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ILEE — International collaboration
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ILEE facilities
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/ILEE facilitie
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T-shape wall, 30m
long 15m high

Shear strength of
600ton (at the top
level of reaction wall)

Bending moment
strength of 9000ton-

ASG, Auckland, New Zealand, 2017-05-02



ILEE facilities
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ILEE facilities
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ILEE

ILEE board of directors and scientific committee:
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X. Gu S. Mahin X. Lu T. Yang J. Li Zhou K. Elwood
(China) (USA) (China) (Canada) (China) (China)  (New Zealand)

K. Kasai K. Mosalam A. Pavese C. Ventura A. Whittaker K.Chang |. Buckle B. Stojadinovic
(Japan) (USA) (Italy) (Canada) (USA) (Taiwan) (USA) (Switzerland)

ASG, Auckland, New Zealand, 2017-05-02



1LEE

Objectives of ILEE:
» Achieve earthquake resilience society through international
effort using state-of-the-art experimental facilities

/R

Strengths:

« Largest international earthquake engineering research network
with the most advanced testing facilities;

» Facilitate the exchange of research personal, share facilities and
publish cutting-edge research findings.

WE ARE ILEE

ASG, Auckland, New Zealand, 2017-05-02




Bridge
Engineering

Building Lifeline

Shanking table test of QLS IACEL® ) .
Shanghai Tower Engineering

Earthquake
engineering

. Major Energy
Geotechnical Facilities
Numerical calculation - . .
model of China Engmeermg

Pavilion

Seismic test of super-long
immersed tube tunnel of Hong
Kong-Zhuhai-Macao Bridge

Seismic isolation model of
nuclear power station

ASG, Auckland, New Zealand, 2017-05-02
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1906 San Francisco Earthquake, USA

« Destroyed 80% of the “golden” city.
« QOver 3,000 died and half of the population homeless.
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Performance-based design approach
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2011 Christchurch earthquake
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New Zealan

+1200 demolitions (~70% of CBD) and counting! {88
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High-performance structures

L/

/R

The measurement equipment shows
that the building experienced as
much as 23 cm of horizontal
displacement. (Photo: Mori Trust Co.,
Sendai MT Building remain undamaged Ltd.)
during the 2011 Great East Japan .
Earthquake.

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures
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High-performance structures

Moment Resisting Frame / Steel Link Column
. 1 _

/R

L/

Steel Linked Column Frame

—

/
/S’téel Link Beams

/1]

1]/

Link shear (kip)

Link rotation (rad)

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

L/
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Immediate
Aoccupancy Rapid return Collapse prevention
< > < > < >
Combined
system
Main

............ +~ structure

e e e «——— Structural
fuse

ASG, Auckland, New Zealand, 2017-05-02
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Equivalent energy design procedure (EEDP)
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e Energy-based design procedure.
o Allows designers to select a plastic mechanism to dissipate EQ energy.

- RN Immediate Life Collapse
# ki . Occupancy Safety Prevention
.7 \_(10) (s) (cP)
5
‘ Secondary SFRS \
Flexural hinge PSR
(TvP) - R0 O Y R
E 'E \\ ) N e
b3 -
E W " .4
= (T
E .:Fp-__-_i-_,_/_\“\ g
= o .
Beam (Typ.) 8 T RE - - - i :
a I\ 1
" a ! P\ I
! £ ' PN I
\ 3 ! A I
\
\ | | \ 1
4 | 1 \ 1 -
by Ap \ Au

@ Primary SFRS
2 Axial hinge Roof drift ratio, & = Sd/H> <

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

L/

e Energy-based design procedure.

/R

o Allows designers to select a plastic mechanism to dissipate EQ energy.

PT
(Secondary SFRS)

— e — — — — — — — — — — — — — — — — —

A |

g Immediate:  Life | Collagse

% |Occupancy, Safety | Prevention

Sp|l 10 | ws) i ©P

P

£ by 1 \ \

Q .

% | | \ PT;ED

2 | Uplift, .

g I EDYield | Tl R
| N
1Ay Ap A,
|

[Roof Drift Ratio, Safy = A

(Primary SFRYS)

M“ ILEE |=537=
N L

. Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

e Energy-based design procedure.

/R

o Allows designers to select a plastic mechanism to dissipate EQ energy.

e Targeted to achieve different performance objectives at multiple
earthquake shaking intensities.

e SLE: No or minimum damage = “Immediate occupancy”.

e DBE: Only damage to the structural fuses. No damage to the main
structure =» “Rapid return”.

e MCE: Not collapse = "Collapse prevention”.

e Designers can select the member sizes to satisfy both the strength and
drift limits without iteration!!

e Can be applied to different structural systems. Including new systems.

 No need to assume Ry R, values. [ ]

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

/R

1. Define the performance objectives of the structure, by selecting the

target shaking intensities and target drifts.

Calculate the base shear for the whole system.

Calculate the yield force for the primary and secondary system.
Select the plastic mechanism.

Distribute the yield force vertically on the primary and secondary
systems.

Size the yielding elements.
Capacity design the non-yielding elements.

el i

N o

=» Able to achieve the target performances without iteration!!!

ASG, Auckland, New Zealand, 2017-05-02




Equivalent energy design procedure

J
e 1.0: Select the seismic hazards:

SaA
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Equivalent energy design procedure

J
e 1.0: Select the seismic hazards:
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Equivalent energy design procedure
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e 1.0: Select the seismic hazards: A
® S
F = m*Sa ? I[ . d;
M MCE_ _ _______ o0 ® 2~G*S
~ o - / )
ol o8 I,’ (Ref: FEMA 440)
~ « i

DBE L. N
— ~ \
N N \
A S \ C
Mo v G, Coefficient to
SLE N *change roof drift from
REN . \ SDOF 2 MDOF

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

J
e 2.0: Calculate the base shear:
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400

300
— mX m

F=m Sa AB, = E(Sa,SLE + 3, pge )(COSd,DBE _AY) 200

A 100

Conservation of energy: AEg, = AE,,

AE\ 5, = 7.AE 1

0

force (kip)

-100

-200

-300

-0.5 0 0.5 1 15
displacement (in)

~
S
S
N
S
S\
\
\ \ T is constant, once SLE and A, is defined.
\ FY - "*— ~

\ S :H ;7 A >3
\ =T=27 2% 42 r—

\ A, \ C
Suste =~ a N 0ty <

o >
>
CoSq.se = Ay CoS4 pre A=C0*Sd .

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

p
€
e 2.0: Calculate the base shear:
— k m
=m Sa AB, = E(Sa,SLE + Sa,DBE)(COSd,DBE _AY)
A

Conservation of energy: AEg, =AE, AE,,
= AEyy, =— |1
AEyp: = 72AE s i [ ]

a

F.+F
W - a1
2AE,

=[2] =|F, = —F
" 7/a(AP_AY) !

AF’ COSd,DBE
ASG, Auckland, New Zealand, 2017-05-02




Equivalent energy design procedure

¥,
e 2.0: Calculate the base shear:
— mX mC
F=m Sa . AEEZ:TO(Sa,MCE +Sa,DBE)(Sd,MCE _Sd,DBE)
A MCE .
Conservation of energy:
1
AEg, = AEp, = 1,AE\, = AE\, = —AE, [1]
S ~ Vb
\\\AENMZ =F. (Ay —Ap) -+ [2]
N
1
[1] :[2] = —AE, =F; (AU _AP)
Vb
=|A, =i£+AP
% Fe
\
\ \
\ \
\ \
\ \
\ \
\ \
\ \
>
CoSasie =4y Ap CoSy pre A, CoSq mce A=C0*Sd .

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure
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e 2.0: Calculate the base shear:

F = m*S,

mSa.SLE = FY

A

AB, = %(Sa,SLE + 3, pge )(COSd,DBE -4y )

AE,, =

mC,
2

(Sa,MCE + Sa,DBE )(Sd,MCE B Sd,DBE )

2AE,,

Va (AP _AY)_

_ 1 AR,

+A
% Fe ]

ASG, Auckland, New Zealand, 2017-05-02




Equivalent energy design procedure

L/

e 3.0: Distribute the base shear:
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A
F = m*Sa FY,PR + FY,SE EA_Y}: F [1]
A - A- (1-4) 1R
Foer tRse =Fe [2] i ndilalii ((1—5)) e (1-#) :
F A
Let A=—F; u=—"F;
e F, H A, j

Total structure

T T Secondary structure

e m e ——————— Primary structure

>
A, Ay A=Co*sd i}

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

/
€
¢ 4.0: Select the plastic mechanism (system dependent):
F
Moment connection (Typ.) L -
'/ Pin connection (Typ.) Flexural hinge (Typ.)
P:.% | Link (Typ) _ = Shear hinge (Typ.)
£ £ E
3 3 E
£ Beam (Typ.) g
5 @ ___“Fj Beam (Typ.) !
[
Link (Typ.) |
[
Pin foundation (Typ.) |
Pin foundation (Typ.) |
A L A
LC bay[ l MF bay I AU

. Auckland, New Zealand, 2017-05-02




Equivalent energy design procedure

J
¢ 6.0: Size the vielding elements: Link beams in LC bays

n
MOMENT CONNECTION WeXt = Z F"nk,i (hi (9p )
i=1

/R

TO LINK COLUMN (TYP.)

W, = z_zn: BV, (€6,)+ BV, (¢9,)

W, =W :>)f/pi Fo il =V e/ (zgﬁ +ﬂ1j

LINK BEAM (TYP.) Zn: Fi h
V, =—= +«— Shear demand at roof
9(22 b +ﬂ1j
-— FY,PR =

Assume no Vi =BV, |+— Shear demand at it floor
gravity load

on LC bay! Capacity | Vi capaciy = 90.6F,dit, = BV,

/\ a é\l\/l N
Check the link is shear controlled: 1 5‘/.0. capacity 2;*L - Strength hardening .

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure

J
¢ 6.0: Size the vielding elements: Beam hinges in MF bays
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/ Moment hinges

° oo
° o1®
° o®
A A A A A

ASG, Auckland, New Zealand, 2017-05-02



Equivalent energy design procedure
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L/

¢ 6.0: Size the vielding elements: Beam hinges in MF bays

Plastic mechanism

Wext - il |:beam,i (hl ep )

O\)gravity
d L
it ol ool ot e 3' T c ______ % Wint :ZﬁlMpr_'ep
I Mpr I Mpl‘ I i=1 L
I I I
I Lo I
T e o
[ ! y 1
| lo—==—-- —3—-’--6— ————— o | 3% beaml | ZﬂM
! M. | M I
Lo o B R Lo
I Ogravity | I Moment demand at roof
L L I
i I I
'lO _____ '3' T 'C' _____ ol Z beam,i |
I PiMer l' PiMor l’ = M pr — |_ n
I I I —
I eP 1 I L Zﬁl
I I i=1
A A Moment demand at ith floor
- - M pi - ﬂl M pr

ASG, Auckland, New Zealand, 2017-05-02




Equivalent energy design procedure

p
\V
e 7.0: Capacity design the non-yielding elements: (Exterior column in LC bays)
f{i The column tree is not in equilibrium =» need to find the
o F. “equivalent” lateral force profile to keep the column in
— VY equilibrium.
n e e n
vt ZMAZO :;aihiﬁzivm[z;ﬂﬁﬂl)
aiFL “T @ik n
—_— Vo (22 B+ ﬁl)
=F = .
Vo > ah
o F =
h| ——— Vv )
| i =X n( —) ; Wheni=n, ., =0;
V;i* Z_];(ﬂl _:Bi+1)
Vs "

T Support needed to be capacity designed.

ASG, Auckland, New Zealand, 2017-05-02
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Prototype building

3-storey LCF building designed using EEDP

W16X67

W24X104

W27X161

13 , W21x73 W21X73 o 3 W21x73 W21x73 o L3
L) —
3 |8 C . 5 3|8 < 5 3|85
> x Pin connection (Typ.) x X x % %
— o~ — — [n] — e
= = = = = = <
L2 |, W24x94 W24X94 o L2 |, W24x94 W24x94 o L2
12 § E § L2 § E Moment connection :G: 12 § )
3 z et g/ (y) e
o~ " ~ ~ m ™~ ™
= = = = = = =
L1, W27x94 W27X94 o LL L W27x94 W27X94 ol L1
5 a o o o o b
11 |= Q ; L1 Q Pin f A Q L3 = W12X45 INEEE E?
E 5 g S in foundation (Typ.) S 12 = W10XT7 E E m
= = = 2 = L1 = W10X88 = 3
L1 L1 L1
N Fa
|5-0"] 26'-3" | 26'-3" |5-0"] 26'-3" | 26'-3" |5-0"]

ASG, Auckland, New Zealand, 2017-05-02
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Prototype building

3-storey LCF building designed using EEDP

W16X67

W24X104

W27X161

13 , W21x73 W21X73 o 3 W21x73 W21x73 o L3
L) —
3 |8 C . 5 3|8 < 5 3|85
> x Pin connection (Typ.) x X x % %
— o~ — — [n] — e
= = = = = = <
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12 § E § L2 § E Moment connection :G: 12 § )
3 z et g/ (y) e
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High-performance structures

/ Pushover Curve

= CE

Steel Linked Column Frame S G e e s e

N

o
»

o

A, = 0.5; A, = 2.0;

o
N

Base Shear Coefficient [-]

o

o

- e e |
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High-performance structures

TSteeI Linked Column Frame (DBE = 10)

Ground Acceleration ]

w o b NoN OO

=

PR e U P P RS e P DU DU P~ | R P PSR iyt L g PR PO N PR ,s - PR S P PR DO PR T S P PR PP S PR PO P U, v PR RO S DTN, s - Sr PR PP P PR o

e e e e e e e ey e e e ey iy o e U o Sy =it B ey = ey ey Sy e S g

ASG, Auckland, New Zealand, 2017-05-02




High-performance structures

TSteeI Linked Column Frame (MCE = CP)

o

|
=]

Ground Acceleration [g

S
T T
—— .53;. _____________________________________________________________________________________

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

L/
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DBE'

500 2><1[]

BasForc(88,2)

|
5 5 MatSig(100,11z)

i |
04 03 0.2 0.1 0 01 0.2 0.3 04 05 0.6
BasDefo

4 i i i i i i i .
A - - .04 -0.03 .02 L.01 0 0.01 0.02 0.03 0.04
BasDefo MatEps

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

p
€
3 i I i 0 E
Immediate Rapid return B DBE
occupancy P | @ MCE
«—> € Sie >
! [ 5
| Collapse prevention
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High-performance structures

Buckling Restrained Knee Braced Truss MF (BRKBTMF):

A A A A

M Univ. of

e Michigan

King Mongkut’s
Univ. of Tech.

== UBC

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

Buckling Restrained Knee Braced Truss MF (BRKBTMF):

o —

e
" . e \\ 1/ S
— A A =
S\ Ve ? = 3
£ =
- “ NAEFAN
g A
== [T U m - X | — -
- smE=—% \
5 /r _/. =
= - P — - 1
— 4 % || H
oL L) d
e 2 F- | ] = =
_} " -

M Univ. of

2\ King Mongkut’s
e Michigan

Univ. of Tech.
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High-performance structures

Proprietary

Buckling Restrained Knee Braced Truss MF (BRKBTMF):

...................
crack propagation

/Steel bolt (Typ.)

Restraining plate (Typ.)

Yielding plate

See detail (e) ,~Top chord
./ (y)

e
angle
PaE= =i A
WW a1 X gonslweh
TTTTTT Horizontally
(Typ.) slotted hole
Bl ,\\ (Typ)
Gusset plate

Steel column

A

M Univ. of

e Michigan

=n=| UBC

ASG, Auckland, New Zealand, 2017-05-02



Force-deformation response of BRB

I
ﬂ_ : » —————
Propnetary collars for ol . 7 ——::—;-‘—t
P V W 'Ii ” ! ‘
[{
' / / ”v.
[ ! ’” ,

—— Exp. (Merritt et al., 2000)
= = = Calibration Model

Radiused copes minimize
crack propagation

Normalized Stress ¢/cy [-|

A Stress
25 2 15 -1 05 0 05 1 15 2 25

+
Omax Brace Strain [%]

OpenSees model
P n

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

L/
Lateral System — multiple performance objectives

- o TRUSS (TYP.)

BN

/R

Immediate Life Collapse -

—

Occupancy Safety Prevention 7
(10) (LS) (cp)

SECONDARY FUSE
FLEXURAL HINGE
(TYP.)

LIS I

(Sa)u 77777 - —i— =

(Say (- - - -

Pseudo acceleration, Sa

PRIMARY FUSE
AXIAL HINGE
(TYP.)

|
|
|
! |
| |
Ay Ay Au BOLTED PIN

Roof drift ratio, Sd/H = A FOUNDATION
(TYP.)

Pushover analysis

0.35

0.3

]

= 0.25 e

0.2 .

0.15
+ 1stfloor BRB

O 2nd floor BRB ||
O 3rd floor BRB
0.05 ; X 1st floor beam ||
O 2nd floor beam
WV 3rd floor beam

0 1 2 3 4 5
Roof drift ratio [%0]

Base shear/Weight
\

ASG, Auckland, New Zealand, 2017-05-02



High-performance structures

SLE

T

©
\‘

—Target spectrum
=-Median spectrum
Individual spectrum
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Pseudo acceleratio, Sa [g]
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High-performance structures

A
\J
3 3 3
| | | | | |
| | | | | |
| | | | | |
- | | - | | - | |
o o o
9 | 9 D S E— 9 i
BRB 32 . 82 1 82 |t ]
| | | | | |
| | | | | |
| | | | | |
0 2 4 0 2 4 0 2
Median strain [%] Median strain [%] Median strain [%]
3 3 3
| | | | [ [
| | | | [ [
| | | | | |
MH 5yl ! < I X 5
S | | ke | | S2 mmpvr
| | | | | [
| | | | | [
L i , Ll I R P T—
0 0.04 0.08 0 0.04 0.08 0 0.04 0.08 .
Median rotation [rad] Median rotation [rad] Median rotation [rad] .
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High-performance structures

/ Lateral System — multiple performance objectives

/R

g | Y o B
© ::—j I 15
L (@)
= 21 18

! I o !

| | |

| l |

¢ l l

| l |

| | |

0.0 Ay 0.5 1.0 Ap 1.5 AU 2.0

Roof Drift Ratio [%]
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High-performance structures cisc B¥ icca

Hybrid simulation testing
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BRKBTMF
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High-performance structures

/
¥ BRB MH
150 T : i 1500 - ;
100 * 1000}
X —
= 50 £ 500f
SLE < . 4
o — Or
g 5 /
50 § 500
=
-100¢
-1000¢
R TY 0 05 1 4k , , ,
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100 1000
— 50 £-- 500}
g &
DBE = , =
8 g 0
2 :
-50; S -500f
=
-100y -1000}
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1000r
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3 =3
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UBC-GTS Smart Modulus Structure

 Light weight
« Fast construction
« Earthquake resilient

/R

GEORGE THIRD & SON LTD. N

AFTSMEN SINCE 19

ASG, Auckland, New Zealand, 2017-05-02



Summary and conclusions

/R
\d

# Earthquake is one of the most devastating natural hazards.

# Advanced technologies both in simulations and
experimental testing have been developed.

# Novel resilient structures are being developed.
# Lower initial cost:
# Not significantly affected by the architecture layout.

# Higher structural performance:
# Lower structural demand (floor acceleration and
ISD).
# Lower repair cost and downtime.

# Together, we can develop high performance structural
systems that is more economical, efficient and robust —
towards future earthquake de5|gn —
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Thank yoQ@estyon? attention!

Tony T.Y. Yang, Ph.D., P.Eng.
Professor, Executive Director
International Joint Research Laboratory of Earthquake Engineering
Email: yang@ilee-tj.com; yang@civil.ubc.ca;
http://www.civil.ubc.ca/people/faculty/faculty-yang.php —
http://smartstructures.civil.ubc.ca/
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Professor, Executive Director
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# Email: yang@ilee-tj.com
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Vancouver, Canada
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# [ look forward to welcoming you to" ;' ”

# Prof. Tony T.Y. Yang, Ph.D., P.Eng.
Email:
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