for nonlinear estimation. In Proceedings of the IEEE 2000 Adaptive Systems for Signal
Processing, Communications, and Control Symposium; 2000 October 1-4; Lake Louise, Alberta, Canada. DOI: 10.1109/ASSPCC.2000.882463.
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Constrained Unscented Kalman Filter

Sigma points for device state variables at time step k of a RTHS
Xp—1lk-1— (17 (L+ A)Pk—llk—1> ]
i=1,2,3

Xie-1|k-1 =

Xk-1lk-1  Xk-1jk-1 + (17 L+ A)Pk—llk—l)

Predicted state vector Xy|x—1, updated covariance matrices Pﬁfk_l and P,fli_l

2L 2L g
= — (m) . P s
Xilk-1 = E =0 w; ™ (xklk—l)}-' Pﬁk—l = E . Mﬂ-(c) * <(xk|k—1)j - xklk—1> ((xklk—l)]— _xklk—1> +Q

i=1,2,3

2L 2
Plﬁq = Z}_:D M/}'(C) & <(yk|k—1)j - }7k> +R

PJ’J"

Prediction of the process j; and updating of its covariance lk—17 where h{} is the constitutive routine for the damper
2L

o S5 — (m)
(yk|k—1)j =h [(xk|k—1)jvyk—1‘udk‘udk,l 'At}; Yk = Z A (Yk|k71)j

=0
2L 7

Pk)ijkl—l = Z VV}'(C) < <(Yk|k—1)j - }7k> +R
=0

Updated state vector Xy, and covariance matrix Py, where ¥, is the measured viscous damper force for the experimental
substructure & & _ N
Xk = Xijk-1 + K Gk — I); Py = Py — KkPkyﬁ’{_lKi

Al-Subaihawi, S., Ricles, J., Quiel, S, and T. Marullo, “Development of Multi-directional Real-Time Hybrid Simulation for Tall Buildings Subject to Multi-
natural Hazards,” Engineering Structures, 315 (2024) 118348, https://doi.org/10.1016/j.engstruct.2024.118348, 2024
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Constrained Unscented Kalman Filter: Positive Definite Covariance Matrix

Algorithm to ensure positive definite covariance Py_q)x—1 matrix during a RTHS

Input: Pp_jpe—y

Py_sjy = 0TI |

Picyjims = (Progmrt Py )2 |

— ‘ — No
| Py ey = DTAD | | If Py_y -y is positive definite H Pryjk-1= Ppsp—c |
& Yes §
If Py_yjx—1 is positive definite lﬁ | Ay =max(A.¢), i=1,2,3 | Piosje-1= Proijims ‘

Yes

Update: Ppspoc = Pioyje-y [*
P! PSD-C k=1lk=1 Where

Ppsp_c is the last positive definite covariance matrix
Pp_yj-1 is the covariance matrix at the current time step k-1
1 Pre-1ji—1 is a symmetriccovariance matrix

Execute Eqn (23) & proceed Q-IS lh? matrix ofe\‘genve-:mrs
to Step 2 Ais a diagonal matrix of eigenvalues
i Ais a diagonal matrix of shifted eigenvalues

£ is a shift tolerance equalto 10
—Measured - ~ OMU-E-NLMM

6

(b) Wind

S Earthquake

g g
Py o
o g
Al-Subaihawi, S., Ricles, J., Quiel, S, and T. Marullo, 5 o 5 o
“Development of Multi-directional Real-Time Hybrid S S5
Simulation for Tall Buildings Subject to Multi-natural 3 g S
Hazards,” Engineering Structures, 315 (2024) 118348, 3 NRMSE =0.2% 3 NRMSE =0.9%
https://doi.org/10.1016/j.engstruct.2024.118348, 2024 o, o o 290 0.08 012
Damper deformation, D (m) Damper deformation, D (m)

Gy | NSF NHERI 2%
@ | CYBER-PHYSICAL SIMULATION

LEHIGH \@

UNIVERSITY

0 © Riclgs and Malik, 2025
RTHS Results — Damper Model Updating Assessmen
Constrained Unscented Kalman Filter
Nonlinear Maxwell model Time historv of damper model parameters
1=
Spring stiffness, kp o 15 ] 2 = o 2 ]
f, = et | 2 | 2 qpear s
o 5 Earthquake Q Earthquake| & Earthquake
|—- — ¥ 025 S 025 025
0 20 40 0 20 40 0 20 40
Deformation, ug ° Time (sec) Time (sec) Time (sec)
- 2 15 ] 2 2 -
Dashpot coefficient, cp = Wind | & | e g 1 mman i,
e ~——— s Wind | @
025 200 400 U 925, 200 a0 %0 200 Windoo
Explicit nonlinear Maxwell model formulation Time (sec) i (cec) Tane (oa
fo,. = fp, —Kpt ‘ fo, asign(fD )+ Kp(up,,, — up;) Damper error indices
ket * CD K ket k -©-0Online model L ing -©-Constant
NL Viscous Outriggers 73 7 71 2
Dampers .-\‘ 0 = . \l/ P
N [l (Experimental) * /‘7‘@\ Earthq uake
[FP — 7| o, . max 20 B c ¢ 1
Jp o=erm 00, Jy TR v =d o-oSegeod
|F7), f 2 [F*max NL Viscous rl - L0290
@fmax Dampers 10 P 0.8
(oMU) v Earthquake
0.6 c
Where: 3 NL 12345678 9101112 12345678 9101112
fr : Predicted damper force " Do
fr - Measured damper force S > S FIr40  FIr30  FIr20 FIr40  FIr30  FIr20
fdi.,: Damper force N N Damper number Damper number
Al-Subaihawi, S., Ricles, J., and S. Quiel. “Online Explicit Model Updating of Nonlinear Viscous Damper for Real Time Hybrid Simulation,”
Earthquake Engineering and Soil Dynamics, Vol. 154, https://doi.org/10.1016/j.soildyn.2021.107108, 2022
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[1] Cao, L., Downey, A., Laflamme, S., Taylor, D., and J. Ricles, “High Capacity Variable Friction Damper
based on Band Brake Technology.” Engineering Structures, 113 (2016) 287-298,
https://DOI.org/10.1016/j.engstruct.2016.01.035, 2016.

Online Cyber-Physical Neural Network (OCP-NN) Model for RFHS ¥ 202
Experimental Substructure-Integrated Neural Networks (ESINN)

Analytical substructure

e Number of devices in building are often greater than the num ithl substructures available in the
laboratory. t
e In modeling the complete system, can NN models be lev~;~ "M' w2 - i

- mraomnt thm AAiiisma ik Anma
location if the real-time experimental data at another loci 2
FBE Beams 10
Case Study: g 0
= Two story feinforgéd ca sedasthe
protstype Builgif

7.315m

Experimental Substructure
Mallk F., Rlcles J., Cao, L., Downey, A. “Online Cyber-Physical Neural Network Model for Real-time Hybrid

"E ineering and Dynamics, under review for publication, 2025 (Physical Device)
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ESINN: Architecture, Training and Deployméft “*""**

ANeayrat NeTbitkelnazihetaodkPeploigoteme

Select a suite of . .
. Numerical Analysis: damper
ground motion

Measured damper force

records e deformation time histories time histories
i+1

Peer NGA-west2

Xe XDT

o m&gmwelc

NN Output:
* (NiN-medet

LSTM layer (32)

LSTM layer (64)

| | N
LSTMiayer (16) ol LSTM tayer (16)
RTHS

Train the NN model
J using TACC Frontera

Data archived on DesignSafe

46 data set used to train and
Data Depot

validate neural network model

Malik, F., Ricles, J., Cao, L., Downey, A. “Online Cyber-Physical Neural Network Model for Real-time Hybrid Simulation,” Earthquake Engineering and
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structures during natural hazards

» SFSI affects structural response during a natural hazard, such as
earthquake or severe windstorm

« Structural response; Response modification devices
0 Modelling SFSI in RTHS is difficult

» Experimentally: Large payload size; Scaling issues

real-time
Solution: Use Neural networks to model SFSI

system

a SFSI can be beneficial or determinantal to performance of

» Analytically: Continuum-based modelling of soil is computationally prohibitive in

» NN based models trained on continuum-based model of soil-foundation

© Ricles and Malik, 2025

3=

g8

Prototype Structure
o 3-story moment resisting frame (MRF) and damped
brace frame (DBF) building(!!

> MRF designed for strength and DBF designed to
control drift

> Nonlinear viscous dampers in DBF at each story level
o Foundation designed according to Eurocode-8
o Dry sandy soil deposit calibrated to experimental

data in Milan, Italy

> Increasing shear wave velocity with depth

[1] Dong, Biaping. Assessment of Nonlinear Viscous Damping Systems for Development of Seismically Resilient Structural Steel
Systems, PhD Dissertation, CEE Dept., Lehigh University, 2016.

Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-
Foundation-Structural Systems,” Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247,

2025
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RTHS Configuration © iles enalieti
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Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural Systems,”
Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 2025.
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a Structural system divided into three

Experimental Substructure (3% Story Dampcr)

substructures : R —
> Experimental substructure: Nonlinear : Ry
viscous damper @ 3™ story » 1, ................ "
« Manufactured by Taylor Devices Xin Rlia = |—o:
» Physically present in the lab TR e E——————

M-x(u + CXisa + R+ RIF + RINY = FiY

» Analytical substructure:
* MRF and DBF without the 34 story damper x4, Xi‘i"';l”gm |Rf.+1 xe

» 1stand 2n story dampers using explicit
nonlinear Maxwell model with real-time
online model updating via a UKF2!

* Modeled in Simulink using HyCOM-3DEI
» Neural Network Substructure
Neural Network Substructure
« Soil-foundation domain (Soil-foundation system)

Analytical Substructure

* Modeled in Simulink systems.” Engineering Structures. 334:120247, 2025

Lehigh University, Bethlehem, PA, 202

RTHS Configuration © Rles and el

[2] Malik FN, Gorini DN, Ricles J, Rahnemoonfar M. “Multi-physics framework for seismic real-time hybrid simulation of soil-foundation—structural

Simulation of Civil Infrastructure Systems," Version 4.2.1, ATLSS Report No. 20-02 - Appended Feb 2024, ATLSS Engineering Research Center,

2025

Hybrid

[3] J. M. Ricles, C. Kolay, T. Marullo and F. N. Malik, "HyCoM-3D: A Program for 3D Multi-Hazard Nonlinear Analysis and Real Time
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. © Ricles and Malik, 2025
Analytical Substructure
. - P-A
a Columns of MRF and DBF modeled using explicit RBS sections column Elastic beams
force-based fiber elementsl4l - / o ./
» Steel material with kinematic hardening Panel Pin
. . zones 7 connection
o Beams of MRF modeled using FBE elements with T Ty T R=
reduced beam section flanges FBE ™. Elastic
> Multiple force-based fiber elements in the MRF beams ~ coumns braces
> RBS modeled using FBE with different section sizes at bFBE N " \ o
H H H eams
integration points columns
a Geometric nonlinearities accounted using lean-on P-A —at ——— =
column Rigid floors Connecting
. diaphragm beams
o Nonlinear panel zone elements at beam-to-column
connections in MRF o
) FBE with different
0 Beams and braces of DBF pin ended sections
> Modeled using elastic beam column elements . _Tr _| T ':
Elastic [ | 9
[4] C. Kolay and J. Ricles, "Force-Based Frame Element Implementation for Real-Time Hybrid Simulation beam 1 1 1 <
Using Explicit Direct Integration Algorithms," Journal of Structural Engineering, vol. 144, no. 2, 2017. 1
Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time I
Hybrid Simulation of Soil-Foundation-Structural Systems,” Engineering Structures, 334 (2025) 120247, shdlods—== ) -==
https://doi.org/10.1016/j.engstruct.2025.120247, 2025 FBE with same
eClQRP=y
LEHIGH @ @ chafwvs\m SIMULATION
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NN Model of Soil-Foundation System

0 Trained on a coupled soil-foundation-structure interaction model developed in OpenSeest®

» Soil elements modeled using 4 node quadrilateral type Plane Strain elements

» Pressure Dependent Multi Yield Material model
» Foundation modeled as an assembly of elastic beam column elements
» Obtain interface restoring forces, displacements and velocities

[5] F. McKenna, G. Feneves and M. Scott, "Open System for
Earthquake Engineering Simulation," University of California,

Berkeley, Berkeley, 2000 . 5
Kinematic
NSLravts
/[ﬂg\ Lin) L. |
! F1 —
1 i
i i i
Sail /:;\ Fy Roller o Soil

Retaining
Wall

r
=
o
column Rigid Plinths column 2
Beams
x
372 m . 1256 m 372m
Fixed base

Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-
Structural Systems,” Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 20;
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NN Model of Soil-Foundation System (co©rI;ictle.s)emdMalik,2025

0 LSTM based NN model used to represent the soil-
foundation system in RTHS

» Parallel spring elements to eliminate rigid body modes

* K, is obtained by performing linear regression between interface
displacements and forces

» Parallel dashpot elements to dissipate spurious mid frequency

noise
JF-Xdx Ka 0 0 0 0 0
s = 0 Kg 0 0 0 0 4
S [V Xdx —X—Do 0 Ks 0 0 0 +}—>FNN
0 0 0 Ky 0 0 X
o NN model trained to predict the interface restoring force 25 B x(:“ KSX
> Inputs: In'terface displacement, velocity and ground X B L'Ez’z O
acceleration —p 0 0 G5 0 O O
0 0 0 Cyu 0 O .
0 o 0 0 0
0 0 0 o0 55 G CSX

» Outputs: Interface restoring forces

0 Interface restoring force based on total dynamic equilibrium
at the interface
FY = FLSTM(Xi+1'Xi+1:ﬁg,i+1) + KoXipq + CsXipq

101

X: Vector of interface displacements, X is vector of interface velocities, iy is the ground acceleration

© Ricleg and Malik, 2025

NN Model of Soil-Foundation System (cont.

0 Training data generated by conducting OpenSees analysis on a suite of
ground motion records
» Ground motions obtained from PEER NGA West2 database
» 108 records used for training the NN model

0 Uncertainties in the experimental substructure properties accounted for by
running OpenSees analysis with 10 different damper properties

» Total 1080 ground motions used for training (930) and validating (150) NN model

Seismic hazard Interface forces Train the NN Deploy the Trained
. . OpenSees . !
disaggregation and SFS| model displacements macroelement NN model in
model Simulink for RTHS

record selection velocities

Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural Systems,”

Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 2025.
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0 The NN model is composed of a 4-layer LSTM model
» Adam optimizer used for gradient backpropagation
» Regularization in the NN model to prevent overfitting

* RTHS is closed loop; overfitting is detrimental to accuracy

LSTM-NR = Model without regularization
LSTM-DR = Model with dropout regularization

Validation Loss

Training Loss

0.03 0.03
——LSTM-NR ------LSTM-DR
0.02 l
0.01 k.
0
50 100 150 200 250 300
Epochs Epochs

Systems,” Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 2025.

NN Model of Soil-Foundation System (cont.)”"" ™

Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural
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Dense (6)

53

NSF NHERI 2%
CYBER-PHYSICAL SIMULATION
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\ model

Use~TACG Frontera

© Ricles and Malik, 2025

Interface forces (" Develop NN )
displacements model of Soil
velocities L Domain )
Deploy the Trained NN ( Trainthe NN )
model in Simulink for macroelement
RTHS L model )

Use TACC Frontera

Perform InitialStateAnalysis

Excavation and

LEHIGH

UNIVERSITY

Z

Build Soil InitialStateAnalysis . . 3
Y —{ Lithostatic —— Worapper off followed by |— introduction of
Model Wrapper on . . ,
analysis load control analysis retaining wall
Update Poisson's Build foundation .
L b Perform Gravity Add Rayleigh Dynamic
ratio followed by |—  and structure  —+ . ; s ;
. X analysis Damping Analysis
load control analysis without self weight

Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural Systems,”
Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 2025.
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© Ricles and Malik, 2025

Results: Hydraulics-off Validation

0 Hydraulics-off validation conducted by using a numerical model of damper in a Simulink
model

» Linear viscous damper with damping coefficient of 3600 kNs/m

» Same damper properties used in OpenSees model (reference solution) and compared to Simulink
model

0.18

{a) Roof Displacement |

2 " {b) Kool i
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60 Epochs = = Reference | FFT, 20 epoch | | FFT
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0 AN

=001
Uik <
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NRMSE: 300 Fpochs =2.77% 60 Epochs = 1.55% 20 Epochs = 0.74%
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1
0
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regularization
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(e) Raof Acceleration

faccel | [(g) R
0 cpoch | | FFT
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Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural Systems,”
Engineering Structures, 334 (2025) 120247, https://doi.org/10.1016/j.engstruct.2025.120247, 2025.
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Results: Hydraulics-off Validation

o Hydraulics-off validation conducted by using a numerical model of damper in the Simulink
model

> Linear viscous damper with damping coefficient of 3600 kNs/m
> Same damper properties used in OpenSees model (reference solution) and compared to Simulink
model

0.18

(a) Roofd{splacemem T (c) Roof Displacement

——LSTM-DR ----Reference (enlarged)

Disp (m)

NRMSE: LSTM-DR = 0.59%
Il

20.18 I I L I

(b) Roof acceleration | ‘ ‘ ‘

(d) Roof acceleration LSTM-DR: Model

/Ylfid)/ with regularization
NRMSE: LSTM-DR = 1.53%
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Malik, F. Gorini, D.N, Ricles, J., and M. Rahnesmoonfar, “Multi-Physics Framework for Seismic Real-time Hybrid Simulation of Soil-Foundation-Structural Systems,”
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Results: Hydraulics-off Validation

o Hydraulics-off validation conducted by using a numerical model of damper in
the Simulink model

> Linear viscous damper with damping coefficient of 3600 kNs/m

> Same damper properties used in OpenSees model (reference solution) and compared to
Simulink model

NRMSE (%) on the hydraulics-off
validation dataset

Response LSTM-NR (20 epoch) LSTM-NR (300 epoch) LSTM-DR
Roof displacement 0.70+0.33 3.51+0.88 0.43+0.26
Roof acceleration 2.83+1.06 16.15+2.72 1.88+0.65
Damper deformation 1.47 £ 0.73 3.181+0.70 0.77+0.39
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Multi-Physics Cyber-Physical Simulation: RTHS with SFSI Effects

Relevance of Soil-Foundation-Structure Interaction (SFSI) Effects
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Results: Comparison Between SFSI and Fixed |

o Accounting for SFSI leads to

nd Malik, 2025

dase

» Increase in displacement demand of damper; Increase in peak damper force> Higher member forces
» Increased Ductility in structural members
> Increased peak and residual displacements

Loma Prieta ground motion recorded at SF Cliff House |
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RTHS Results: Statistics on Ensemble of 14 Ground Motions

Fixed Base SFSI
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Results: RTHS Error Quantification

0 NN model restoring forces during the RTHS input to OpenSees SFSI model

» Resulting interface displacements compared to ones obtained from RTHS

| Loma Prieta ground motion recorded at Point Bonita |
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