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< SUMMARY >

Purpose &
Contents

An international workshop related to resilient of urban infrastructures was
organized by Yonsei University and University of Toronto. It aimed to
build a joint research and technology exchanges between the two

countries.

Results

In the workshop, six institutions are participated, i.e., Hanyang University,
Korea Atomic Energy Research Institute, Seoul National University,
University of Toronto, and Yonsei University.

The main topics of the workshop are divided into three categories, which
include behavior of concrete structures analysis, structural behavior in
extreme environments, and Seismic performance evaluation. The workshop
is aiming to promote technology exchange and develop joint research in

the future.

Futhermore, three participated institutions (Korea Atomic Energy Research,
University of Toronto, and Yonsei University) develop a potential joint

research proposal related to the resilience of nuclear power plants.

Expected
Contribution

Because University of Toronto has the state-of-art technologies on
infrastructure, collaborations and exchanging technologies can result in
leading research area associated with the assesment of infrastructure

resilience.

Especially, three research center in Korea, i.e., Creative Human Resources
Center for Resilient Infrastructure in the Yonsei University, Extreme
Performance Testing Center in Seoul Nationa University, and Convergence
Research Center for Disaster-Hazard Resilience in Seoul National
University in order to develop original technology, can facilitate the
collaboration between Canada and Korea.

The Resilience of Infrastructure workshop promotes a source of
technology development and also brings new national and international
opportunity.

Keywords

. Structural Computational
Resilience Infrastructure , . Concrete .
Engineering analysis
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Ab. R

April 25, Monday

09:00 Welcome greetings
09:30 Introduction of participants and background of the workshop
09:30 [Keynote presentation]
10:00 Michael P. Collins - The shear strength of very deep one-way slabs
Kang Su Kim Nonlinear flexural analysis model for  reinforced concrete members with
corroded steel bars
Shamim A. Sheikh Recent Research on  Sustainable Infrastructure
Break
10:00 / /
12:00 Tae-Hyun Kwon  Evaluation of neutron irradiation on reinforced concrete materials in aging
NPPs
Evan C. Bentz The new version of response for sectional analysis of concrete members
Tong-Seok Han  Construction of virtual cement paste specimen with gradient void
distribution
12:00
14:00 Lunch & Laboratory Tour (Evan  C. Bentz)
Jang-Ho Jay Kim Analytical evaluation of bi-directionally prestressed concrete panel behavior
under impact-fire combined loading using parametric study
Frank J. Vecchio A simplified analytical tool for analysis of reinforced concrete slabs
subjected to hard missile impacts in axisymmetric geometry
14:00 Jae-Yeol Cho Establishment of extreme performance testing center
17:30 / Break /
Junho Song Reliability analysis of complex infrastructure systems using
cross-entropy-based adaptive importance sampling
Jeffrey Packer Recent research on blast and impact loading of elements and materials
Kyoungsoo Park Prediction of concrete fracture using cohesive zone modeling
18:30 .
51:00 Workshop dinner
April 26, Tuesday
Duhee Park Damage analysis of cut-and-cover box structures
Oya Mercan Recent research on real-time hybrid simulation
Junhee Kim Seismic assessment of a damaged building subjected to successive
earthquakes
09:00
Break
11:30 / /
Ho-Kyung Kim Safety assessment of vehicles on bridges to crosswind
Paul Gauvreau Novel composite structural systems
Oh-Sung Kwon Recent developments in multi-platform hybrid simulation in the University
of Toronto
11:30 Discussions for future collaborations

13:00

Workshop closing
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Load vs. Deflection (0.5% GFRP Stirrup Shear Reinforcement)
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External FRP
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Columns Tested under Simulated Earthquake Load

Steel-Confined Specimen

| g
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Analytical Prediction to Seismic Behavior of Columns

Specimens subjected to P/P,=0.27
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Columns Tested under Simulated Earthquake Load

FRP-Retrofitted Specimen

‘Constitutive Model for FRP-Confined Concrete

§ Jf; Jr 8 curveof
Relatonshiy bt

hetween f and J_%gm

Foom

e —E,

ilaiti

Stress-strain. D;{:l' |ntlies of
relationship of ::)ml::;te with
confining FRP

a constantf

r=mes
Relationship between FRP confinement and
Seismic Performance of Columns

Zj-f&:cx-ﬁ'-D-Yé--% )

where:
5 = thickness of one layer of FRP jacket {(mm}
Fry. = specified ultimate tansile strength of FRP jacket
{MPa)
g = constant to accountforcolumns cross-section,

taken as 0.21 for circular columns and 0.10 for
sguare columns

f,. = specified compressive str_ength of concrete (MPa)
D = diameter of circular columns or dimension in the

loading direction of rectangular columns {mm}

_ Proposed Design Equations
for Lateral FRP Confinement in Columns

= Factor F.reflects the influence of axial load of column:

P =
Yr=1+13 —
i {aj

P = specifietadal load ancolms;
P, = U_.&j@'(}_lg—;l,,)+fyqﬂ, niomifal aial oact tapacity of columns.

where:

= Factor ¥yaccounts for the effect of section ductility
demand 115
. Iup)'?!

0
a9
where: .

Baw = Mg~ i we INCrEASE: i curvature ductility due to

lateral FEP-confinement;

Design for Lateral FRP Confinement

Verification of Proposed Equation (1)
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* Required thickness, ¢, of FRP jackets to canfine columns;

f:

f=prnt

(122)

where:
£ = constant for different columns cross-section, taken as
0.06 for clreular columns in ductife mament resisting frames, MRF

0025 for clrcular columing in moderately-ductile MRF
012 ot rectanigular colum s in dustile MRF;

frmrnmms
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After repair
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Structures [nternally
Reinforced with FRP

Columns Internally reinforced with GFRP

GFRP- and steel-reinforced Columns

| |

GFRP Longitudinal Bars Steel Longitudinal Bars

z

g

>

i -

1 &
Fl
1
o
Eﬂ?
3
3
B

and GFRP spirals and GFRP spiraks
a 180
P28-C-12-160 P28L5-12-160
100 100
50 Z 50 B
= I
[ > 0 ¥ i
8 f
50 % <50 * A
100 100 . PPy =020
t2mm g 160mm
150 4 -150
200 -300  -200 A00 o 00 200 300
Tip Defection, & (mm}

Load vs. Deflection (0.5% GFRP Stirup Shear Reinforcement)
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Shear Walls damaged by ASR

Response of Concrete
Structures damaged by
Alkali Silica Reaction

o 0
Effect of Age on the Performance of walls T ;
affected by ASR The Question being pursued for an answer
Can better durability and
sustainability of reinforced
2 concrete structures be
achieved with FRP without ==
. sacrificing performance
ﬁ; a ﬂ: E‘{-

The Question being pursued for an answer?

Retrofit of Shear-Critical
Frames with FRP

SVRTY o TRONTS:
Cowtnanal ol Erpimosat

Phase A: Frame at Peak Reverse Load Stage

Phase B: Initial Condition Phase B: Final Condition T mERSTY G romanTo
e e gy

Phase A: Final Condition s‘w&m

Phase A: Initial Condition
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Lateral Load vs.2nd Sterey Displacement:
Qriginal and Repaired Frames
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Net Lateral Load (kN)

Average2nd Sterey Displacement (mm)
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Columns Tested under Combined Loading

Columns Tested under Combined Loading
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Corrosion Potential of GFRP Repaired Column:
Leslie St. Bridge, Toronto
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Concluding Remarks Concluding Remarks

@ The systent consisting of concrete core, expansive 2 Condition Monitoring of structures provides the
cement cover and GFRP wrap worked stccessfully as most valuable information about their safety and
expected, providing active confinement to the erntire performance, and for the selection of retrofitting

FRP

_ Expansive or non-shrinkage % Transportation (as well as urban structures)
SHieh retrofitted with FRP have performed flawfessly

coricrete core. schemes.

Active or passive |

Confinement . e
Celumn over the past twelve years.
2 pata from the field is insufficient for the.
2 Corrosion rate in cofumns decreased with the addition carroboration of analytical models and design
of FRP wraps. The risk of corrosion dropped from high procedures.

to intermediate or low over six years.

&

Concluding Remarks

2 Information on durability and long-term performance
of structures is severely fimited. fnnovations are
needed to tum the field structures imo affordable
faboratories that would provide the much-needed
information in areas such as

+ behaviour under various environmeital
exposures while subjected 1o service loads;

s effects of impact loads and high strain rates; and

4 fatigue behaviotr under various environmerntal

conditions.
&
=
Repair Options Repair Options
9 Traditional Repair 2 Non-traditional Repair

% Provide temporary support for the bridge 4 Remove loose concrete

* Remove contaminated concrete % Rebuild colummns to their original shape

3 Repiace corroded steel tising special g@tﬁm materials .

o 4 Wrap columns with GFRPto provide
2 Rebuild columns required fateral reinforcenent
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| Cirswalr PaT-NF-Z
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Prechcted A, A,
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Experitiental 26, /M,
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L

2
£ |
2
ol
Repair Monitoring
Visual Inspectiorn
Strain gauge measiuremert for fateral
expansion of colunms
Half cell measurement for corrosion
potential
&
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Column #124-1

Column #124-2

Column # 124-3
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NOVEL COMPOSITE STRUCTURAL SYSTEMS

Ultra-High -Performance Fibre-Reinforced Concrete

Ultra-High-Performance Fibre-Reinforced Concrete

L
Ground Granuated Biast
Furnace Siad (16 wi%)

>
High Limestone Content

Silca Fure (5 wid)

GUL Cement (31 with)

+ Water (10 wite)

+ Supenmasticizer (1 wits)

Sanct {29 widh) Steel Fitres (8 with | 2.3 volf)

Ultra-High-Performance Fibre-Reinforced Concrete

Challenges

« Cogt
Currently anly progristany mixes are commercially available

+ Fabrication
Highly seif-consalidating mix leads fo aifficultios with forms
oiherthan flat siabs

* Robustness
Economically designed members are very signder, o the
poini of heing &t risk from accidental impact loadings during
iransportation & erection

UHPFRC+Timber Compaosites

Cross-Laminated Timber

Ductile Ioadk-deflection response due to yielding shear connectors
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UHPFRC+GFRP Composites UHPFRC+GFRP Cpm posites

-4

Yacuum
Infusion of
GFRP

Glass-
Fibre-
Reinforced
' Polymer
(Eponty)

UHPFRC

UHPFRC+GFRP Composites

Tensile Stress-Strain Behaviour of Concrete Composites \ //

g {MP)

gl o5t g =

§ fi Eg E |7 L e lﬂ

3 5 7 ]

E é Bupecied mhaved ductliity \—j !

rulattve ta TELPFE en 14 ewn
2%~ J» ”"__M”r_,L_m—--"""""' UHPFRC+GFRP Precast Girder
10—
& (%)
atis o i

Precast Segmental

W08 m

Cast-in-place Deck on Precast Girders
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applied Point Load, P [kips]

f'e = 40 MPa = 5800 psi

b =250 mm = 9.84 in. Bar Area fy
h=4000 mm = 157.5in. 5 F
d = 3840 mm = 151.2 in. 30M 700 mm? 1,085in? 573 MPa 83.1 ksi
max aggregate = 14 mm = 0.55 in. 20M 300 mm? 0.485 in? 522 MPa 757 ksi

20M at51 Sm &
@ :r"'atr':-l:hen;‘?s P Load @ s masm
i each en "ﬂ_'f“w i prni !\j:s - 20M | 250 mm
| ]
T ; T I
125 mm—t ! tapered 180 mm—{ — 21.-.-.
I 115mlism|l15smlism : threaded splices g-30M | (131 in.)
1 : full-strength m?: tggee Ia;ae_rs_ 550 4m
! 1430 mm : mmdam. | il
(ﬂ l-—-—g/\/ 180 mm 4/ heads each end . ’
? 400 mm | ] 400 mm f
I (23 1) I @eft4im)
1 7m ) 1Z2m 1
725 mmJ ! West @ East vET25 mm
Pin Roller
Support Support

e

a9 36 7S 1A

ki

a9 36 (a) st - A A9 A3 (b) #HE 2 BE

d0n = T P T
asskips | Ei‘::_“’-' ET arris TR kips
037 | A P " 5T
L / [ wamkips -
| ! pas 8 "
L, _ Pali?
3EIL
300 +
2000 +—
:—-‘—'-:I'l;rnrrrn‘_.
P = 154 bips = 85 kN
B = 047" =12 mm
100 + " B
Oibsterved Faibrs
' CLlos 5
e LA e P )
g Cervenlia Prediction
4
_J,_’-irlm
o e e e AT
LR 0.1 R o3 oa (53 oe 07 48 09 L Ll

Disglacement Under Point Load, & [in]

(@) - ()
a9 37 (a) 22 Holl 3t sts-AHF oS (b) I3 Fo] AlA EF
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Resilience of Urban infrastructure i
af designin
maki&?ygszm curas with
economy.and elegance
S0 Hieh

Michael P. Colfins

NSHM 2010

00 6f D2 03 04 05 06 07 08 09 10 20

(NS Scienice

Devastation of Christchurch
12:51pm Feb. 2274 2011
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Our disappearing city centre
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Last e g1 2801 D ik w0 R e

uiiding Designed 1986, Catastrophic Callapse:
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Structural Engineering
The art of moulding materials
we do not really uncerstand
into-shapes we cannot really analyze
s0°3s ta withstand forces
we cannot really assess,
in such a way that
the public does not really suspect

¥
E.H. Brown, impenal College, 4987
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Wilshire Grand
Los Angeles
1000 feettall
Completion 2017

vy
Toroito Size Effect Series 1 995-2015

B 1000

_5’|_

Rebar Placement Mat Foundation Wilshire Grand

RED HATCHED AREA: SHEAR REINFORCEMENT,
HEADED BARS %9 @12° EA WAY (AS IF STUD RAILS)

Code Predicted Failure Shear
Stresses for 4 Tests in MPa

Failure Shear Stress

Test ACI
s-10H_| 1.10 1.38
S-10HS | 1.94 186

L-10H 057 | 054 | 138 | 0
L-10HS | 169 | 1.74 | 188 | 1.25

L-10HE and 5 10HS

Ay

Shear Siress That Can Be Trans)
‘Aggregate Interfock

w {in}
oo 8@ 908

o= mm
1270 MPa (10 ksi)

05 i (3 ()
e {mm)
L Equilibrium of stresses at a crack




Size Effect
v
Shear strass o i1 ﬁﬂf: Veeehio + Coliing th

across the crack

- 24w March Apri 1955 ACT
psi D3l ——

063+a, o 112psi
Leads to. .when using psi - (89% Peak)

225 50 Ei

Vc =2 -f: bwd i
(1+15005,)(38+5, )

Strain sfiect Size efiedt LT 87 psi
t (100% Peak)

1.254 e P

; B ELLLL L 0 ut 5, = 12 inches
et o D5+ a, far memb érs with stirrups

830 = 141201 W T TSN WIMPa L P
s aggpigle = T mem s 085 2 30 DU
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1= 0656 5%
Ty 573 MPa = 60 1k
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Recent Research
on

Blast and Impact Loading of Elements and Materials

Jeff Packer
Bahen/Tanenbaum Professor of Civil Engineering
University of Teronto

S
EXPLORA

Crci

-
UNIVERSITY OF TORQNTO
J IACULTY o0 APPLIED SCIENCL = ERGINUERENG

Scope of Work on Blast & Impact Loading
20122016

* Cold-Formed (steel) square Hollow Structural Sections (HSS) under Blast Loading (in Field]
+ Conerete-Filled (steel] HSS under Blast Loading (in Field]
* Conerete-Filled Doukle Skin Tubes (CFDST) under Blast Loading (in Field)

+ Meo-Classical (concrete) Columns under Blast Loading (in Field)

* Energy-Dissipating (steel) Connectors under Blast Loading (in Field)
* Enargy-Dissipating (steel) Connectors under Simulated Blast Loading [in Laboratory)

+ Ahnealed Glass and Laminated Multi-Layer Glass Under Blast Loading (in Fleld)
+ Ahnealed Glass under Static & Dynamic Loading {in Laboratory)

# High Strain Rate Loading Effect on cold-fermed HSS Material (in Laboratory)
+ |mpact Resistance of cold-formed HSS Material (in Laboratary)

+ Analysis using Single Degree of Freedom (SDOF) models
= Ainalysis using Explicit Finite Elemant (FE] modals: LS-Dyna + In-house (CWBast)

- et
UNIVERSITY OF TORONTO EXPLORR

crci

FACULTY o1 APPLIUD SCIESCE » UNGINEERING

| Field Blast Testing of Colt-formed Square Heliow Seetion Coluting

G thick, SHE ;
{ d, & thick, SHS behind
- . rmm thick, SHS behing

BH hastwo unfilled, 8mm thick, SHE behind

Over 15 ki of cables

ioh-speed data acquisition,
05 readingsizes
mert o

S —

) safe

Heavy site: am;r‘[;_a ment needed

Hollow Structural Section Target

crei | The Centre for Resilience of Critical Infrastructure

g Airbiast 19ading of
‘structure obtained frarn:
1,000 kg TRT harmi-
-spherical charge
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Blast Arena Testing

EXPLDQH

S EFOUNDATION

Blast Arena Testing

1200
TI-FF) e (SS£715 1000
1-FI1 lmpulse
ot m
fhiaia 750
(LT
as0
i
150
0
~140
Bl

3000
Tl-L-M Pressure (HSS-RP1)
— = ThLM lmpuise 250
SHEDS Pressue o
s SBEDS tmpulsc -

1800

()

M 7% W0 128 % T8 e 3 250
Time, ms

Inipalse. kPa s

Tripube. kPams

dE\fDFI‘nQTIiJHS

| === TiSCE| Displacement (HCF- D(\ll
278 | === TI-5CF-2 Displicement (HCE-DG2)
23] T

Displacement,
3
3

0 50 100 150 200 250 300 380 400 450 500 S50 G0N 650 700 780
Tame. ms

Explicit Finite Element Analysis of Member
and all attachments using LS-Dyna

von Mises Stress Distribution vs. Time
for hellow HSS column

crei | The Centre for Resilience of Critical Infrastructure E X F’ L Fl A

FOUNDATION

Numerical Modelling
8 E

.F"i'smmﬁ L

W W o s W = w0 aw wn im e bn
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Anngaled Glass window pare failure

* High-speed cameras and
dligplatement transducers
hehing the alass

Glazing: Typical
Displacementys Time 2
7 P S Histary for biast fleid tests
e ol g fth plase falure) "
ki £ rruch briefar e soald
s, Time History. £ [ruch briefer time seale] .-
(with glass failure},
far blast field tests:
Sinim £ Laboratory Static 47an_ht
HBending tests to detetmine g |
ot material properiies - . T ¥ ; P
huge scatter in strength Time, s
Glazing: Typical
Displacermant vs: : )
Tirme Histary ] é
{ho glass failur), |4 f
for blast field tests i %
. =)
=

Static and Dynarmic Labdratory Testing of Full Panes of Annealed Glass
- to evaluate the Size Effect and the Dynarnic Strenath Incisase

Edge failure — cross section (A-A)

Field Blast Testing of Neo-Classital Columns.

colurnn elemetits, and stacked un-jointed
= Failure generally by ngid bady motion of segrments
. Aha{_\;swswrth ‘hydro-dynamic-models
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‘ Lahoratary-based "hiast" testing using a

*Blast Generator’

High Strair-Rate Loading Effects on Material Performance: ‘

*For blast- or impactresistant design of steel structures, it
is important to use realistic properties of steel under high
strain rate. In particular the substantial fise in yield stress
under high strain rate may have important efiects on the
dynamic behaviour.

#The dynamic properties of cold-formed HE B specimehs
were detarmined by performing 166 tensile and compressive
Split-Hopkinson Pressure Bar (SHPB) tests, at strain rates
from 10010 1000 ' and their dynamic yield stresses were
compared to their static yield stresses, to characterize the
“Dynamic Increase Factor (DIF).

High Strain Rate Loading Effect.on Cold-Formed HES

284
u Pt face
* Comer

24+
Typical increase inyield
strength v s. lnading rate,
in compression S
(12.7 mm thick HGE) k Fiat face: C=2318, g=2.83

154

124 g~ " kil

p oo Comar: Ce5931, q=1.02
08
100 1o00
Strain rate (s")
i é oo 2
| Pl e [T ks g O, &
B

= e e
u & it 1 e e i 120
[ @ Pl 15 0 P =T i

DIFvvaIuestr HES specimens under flegural loading (&= 100 =1y

itment of

Noteh Toughness of Cold-Formed HES |

2 The notch toughness of cold-formed HSS, at low temperatures or in dynarmic [oading
applications, has been a concern in North Ametica for some time.

> For the assessment of notch toughness of HSE, steel product standards normally
reguire testing of Charpy Vnotch (CWN) specimens taken longitudinally from one of the
flat faces not containing the weld. Thistends to lead to the most optimishic notch toughness
results for the cross-section.

G By g

Empermh £F)

rtmerit ¢

Multi-Layerad Laminated GlasswWirdow Tests

= Multi-paned, laminated windows, approximately 42 mm thick, wet-glazed with structural
silicone into steel frames

*Two different window compositions: 4 specirmens per test, with side-by-side cormparison
»Tested at DMY-GLtest site, at RAF Spadeadam base, near Carlisle, UK., July 2016,

Glazing
displacement
instrumenation
in feldtests

Concrete-F iled Double-Skinned Tube (CFDST) Tests-l

> Two member cross-sections tested: SHE 12011 2046 outer + BHE B0k 80%3 inner,
SHS 120:120x6 outer + SHS BOxARk 3 inner.

Annulus filled with non-shrink (sel-compacting) arout; 4 specimens tested per blast.

# Test 1 standoffs:
glazing =19 m
SH&=135m

« Test 2 standoffs:
glazing =15 m
SH&=125m

* 400 kg of TNT- equivalent
nitrometh ane:
poured into a spherical-shaped
charge, tentred 2.0 m above a
eoncrete slab on foam pedestal

+ Climatic data recerded:
temperature, pressure,
humidity, wind & elevation

mert
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Strain-Rate Behaviour of CFDST members

1571 | 15Tt | 1571 | 15T | 1sT1- | a5 | 1572
Strain Gauge | BDS60-1- | 6D560-2- | 6D560-2- | 6DS80-1- | 6DSR0-2- | EDS60-2- 6DS60-
R L R R L L 2-R
GaugeFalure | sy | gage | 21y | 0213 | 0203 | 0914 | 0938
Strain (%)
StanRate o |y op | qdas | ta1s | osre | om0 | 223 2.42
Failure (%)
Specimen Average
Pl 1163 1128 2.32
Test Average Strain o 4ia

Rate (57)
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Shear Stress (MPa)
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4 ” 9 (]
., A\ ) \ y
T y i
A L

edge
failure

Shear Stress (MPa)

KS9: v =0

KS11:£4=0

H550B Sernes
. =1.57 % £, =631 MPa
.=1.04% f_=631MPa 2

H550A Series
=209% f, =626 MPa
,— 1.35% f_=654 MPa

f.=558MPa f.=558MPa
+ + + ! 0% t t t t 1
(1] 5 10 15 20 25 0 5 10 15 20 25
Shear Strain (x 10%) Shear Strain (x 107)

a9 50 9 Aol mE A 4 @ A% 4 A
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Cracked reinforced concrele
Tee beam

Finite element model

Response-2000 model

CSA model
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Numerical Analyses

Starting from experiments
|

Develop numerical models

B T

s
)

Pt [ o
bl e e
Lt i N et -y

- v -]
Lt e :. ;.._h‘

A s

st ':-7:@:1-1 V"ﬁ

l

o — 2 Apply to Finite Elerment
U of T Shell Element Tester. First A”a'VISES o St'“':t“.restm? "
test after upgrade, Summer 2010 SRrp e, Df e DENSVR10 B3

Finite Element Analyses

Canadian

transportation

guideway Us hotel
structure

Canadian
stadium

Morth Sea

Us nuclear il platrorm
containment
structure
Sectional Analysis
P =2V
o
/ h\kk -]
L /
TF LI
? Tsmmm ?
v Shear-Critical Section v
Sow Gt peic s
i o

Statistics

= No shear reinforcement (h = 1172)
— R2k Avg. Test/Pred =1.19, C.o V. =21%
—CSACode: Avg=1.28 CoV. =23%
— Bottom Half: Avg =1.13, C.oV. =12.7%

r2k versus ic'




Statistics Availability

+ With shear reinforcement (n = 775) + It is available at:
- R2k Avg. Test/Pred = 1.18, C.o.V. =17.6% « http://www.ecf.utoronto.ca/~bentz/r2k.htm
— CSA Code: Avg=1.31,C.oV. =19%
— Bottom Half: Avg = 1.13, C.oV. =12.3%

R2k epsiion-x &t gross newtral axis
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15 Group

l SHERLOCK -~ Field Assessment of Structures

Stochastic Simulation
+  Material properties, loadsare: 1
lise stafisticsto input values and simulation for each generation
s field measaremenis (o determine best fit ==+ sfochastic assessment of expected response

Stermcn Strucrins

Qutline

A Simplified Analytical Tool for
Analysis of RC Slabs Subjected to
Hard Missile Impacts in

Axisymmetric Geometry = IRIS2010 and IRIS2012 Predictions
« Ohjectives

» Introduction
+ IRIS2010 Workshop and Blind Competition

Andac Lulec, Frank J. vecchio
University of Tarorto, Canada = Methodology
« Analysis Results

L_,r[;g;%zll‘TIg « Conclusion

b <8

Introduction IRIS2010 — Punching Specimen

« Analysis of structures under impact and impulsive loading Improving Robustne &z Assessment Methodologies for Structures Impacted by Missiles
= Matural hazards (RIS)
= Human-made hazards = VT Techmical Research Center of Finfand

Current methods are hased on: - insthut ce Radioprotection ef de Sireté Nuciéale (IRSN)

» Simplified Single DOF Models
v g’\f’idaly usedgfur design purposes PLBGHNG SPECIMEN
% Hard to implement to complicated genmetries 2100 mmx 2100 mmx 250 mm
% Lack of detailed results = k=611 MPa

- Hyd rocodes Reinforcement Ratio, p=072%
« Owercorme most of the limitations of SOOF methods 0 Ehea RAMOICarE
% Large number of input parameters for material models (concrete) * 47kg missile 136 ses
« Detailed models with hundreds thousands of DOFs
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IRIS2010 — Punching Specimen

IRIS2010 Predictions

— COV: 274%

Residul Misile Wlocity
5]

IRIS2010 Missle Residual Velocity Predictions

IRIS2012 Predictions

GOV 65%

w
n

[ TR S T T O A R R R L AU T T T R A ]

Recidnl Micik Wiy

Tems
e dicted, Fabies (Hydrocades] o Prediited Vaktes { Ofher Methods)
——Eqeriment =+ = Mean

IRIS2012 Missile Residual Velocity Predictions

Objectives

The main objective is to develop a method:
« Accurate
« Simplified

¢ Less modeling time

+ Less analysistime

* Less input parameters

Methodology

- Disturbed Stress Field Model (DSFM)
Developed In University of Toronto (/ecchia, 2000
Based on Modified Compression-Field Theary (Wecchio and Collins, 1986)

Srmeared mtating crack approach

Accurate in predicting shear failure mechanisms

WecTor Sutte Programs
Hanlinear FE Analysis Sofiuare bazed on DSFM
- VecTo —Axisymmetric Modzling

‘i F Land Coins, IR 935} ~The Vil damgmss bkl Ty Br e brced G arce s Bmenk Susk cld b St owrnlo b Avedae
CAETE hBbiE ST
126E0I-011

wohn 4

=
| ~
Idealization in ‘%
Aodsymmetiic.Cond tians

Actual Structure u
!
!
1

FE Model inYecTore

VecTor6 Model

CONCRETE STEEL
T_(MFaiiorl) [50 d,_ ) 10
T, {FPa) 2% A () 5
E (MPa) FEE] (%, out afplane) [0.72
= 330x10° | |E(MPa) ]
£, (MPa) 540
1 (MPs) 05
5, 18657 x 10°

2687 4-Node Rect. Aodsymmelric Elements
290 Truss Elements

9 Compression only Trss elements
“Smeared reinforcement (out of plang)

VecToré Model

CONCRETE STEEL
£ {(MPaiicyl) |0 4. (mm) 10
T, (MPa) 25 A, 'y 75
E (MPa) ] 9 (%, out of plane}| 072
5 2241 10% | [E(MPa) i)
1, (MPa) 540
£ (MPa) s
s, 16 F7x 10F

© 001 e time step
+ [Ch=alkl¢ BM), updated each Inad step
=365x10% §=30¢L,=21%, L= 10.1%)
* Element Erosion limit:
Shearstrain, v, = 0.2
Principal Tensile strain, 5,2 0.2
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VecTor6 Analysis

VecTor6 Analysis Results

Time s, Missie Velodty

Ltissile Residual Veloeity: 140
Experirment : 33.8 mis T12n
Anahsls Rt BN E

Deformed Meshatt= 693 ms Time (rr\';)

m

7

« A simplified macro modeling approach for

Conclusion

missile impact analysis

+ Moderate number of DOFs and Elements
« Commonly used material input parameters

» Good agreement with experimental results

QUESTIONS??

QUESTIONS??

izt Nelzehy

Damping Ratic and Element Erosion

Tims e Missile Velozity

——Camian Damaing. Law
Dariping Ratia

Undaizd Damuing. Law
Dampng Ratia
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Workshop on Resilience of Urban Infrastructure
April 24~ 26, 2016

Recent Research on Real-time Hybrid
Simulation

Oya Mercan

Associate Professor
Department of Civil Engineering
e-mail address: oya.mercan@utoronto.ca

[& UNIVERSITY OF

¥ TORONTO

Seismic Hazard Mitigation

Torre Mayor Office Building in Mexico City

* Knowledge of structural performance from real-time tests of
large scale structures equipped with these devices is required
for developing performance-based design codes.

2
e ¢ Real-time Hybrid Simulation
Hybrid Simulation Typesé& Sources of Error
§ e
i | N ourta 1oor
~ ,M,-w‘vw» E [focive Force psiory P
v o casshon ol v P
T 1% Ma(t) + Cuft) + r = Pt} f:;:":rv\;m; Determination_| - oor
| s o oo
structure.
Acsuron OO erTonTs.
ot ol easured testoring forses from sxperimental substructure. ©2
—
| -
ast shuctue
TG WY, o 3
S — EXPERIMENIAL SUBSTRUCTURE
[ ] — ANALTICAL SUBSTRUCTURE
COMPUTER ¥ 4
Delay Dependent Stability Analysis of Tracking Performance
Outer Loop Dynamics Evaluation
Lo " N . . 1= fioor displacement history (o real-time hybrid test result
= Aim is to find the critical time delay that destabilizes the outer loop dynamics | T
Al
« Prior research { Wallace et al., 2005; WWu et al., 2006) anfAdt AA A I\A Aaa AANA
oo e VETYYUTY UAASCAAAY
- linearization, numerical bifurcation studies, SDOF systems i J K1
i i E :
«  Our contribution g H
enlarged 5 &

- employs Pseudodelay technique (Gu et al., 2003) with an exact

mapping, without any approximation and linearization

- yields closed form expressions for critical time delay for real-time PSD

testing of SDOF systems

- extensible to MDOF systems for PSD or hybrid PSD testing
Earthquake Engineering Structural Dynamics

- 36:1523-1543 (2007)
- 37:1269-1293 (2008) 5

views ?‘P
2 / E.m 3

£
; _—O0dsec . E,m
H

0002 sec

s \

% \
100085 10008 10,005 1 D01 1002 19003 10804
B (n0) Srme fnmc)

Tracking Performance
Evaluation

« Tracking and Amplitude Indicators: Can qualitatively identify the amplitude

and phase errors between command and measured signals

Smart Structures and Systems
4 (5):667-684 (2008)

= Phase and Amplitude Error Indices: Can uncouple the amplitude and phase
errors between the command and measured signals; and can accurately
quantify them.

Earthquake Engineering Structural Dynamics
4(10); 1347-1364 (2012)

« Frequency Domain Based Indicators: Can uncouple the amplitude and

phase errors between the command and measured signals; and can
accurately quantify them. Can be implemented and executed in real-time.

Joumal of Vibration and Control
DOI: 10.1177/1077546314548205. (2014) 7

Real-time Hybrid Simulation
Quanser Shake Table
Development

Verification Applications
i

Implementation

Steel Plate
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Real-time Hybrid Simulation
GQuanser Shake Table

Development

&
Implementation “erification Applications
L A

1-Assessment the:
accumcy.af TLO madels |

P met fic study af
ructureswith TLOs

Raal-time Simulation
Wark Station

Real-fime Confrol
Work Station

‘WinCon, Real-fime
| simuiation Coordinator| st | Controfer

Real-time Hybrid Simulation

Quanser Shake Table

Development

&
Implementation erification Applications
A i

Joumal of i bration and Control
“21(8) 145591472 (2018)

Joumal of Vibration and Contral ._-_:l Ig !
“21{14} 2707-2720 [2015) ¥

Real-time Hybrid Simulation
User-Reconfigurable Platform

Development &
Imp\em‘entatlun

Verification Applications
L I

1 1 .
Infer laap Applicatian 3 VEP- b
‘ | veniication | Frictian Damper

Bppliatian4; Annular
n TLO

fication

Application 5 Gyra-mass|
laptive cantraller far cerve- Damper |
draulic actuatar cam; | e Aicshan £, Mal e

AT |

e

el

T

VO Col

g

& SOUI

SRS

A

[ 7S e ——
marut

I
1
T
1
!

DY Moo ot bt §

=

|
|
1
i
1
‘ 1
i
L

ot

Real-time Hybrid Simulation

User-Reconfigurable Platform
Development &

In"\plemlentarinn :

Vetifi cation Applications

Real-time Hybrid Simulation
User-Reconfigurable Platform

Werfication
Inner Loop [Control Laap) Verfication:

2> 1- Displacement control of a Single servo-hydraulic actuator
2B ?- Displacement control of Twa Un-coupled servo-hydraulic actuators
¥ 3- Displacement control of Two Coupled servo-hydraulic actuators

Praryy
T T

M By

15

Real-time Hybrid Simulation

User-Reconfigurable Platform
werification
Outer Loop Verification: Real-time Hybrid Simulation Experiments

I 1- RTHS results with Single degree of experimental substructire
I 2- RTHS results with 2D0F experimental substructures

T it Yl

18
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Real-time Hybrid Simulation

User-Reconfigurable Platform
Development &

. Verification Applications
Implementation PR
] 1 i
. = . = r \
Farins = Desizn Innerlnan, prlicatian 3 1
Baftware Oesalopment weriffeatn | Frictian Damper
Challenzes [ Enplicatian.2: Arnular
AT ERE Buter janp
7 [“Appicatint G{fm-mass['
adaptive canimller fac sgrma: | Bamper |
ulfastuata ] [2pplicatian & Multiple |
A st spaze hased ey ELILD g
imezration method for reak
time fryhrid simulation ;

-Smart Structures and Systems
146 1191-1172(2014)

Adaptive Control

Inner loop of RTHS

Compensator

Actuator-
Structure

— | Controller
L)

measured

dlsplacetnent \

FFT baser online
indicater

Desigh &
EOMPENSAtor

Adaptive Control

Adaptive Control

PID+ Plant
- -;\d-(;npensatm’s'fmns I e
] i L
4 1 E
1
= g : = =
: 1 ; i
] !ij I B
] . | I i
= . (Defﬁ(lemsl]f:he%mpensamr i
] Hatural Fraguency fssoc are [ Vg
| rrjmmines © 1
” u i
1o — -
A -
Real-time Hyhrid Simulation e
User-Reconfigurable Platform Application 3
| r:;r:r:‘\nep::;:;rf‘ Vearifivation Applications
. . . 4 ‘ L =) Visco-elastic damper + Friction fuse
U [ nnerizas S | « SDOF tests « 2DOF tests
ot A B LG = Nenlinear SDOF + VE+Fdamper  Nenlinear 2DOF + 2 VE+F dampers
e o s = Application 4- Annular ¢ 3 A 2
7 Advams ges Dm;‘;l?np_ |rin {analytical} + {experimental} (analytical} + (experimental}
verfiation : s
A teacking Brrarbased - i =

adapt e tontmllar for senio-
hydmbtic attuatar cantral

© A stite zpace based explisit
imearation methad far mak
time hybrid simulatian

I Tiamper
| Appticatian & Multiple
Tio

Smart Structures and Systems
14(6): 1151-1172 (2014)

Journal of Yibration and Control
DO 10.1177/1077546314548209 (2014)

Structural Control and Health Monitoring
DOr10.1002/stc.173 (2013)

Real-time Hybrid Simulation

User-Reconfigurable Platform
Developrment &

Verifivation Applicaticns
Implementation PR
i 1 1
..... 1
Hsrhwa re Design Innerisnp
Saftware Develapmen weriticatian
ChHallenzes.
= Atvantages | Duiter lanp
= e rification
. 3 i new rasking Err

adaptive contraiier farservo:
nydirailic actuatar gam rol

Alstate space bazed sxplicit
“integration methad for mak
time b simutatian

[ ppiication 6 Gyro-mass
Damper

[ Bpplizatian & Multiple
i)

Smart Structures and Systems
14(6y 1151-1172 (2014)

- Journal of Yibration and Control
DO 101 7710775463145408205 (2014)

< Structural Control and Health Monitoring
DOE10.1002%te.179 (2015)

Application 4

Real-time hybrid simulation of Annular Tuned Liquid Damper
structure interaction

Wind Turbine Tower

Analytically Medeled in Computer

Annular Tuned Liquid Damper
Physically Tested in Lab

Tnmer | Guter | Height

radius radius thl
Ir] (R
mm [ mm

1016 463 55 762
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Application 4

AT ke Fracie)
lnomistaca t

. Ooonsad
40t 001
5 0m00ce]
|| 25000 001

10000015

Real-time Hybrid Simul ation
User-Reconfigurable Platform

Development &

rplemEntaucn Verification Applications
i | i
T = = =
Haroware Desen I Tnneriaop
Saftware Develapment venfismtian
Challanges
haiartages Cutkr iaap
- erificatian , i
by nEwtmCking i 2 oA
. 2. Faptive cantralies o seno:
b mydrauliz sctuator <ol
LD

4 state space based eaplich
integmtian method far real-
time hybrid dmulstian

“Smart Structures and Systems
1461 1151-1172 (2014)

Structural Cortral and Health Maonitoring
DO 10.1002/5tc 178 (2018)

Joumal of \ibration and Contral
DOl 10.1177/1077 546314548205 (2014)

Application 5

Gyro Mass Damper

H._’.»-rf

/ f=bi

m

1
p=glrg+ [, Fmy )

’ e, ey .
N e i
"_:\}\'.r (,;}'_ {.C}’) r"'l’\,
LA e )
Prvianets RSl e Y
1 gear geard  geard geord

7

Application 5

Real-time hybrid simulation of Gyre Mass Damper + Structure interaction
experimental} + (analytical}

Real-time Hybrid Simulation
User-Reconfigurable Platform
Development &

p Verification Applications
Implementation
1 A
Handins re Design Innerisag
aweriication

Challenges -

Saftwars Decelapmam:
Jdvantsges

Duster laop
e ifigation

adaptive contrallentar £ere-

e racking sronsbased I

hydrilic astuatarantral

imesration methad far rmak

A state space hased wrplicit, |
time tybrid simolatian

-Smart Structures and Systems - Structural Control and Health Monitoring
146 1151-1172 (2014) DOE10.1002stc. 178 (20158)

Journal of Wibration and Control
DDl 1011770775463 14548205 (2014)

Application 6

Multiple TLDs

Ly

T

Application 6

3 Case studies:

- RTHS of a 3-story building
- RTHS of a 5-story building
- RTHS of a 9-story building

3 Control scenarios:

- Structure with no TLD
- Structure with 1-TLD
- Structure with 3-TLDs

Seismic Input:
- 12 ground mations

Ground Mation
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Thank you!
Questions?
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Expeﬂmental setup

Frame mode] UT10 and physical specimens

FlexTest/AcroPro

om0 L ey

m-—’n ydg

NICON/NI modules

3) EZ-HE 45zE HE FUF AlEdelA

7h 71E EZ-HE ZaAE 4
o] 7

Hol th-ol 7]

= l}
) B AFE & dpEe] ude ngstn uad siES stata, oA
& a4 T2l OpenSeesol] A ZAE BE a4 29l VecTor2d %

¢}

Fatol AS Sl

OpenSess: Soil domain model

Ja 66 UT-SIM 79k Adk-gd A5 =
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Recent Developments on Multi-platform Hybrid Simulation
at the University of Toronto

Oh-Sung Kwon, Ph.D.

Associate Professor
Department of Civil Engineering
University of Toronto

Cwil Engineering

UNIVERSITY OF TORONTO

Lml)'

April 26,2016

Introduction - seismic Performance Assessment

0 Realistic assessment of
seismic performance: One of
the important elements in the
“Next Generation of
Performance Based Seismic
Design Guidelines”

Next-Generation
Performance-Based
Seismic Design Guidelines

0 Challenges with the
modelling and prediction of

resp & i wihep

of structur‘es

Seismic Performance
Assessmient of Buildings

& rEMA

zm)'

[ ion || hdodel Lpdating || SimFrameware | uTioSmuster J Sunmary |

Introduction —seismic Performance Assessment

O How accurately can we predict the structural

?
[8sHONse < 30 Analysiz Blind Prediction Results
(measured and hest 3 tearms of each category Total 30 participants)
8
h /
/ V4
[ '
Es /
[ —
2 — — Fasearcher
—— Practiong Engineer
1
] 100 0 00 @00

M Relabve Displausmwnt X ctan (mm)

Collapse test of & fulk
ity fwwrw linc-analysis, o

Introduction - seismic Performance Assessment

0 How accurately can we predict the structural
response?

-
@\ i [ wioset pgating. || s Framevers || Urtosmume || Summare | 4

& i 8
§| [ edel Updating. || Sim Frmevere || UTiosmaster || Summay | 4

Introduction - seismic Performance Assessment

Introduction - seismic Perfoermance Assessment

O Numerical Methods
+ Challenges in the numerical prediction
of inslastic dynamic response of &

structure
100
« Difficulties in numerical mode| s
developrment from component tests i
g 60 o
] O T=055
2
o 5% = -
Ao -a‘ . *
£ am @
o
o 20 i 60 8
d, mm
& | troction || wodel Upating || s Framewor | uTt0 Simuistor | Summary |

0 Experimental Methods
@ Static cyclic test of components
= Predefined loading history
= Perfarmance of structural elements under cyclic Ioad reversals

@ Shaking table test
= Most complets and accurate method
= Limitation in scale of the specimen
= Depends on selection of input excitation
" BExpensive

& Pseude-dynamic or real time hybrid simulation
= Dynamic behaviour modeled computationally
= Whole or part of the stuctures tested physically
= Allows geographically distributed testing or testing of large scale specimens

Wtroduction. || odel Upceting || Sim Framswor || UTi0Smuste || Sunmary | i

Introduction - Hybrid Simulation

Introduction - Hybrid Simulation

Equafions of Motion

(1)+Ca(t)+ R{u)=K(r)

[ 26,

M

Substructure Technigue

Target Displacement
—_—

Humerical Time Stap Integration

Laboratory Testing

Egualions of Moltion

(u)=F(z)

R 8
| R(u)

(r) i Cu(tj+

Reachion Farce

Substructure Technigue

Numerical Time-Step Integration

Analytical L

&
=
E\ Wbioduetion ||| Wadel Updating || Sim Framevork [ UTi0Smuste )| Summary | 10

&
ﬁl : W[ odel Upeting. || Sim Framework | UTi0Simstor || Summary ]
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Introduction - Hybrid Simulation

0 Recent Hybrid Simulation Example: Six-storey Steel
Frame with SCED Brace (2012)
% Designed with ASCE 7-05
@ Los Angeles, CA
& Design 3, = 140, MCE 5, = 2,10

5 CEDbraces
5014 Aem
Braced
———e— = | Frame
)
s Gira ity
] ——f solumn

3G9 dom

Introduction - Hybrid Simulation

HST_TM1_14
Input GM: CHYO80N.txt

Introduction - Hybrid Simulation

0 Recent Hybrid Simulation Example: Six-storey Steel
Frame with SCED Brace (2012)

& Chrigtopoulos, ©, Tremblay, R Kim, H-J_, and Lacerte, M, (2008, "Seli-Centerng E nengy
Dissipative Bracing System frthe Seismic Resistarcs of Strudures Developm snt and
“alidhation " Journal of Structural Enginesdng, 134(1), 96.

Erochko, J., Chigtopoulos, G, and Tremblay, R. (201 5). 'Design and Testing of an
Enhanced-Elongation Telescoping Selt-Centering Energy-Dissipstive Brace ' ). Struct. Eng.,
141(B), 04014163

*

F
=
]
@
ﬁ\ irtroduction . || MoaslUpdaing || Sim Fremewerk || UTIO Simuimor || Surrmary |

Introduction - Hybrid Simulation

20 ——Nade 23 - Analyitcal HET

——Made 23 - Beperimenta HET

Oisplacement
(mm]
o

Force (N

bz CKNY

@

Displazmenigmm) bepazment jum)

10

—ﬁnal\ﬂzml HST - ——
— Experimental HST
= Esperimental HST
m
? Difference In response was due to idealzation of brace behavior with flag shape
[~ Fitcdintion, || wodst tpdming | im Frameworc J|_UT10 Smalmer || Summary | if ﬁ [ icodustion [ wodei Updming | Sim Frmenors J[ UTt0Smutmer [ Summany ] £
Introduction - Hybrid Simulation Research Needs
& 5Storey 1 ) N D —_—

£ 20 0 Many structural elements
< & contribute to lateral load
E_ 15 e . resisting system
3 0 2 - o A 2 @ Which element(s) should we test?
% & % Does the selection of the element

E 05 4 ° increase the accuracy of simulation?

o
= o

v

Research Needs

o Maximize the use of data from
experimental specimen during the
hybrid simulation through m odel
updating method

g eshod or
i

o Develop a standardized framework
to couple diverse experimental /
analytical resources

o Develop an experimental
apparatus for hybrie simulation
with multiple specimens

Wiroduotion || Madel pdating || Sim. Framewor )| U710 Simulator | Summary ) 15

0 Is the numerical model sufficiently accurate?
s Cyclic behavior of shear-critical reinforced concrete elements
% Interaction with soil and foundation

@
@\ intraduction || el

Surmmarn

Research Needs

O Maximizethe use of data from
experimental specimen during the
hybrid simulation through model
updating method

e L

| wodel Uit | s

iy dustion

camenork || UTIO Simulatar ||

e

Surmman) |
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Research Needs

Hybrid Simulation Frameworks

o Develop a standardized framework
to couple diverse experimental /
analytical resources

@
$| Firoduction || Model Updating || Sim. Framewerh || UT10 Smuister || Summary | 47

UT-SIm: University of Toronto Simulation Framework

T Simulator
Column Tester

N

Generic Actuator
Lontrallers

W : _ RE

Exparimental Substructure Modul

Dam Acquisimon

Visualization

LITHE via TCRIE

Valiage
o . — Hamed pips
" . Gtner e
- o spedlicpraleak
Cammunication Methods

Numerlcal Substructure Modules Ime gration Modules

0 UI-SimCor University of llineis at Urbana Charmpaign

0 OpenSees-OpenFresco University of California, Berkeley
0 Mercury Uriversity of Colorado, Boulder

0 HybridFEM Lehigh University

0 NCREE-ISEEdD NMational Center far Ressarch on Farthguake
Engineering, Taiwan

%\ inmpdugion || Wodel Updamg || Sin Framesesck || U710 Simusnr [ Sarmmany | 18

UT-SIM: University of Toronto Simulation Framework

0 Standardized data exchange format and
communication protocol

» Structure of data to be transmitted between an integration
madule and substructure modules

» Cover all parameters and indicators needed for various
simulation purposes (e.g. hybrid thermal simulation, real-time
simulation, etc.)

» Have flexibility for future extension

32bit
| ;
I {
16 bytes
Size depends
on headsr
[ wmoducton | medel Updating || Sk Feamework || UT10Simutenr | summary | @

UT-S'MZ University of Toronto Simulation Framework

0 Encapsulate data exchange format and
communication related functions
« shared library or shared object file
|DataExchange.dif or DataExchange.out)
4 Compile all functions as a DLL or Ohject, and then use the same
code in all applications
% Designed in such a way that it s compatible with different

languages
5 O+ (Opensees, MICA)
® Fortran [YecTor programs, Abagus, ANSYS)
= Laly B (MICaN)
= MATLAB (UI-SimCar)

&
é [ remndueion

UT-SIM: University of Taronto Simulation Framework

| aodel Updating | gim, Framawerk || UTi0 Smader || sammary | &

UT-S'M: University of Toranto Simulation Framework

Ul-SimEaride

B =

DataAcquisition

WVisualization

ApAoLE
UTHE s TCRIP
SFrame Valiage
[
2 i e Te—
s pecilic pratocaks

Numerical Substructure Madules Integration Modules Communication Methods

UT-SIM: University of Toranto Simulation Framework

0 Example - Three Story RC Frame (Calvi et al. 2002)

BBl

b || ‘ i
erepy | pueerrn |
[ )

s
| e

|| Wadel Updating Sirn. Framaverk || U710 S || Summary ) E:d

Q.
@ [ wniduetion

0 Example - Three Story RC Frame (Calvi et al. 2002)

VecTorS Sub-Model

By “p— |
LM "
T .mi

o' 6DOF Layered™ |

VeeTar? SuhModel
4 DOF Truss Elemeat DY

-y

» Stned Loading M

.
Moy \ Frame Blement

| ) — o Toteaface (e 8

EDOF Recrangular Elernents Elements

H VeeTor! NacTor2
tahd Sub-Model Sub Model
> 1T nor o Eisumt
M xeck Type model (vecTor2 and Vec Tors)

é\ niradugtion || Wadel Updating || it Frariewerk || UTI0 Simulaiar || Surmary 24
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UT'S' M: University of Toronto Simulation Framework

0 Example - Three Story RC

Frame (Calvi et al. 2002)

UT'S' M: University of Toronto Simulation Framework

0 Example - Inter-continental Hybrid Simulation

e el
[ e Deck(Opuisees
G z Py s (A2)
(A1) (D) ’ l &) ?
_ asoom 27.00m
""" R B e
(OpanSess) g (OpenSews)
= | @ satoor
Module g / Exparimantal @ Dymamic DOF =
} Ebnhdn; B Bl Contro record x 20
e 4
h
@ [ et [ moneiupaaing || sim. Framework || Urtosimueer [ summay | 25 @ [ wtreucion ][ meteiupoenng || sim. Framework || utiosmuanr || Summary | 2%
UT-SIM: University of Toronto Simulation Framework UT-SIM: University of Toronto Simulation Framework
0 Example — Inter-continental Hybrid Simulation 0 Challenges
© Mainly explicit integration scheme
'
11
i

» Physical specimen at University of Patras
=
ﬁ [ wrroduction

| toteiupdaing [ sim Framewerc )| uTiosimuan: ||

summay |
UT'S' M: University of Toronto Simulation Framework
Q Hybrid fire simulation

% Collaboration with Korean Institute of Construction Technology
and Colorado State University

% Algorithm development to integrate dynamic substructure modules
@ Improvement in the communication protocol
a Application examples

(research in-progress)

© Performance assessment of
underground structures

< Simulation of nuclear containment

e ¥ ‘
- J
structure subjected to earthquakes ) :
and intemal pressure increase X
% Simulation of a structure under )
thermal load

http:/fwww.ut-sim.ca/

1l

Introducton

Model Upeiating || im, Framework || UTi0Simuanr ||

summay |
UT'S' M: University of Toronto Simulation Framework

0 Soil-Tunnel Interaction Analysis

Fire testing facility in KICT (left) and CSU {right)

% Collaboration with Prof. Park in Hanyang University

75§‘-
\

\ \3
QE “\\\«‘

J[ ol upazting || sim:

Framework || U710 simuanr ||

Summary

\ %‘
[t S
Opensens: sod domain model S ———]
Sail-Tunnel interaction simulation through UT-SIM framewerk
&
>
Eor R e I e & [ ireucion || Weam Updang || B pramewers | Urismuss || Bommay | %
UT'S' M: University of Toronto Simulation Framework UT'S' M: University of Toronto Simulation Framework
Q Column Testing Machine 0 Seismic Performance of Link Beams in High-rise
to Hybrid Simulator for Columns Buildings
<« Collaboration with Prof. Sheikh % Collaboration with S-Frame and SOM
e - =
\ |
\ | |
\
\

ifoe

Introcluction

|| wenel Updeng || sim. Framework || Uriosimuaer ||

Summary

] =
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Research Needs

0 Develop an experimental
apparatus for hybrid simulation
with multiple specimens

b
=

[ troduetion [ todel Upidating [ S Framiework || UTAD Gimulatar. | Sumimary | 33

UT10 Hybrid Simulator

O Shell Element Tester
< 40 1000 kN, 150 mm
In-plane actuators
< 20, 500 kN, £150 mm
out-of-plane actuators

4

§| Frroduction || Modal Updating || 5im Frameuork | UTAD Simutstor. ||

summare | a5

UT10 Hybrid Simulator

O Hyhbrid simulation with up-to ten physical brace specimens
& Friction damper
+ Self-centering dampers (SCED)
4 Blcking Restrained Brace (BRB)
<« Hysteretic yielding damper (YBS)

> LY
? ]
E\ insoducson || Wadel Updaing || Sim Fremework [ 700 Simaister [ Surmrmany

UT10 Hybrid Simulator

O Specimen supportframe
Lateral stakility of the system

@ Testing elements in an uncoupled m oS
Friction ketveen the specimen ancd the™y
lateral support x
Adjustable configuration for braces i
differert sizes and losd capacities !
o Controland communication

platform

#

#

#

»

UT10 Hybrid Simulator

o Specimen support frame
& Lateral stability ofthe system
4% Testing elements in an uncoupled mode
+ Frdion betwesn the specimen and **
lateral support !
& Adiugtable configuration for braces. |
different sizes and losd capadities |
o Control and communicatic ‘
platform

[ rraduetion | wtadel Updztng [ Sim - Framenork ) 0740 Siwuister [ Summary | i

UT10 Hybrid Simulator

UT10 Hybrid Simulator

o Specimen supportframe

Lateral stability of the sydem

Testing elements in an uncoupled mode

Friction betveen the specmen and the

lateral support

Adustable configuration for braces with

differert sizes and load c2pacities

o Control and communication
platferm

B e

@

inmaducion || bdel Updaing || Sim Framework T8 Sirmutater || Surrmary |

UT10 Hybrid Simulator

O Specimen support frame
b Lateral stability ofthe system
¢ Testing elements in an uncougled made
+ Friction between the specimen and the

Shaft box Size Load
ity ches) capacity (kH)
10 e o

Jateral suppart B4 B-Bxb+ 41008 a00

@ adjustable configuration for braces with & 128 800

dlitferent sizes and |oad caparities 542 FAZE+ 2120 500

o Control and communication s s 1800

platform s 168 1600

32 3096+ 220010 1500

342 356 + 2-16%10 4600

&

$ [ Fordumtion | odal Upasting || Sim Framawars |[_OTiDGitnuister. || summane | 3¢

0 Control and communication platform

& Tracking error. actuator command
and measured actuator stroke

Target disp— @:
Controller o
Disp feedbackE

« Elastic deformation of the loading frame o
and supports

Serw command

Pressure
e

@ Backlash inthe connections

2

-4

imodugton || Wodel Updamng || Sim Fremework || LOTI0.Simolaer || Surmary |
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UT10 Hybrid Simulator

O Control and communication platform

Experimental module

FlexTest™ |
ForceDiglaccmen. | |

D controd messrerment, b,
algorithn

Displacemest command, £,

i g
z B
g £
Z E- 3
OpenSees model + E ‘
- 7 ]
E| brreduction || Mode! Upsating | Sim . Frameworic ][ 0TS Simutater || Sumimary Fri

UT10 Hybrid Simulator

O Assessment of a five-storey Steel Frame with BRBs

E5E

a [ remituetion

[ wiodsi Updating J|_sim Frameuorc [ UTA0 simuistor. | summany 43

UT10 Hybrid Simulator

0 Control and communication platform

5 Elagtic deformation
QSena Command
4 | OTametesmmand !

aDEp Feedback o

5 | sEdermalmesuremant g?c Serveoe

A
i a
2 Bm@eua 5 i ;;
)

1 Bakiash E‘,;"oﬁ
o u"‘“%“ ‘@g ﬁs
o, 2
bt 5: il am

4 odoeﬂg

Displacement, mm

2
Command step

2
@ [ o ducson

|| wodel Updaing [ Sim Fremewod |[TUFiS Simoiater || Surmrmany a2

UT10 Hybrid Simulator

0 Assessment of afive-storey Steel Frame with ERBs
» Location: Los Angeles, Sail C Period. 1.2 sec

4 Design based on real-scale adjustable BRE specimen

4 First story BRE tested physically, the rest modeled in OpenSees
@ The restof BRE models calinrated based on cyclic testresults

\/\/N\

Summary | A4

UT10 Hybrid Simulator

O Assessment of a five-storey Steel Frame with BRBs
+ Location: Los Angeles, Soil ©, Period: 1.2 sec
+ Design based on real-scale adjustable BRE specimen
« First story BRB tested physically, the rest modeled in OpenSees
& The rest of BRB models calibrated based on cyclic test results

-+

$| Feroduction || Medel Updating || Sim . Framenary  |[_UTAD Smulater || Summary | 43
i

Summary

UT10 Hybrid Simulator

0 Assessment of afive-storey Steel Frame with BRBs
@ Currentresearch in progress:
= Three-BRE hytrid simulation
= Ten-BRE hybnd simulations
® Ten-ylelding braces

e

inmaducton || del Updsing || Sim Fromensric |- OTi0gimotater [ Surrmary ] a5

O The UT-SIM framework aims to accurately assess the
performance a structural system based on the
integration of realistic numerical or physical
component models.

0 The PSD hybrid simulation method, which was
originated from seismic applications, is being
expanded for broader applications.

0 The integrated simulation approach facilitates the
reuse of computer codes and share of experimental
facilities. (www.ut-sim.ca)

Hus
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Thank you for your attention.

Questions?
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