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RS — A2 DA

Beam Total deformation

of the structure :
Column
A =Ae + Ap
Plastic hinge
./

Ae = Elastic deformation of
beams and columns. This
could be over 1/200 inter
story deformation angle.
Elastic deformation is too
large itself.

\—Ap = Plastic deformation of

I : caused by yield hinges
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Building Structures  Primary Structure Seismic Members

(Support Vertical Load) (absorb earthquake energy)
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Beam
/ |_| Total deformation
— of the structure :

IlDamper A= A= Ad

N

Af = Elastic deformation of
beam and columns. These
structural system could
deform elastically until 1/100
inter story deformation angle.

A\ Ad = Elastic and plastic deformation

of dampers
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Old concept and New concept

Elastic Inelasti
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Weak N A AN e Braced
Columns . % x 1. a Structure
Structure : ' '
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Story shear of Individual Frame

Total Shear of a Story

Brittle

frame A

frame B frame C

Total Shear of a Story

Story Shear of Individual Frame

Ductile

frame A frame B frame C
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Static response
Columns | Dynamic response
cV3 cVs
Ds

Structural Configuration

H
!
/

cV1

/
/ D3
cV2 cV2
7% No Brace D2
cV1i
% D1

will occur.

Too large deformation

\

34
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Earthquake Response of
Moment Resisting Frame

Biffst 2/ERhETIEMES
ik



Static response

Structural Configuration Columns | Braces Dynamic response
cVs BV3 cV3+BV3
e
D3 '\ 4 D3 D3
cV2 BV?2 cV2+BV?2

cV1+BV1V

cVi BV1VL
Large deformation /
will concentrate / D1 \\j{ D1 A D1

to one story.

Earthquake Response of

Moment Resisting Frame with Ordinary Braces
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Static response
Structural Configuration Columns | Braces Dynamic response

cVs BV3 cV3+BV3

e
D3 _/ D3 Ds

cV2 BV2 /— cV2+BV2

. J D2 D2
\\ cV1

cVi+sV1
Very good seismic D1 D1 D1
performance

‘g—
Z

Z

AR

Earthquake Response of

Moment Resisting Frame with BRBs.
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Concentrically-Braced Frames in Earthquakes

Kobe, January 17, 1995

e L g |
5 ad

Photos: EQE International
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Concept of Buckling Restrained Braces

Unbonded Brace Conventional Brace

mmmmm——————

Stress

. ) Compression
Compression

Deflection Deflection

I'ension l'ension
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Components of Buckling Restrained Braces

Core Plate , Core Plate

N

N

Vi

Unbonded

Material
B

— Buckling
— Restrained

Braces

AN

&)

DN
w

Steel Tube ﬂ’\ Steel Tube

Steel Members subjected to
Compressive Force

Axial strength of cross section is
Maintain stability of member by

In the case of ordinary compression
member, there is interaction between
and

We can decouple between and
the case of UBB using and
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Basic Equation for BRBs

Ne /N, >
in which
Ne = 2 El/I2
N, = Aoyieig
we use a= 1.5
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First Tests of BRBs in Japan were carried out
in 1987 at Kanagawa University
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4.5 or 3.2
1=
l‘ 2!:!11%[(]}100 4.5 No.4 [(J-150XT75%4.5
.2 150X 100%4. : .
No.3 [F150X100%3.2 No.5 [J-150XT5X3.2

No.1 [-150X150%4.5 0.

Pe/P,=1.39 Pe/P,=0.72

PelPy=353 Pe/P,=1.03 Pe/P,=0.55

Section of 5 Specimens
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Joint Detail around the End of Brace
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P/P,=3.53

P¢/P,=1.39

P¢/P,=1.03
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Middle rise

Concept of the system

steel huilding /

&>

\. Loading beam

specimen

{&—>Earthquake

&
Shaking table

pend Ium\

weight

specimen
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5‘--: Column Loading Beam

Dlsplacement
Jfauge holder

' hakmg table
- *——-m
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Beam |

- Welght --!

’l‘h Balance Welght |_

T, - -—_— l‘
Safety device
- & Base frame ar = §




M.R.F.1

M.R.F.2 with Damper

Section

Column member

Weight ratio of M.R.F.

1.00: 0.80
150,,,P,kN),,,,,,,,,,,
i ( MR.F.2 ]
] with damper ]
100 35»:”’::-
7/ MR F.1

damper_]

7~ WRF.2

50F

25 50 75 100
6 (mm)




M.R.F.1 M.R.F.2 with damper
P(kN) Kobe Level 1 P(kN) Kobe Level 1
150 ‘ ‘ 150 : :
100 | ] 100 L i
50 t 4 50+ ]
0L ] 0L ]
-50 1 4 -50 + 4
-100 4 -100 | i
1 | | | 1 ‘ | |
5E)100 -50 0 50 100 59100 -50 0 50 100
6 (mm) 6 (mm)
(125) (150) 7 (150) (1/25) (1/25) (-1/50) (L (WS0)  (1125)
M.R.F.1 M.R.F.2 with damper
P (kN) Kobe Level 2 P (kN) Kobe Level 2
150 150 . . T
100 100 ]
50 50 1 ]
0 0L ]
-50 50 | ]
-100 -100 - ]
__ range over
B T R S 50 100 =00 50 100
6 (mm) 6 (mm)
(1125) (-4/50) 1 (1150) - (1/25) (1/25) (-1/50) ' 1 (1150)  (1125)

—Specimen —— damper

— M.R.F.2




Maximum displacement Maximum shear force

El Centro
. Level 1
Hachinohe
Level 1

_ Level 2
Hachinohe
Level 2
Kobe
Level 2
0 25 50 75 100 0 20 60 100 140

| & |max (mm) | P|max (kN)
B M.RF.1 HE MR.F.2with damper
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Osaka International Convention Center

2009710121
Courtesy: Arup

“Damage tolerant” structural design concept
$420 million project, completed in 1999
721,000 s.f., 13 + 2 stories, h = 300 ft.

370 braces, largest 73 ft, Py = 1200 kips

M= AR oL
Ly

Toyoia Stadium




Nippon TV Headquarters, Tokyo

* 1.4 million s.f., 32 + 2 stories, h = 630 ft.

* 68 braces, L = 60 ft, P, = 2400 kips

We, structural engineers,
have a mission to make
the world better place to live.
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R@searches on Steel Structures
in NCREE

#= 542 Keh-Chyuan Tsai
National Center for Research on Earthquake Engineering

Rl 7 B1 ##F 7 ¥ & (NCREE)

Dept. of Civil Engineering, National Taiwan Uninversity
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__Major Facilities in NCREE __

Reaction Walls at NCREE
(15m+15m+12m+12m=180 feet)

Strong Floor &
Reaction Wall

arge or Full Scale Structural Testing

-5

Axial Force (x 1000 kN

b;blob
= -




Peak Story Drift = 0.015 radian
Bl T R L. RS

# Ry
1 N
. N
e N

Earthquake Engineering Simq"__l_at-iéci)ﬁxh
Examples |

Shake Table Tests

Cyclic Loading Tests

Pseudo Dynamic Tests

Numerical Simulation Platforms
Substructure Hybrid Tests
Multi-sited Networked Hybrid Tests
Field Tests




Hybrid Simulation Tests
Pseudo Dynamic Tests

Substructuring
Techniques

Hybrid Simulation Tests
Pseudo Dynamic Tests

Ground
accelerations




o (NCREE/Taiwan)
nternet-based
Imulation on

arthquak
ngineering

Networked Earthquake
Engineering Simulation
NEES (NSF/USA)

Multi-site Distributed Hybrid Simulations
—

Transnational Experiment

Characteristics of the experiment:
* Bi-lateral

* Transnational

» Hybrid facility systems

» Hybrid scale factors

Option 1 : Numerical Simulation
Option 2 : Hunan Univ.

Carleton P2 P3
1/5 scale NCREE NTU
2/5 scale 1/5 scale




Distributed Hybrid Testing of
| a@ Multi-Span Bridge

CU (1/5 scale) NCREE (2/5 scale) NTU (1/5 scale)

Earthquake Simulation:
NUJPjerICGU Computations and V|suaI|zat|ons
PISA3D, VISA3D, GISA3D

Object-oriented Nonlinear Structural
Analysis Software

Platform of Inelastic Structural Analysis
for 3D Systems

R2X0

Education Edition

National Center for Research on Earthquake Engineering



Nonlinear Elements

Nonlinear Materials

0’ Elastic unloading
before fracturing

— Degrading
— BilinearElastic
Superposition
05,10
,ﬁi
\\
Un\oadlkng factor
after fracturing

Strain




|11 END

Sub-structural Pseudo Dynamic Test
_|on the Full Scaled 2-story BRB

http://substructure-brbf.ncree.or GISA3D Visualization




Experimental Setup

Benefits
Full Scale
Cost Effective ‘
Real Demand/Real Capacity

Requirements
A good substructure specimen
A good analytical model
A good test bed
A good set of boundary conditions




Sub-structural Pseudo-Dynamic Tests of

http://exp.ncree.org/spsw/

Application: Two-story X-brace and
Inverted V-brace CBF




~Test 1

I£hase | (HSS-8t):
Braces: (A500)
Gusset plate connections:

Elliptical L
Clearance /7 .#

t=thickness of gusset plate

~Test 3

I£hase I (HSS-2t):
Braces: (A500)
Gusset plate connections:

t=thickness of gusset plate
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NCREE’s Participation in the 2007 N
E-Defense Blind Analysis for A Full-Scale"!"
4-Story Steel Moment Resisting Frame B

] - - ) e
. : e [ o Y
s >, S

g~
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—
-
-

s =

ab: concrete material

Bilinear joint __keel. Bilinear material

element & rigid‘
end offsets

: ' Elastic rotational
7 S
Elastic beam- ' spring
column element




i —Refined model: PZSlab

c1 &1 Cc2 &1 Cc1

B —»
Y

G| < | <~ | £~ | <~ |G11| 6000
G12

C1 G1 c2 ©1 c1

>
1 5000 2 5000 3

L
—M—\-—-_—-

Reference axis of the
composite beam

i _ Refined model: PZSlab

~ 0.55F,t;d,d,

M —
)
H

M,




Number of Participants

® 47 teams from 7 countries in total
(7 teams participate in both 3D and 2D analysis.)

Table : Number of Participants

Country™.Category | 3D-R 3D-P 20-R 2D-P TOTAL
Japan B 5 4 i 17
Uus. 6 5 2 2 15
Taiwan 4 0 4 0 g
China 1 1 2 0 4
N.Z. 0 1 0 0 1
Italy 1 0 0 0 1
UK. 0 0 0 1 1
TOTAL 18 12 12 5 47

3D: Three-dimensional Frame Analysis 2D :Plane Frame Analysis
R:Researcher P: Practicing Engineer

It

Ok T 4 4 (steel plate shear wall, SPSW)
! T T Level 4

" \

Level 3

Horiz;)ﬁr;tal Boundary Element (HBE)
IR S (BT R )

Web Element

e et

Level 1

Vertical Boundary Element (VBE)
WEGEFR R | IR




{1

Ok is 218 7 4 12 B 36 & & ¥ (fishplate) & &

corner cut-o

Ny

1 edge of infill panel

edge of fishplate

¥ fishplate
! infiII panel
bolt
e Center
z Line

beam or column
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shear yielding
compact plate

non-compact
Jplate

plate slenderness ratio (h/t,)

F¥ 48 = £ Tension Field Action

® After buckling in shear, the
thin plate behaves in a
manner similar to a
serious of trusses. The
tension force carried by
tension-field action.

® By allowing the infill plate
to develop diagonal
tension field action, and
then dissipate energy ~
through the cyclic yielding '
of the infill in tension.
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‘ Elastic region
Elastic region

JHE™ Tt

P4 ER

(1) 4 Fe £
(State-E) |O#¥ £
(2) J5%8A~ 4o "% &
0.3~0.5% Rad. -
D EEPEETR| S swreriy
0.5~0.75% Rad. state-£ |
@BiEREEpE | |9
1% Rad. Y4
) Lk & g Sy ©
2.5% Rads. :




Test Program

\ ) CY
®Four 2-story SPSW specimens
®Story height is 3250 mm and the width is 2140 mm
O®All panels are 2.6 mm thick LYS100 steel
®Key parameter is the boundary element size
®Cyclic loading tests up to 5% radians roof drift

Objectives
e Column Capacity Design

e Narrow SPSW
e Restrained SPSW




Specimen Design
® Plastic hi_nge Yiel:ding of panel

s T

Specimen N §Specimen RS §SpecimenS §Specimen CcY

Normal BE {R-SPSW with iSmall BE ;Column Yield at
‘Small BE ithe column to

“Comply with”{* Comply with” i f“Comply with”
the capacity ithe capacity ithe capacity
design idesign ithe capacity idesign

; idesign :

Restrainer Detalls




Deformation Relationships

Story Shear (kN)

Story Shear (kN)

6-4-202 466-4-202466-4-202466-4-2024°F¢86
Story Drift (% Rad.) Story Drift (% Rad.)  Story Drift (% Rad.) Story Drift (% Rad.)

Specin
7
7

Specimen N __Specimen RS
'




Plastlc Hlnges at the Columns

Spemmen \ Specimen RS Specimen S Speéimen CcYy







NIPPON STEEL ENGINEERING

2009 Oct 09
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Core Pacific City . Taipei, Taiwan (» & - 5> 544)

Structure System

14 Storey above grade
- Retail and Entertainment

7 Storey below grade
- Retail, Parking and Services

Total Building Area : 200,000m?
Focal point - 11 stories sphere

60m diameter
- Support on only 4 columns

Dual Lateral System of Steel Special
Moment Resisting Frame with TADAS
Brace Frame

Perimeter Moment
TADAS Brace Frame Cores

Sphere carried by 4 Mega Columns
(2mx2m)

2 storey truss between Level 5 and 7
Level 2 to 4 hanging below
Level 9 to 11 on column above

Link elements between sphere and main
building form Level 5 to 10

Dual system with sphere Moment
Frames




Triangular Added Damping and Stiffness ( TADAS )

il

a1 1 T

]

The device consists of a series of triangular plate welded to a base plate under a
beam above. The foot of each plate is detailed such that it can transmit only lateral
forces to the brace below. No vertical load is carried in the device.

This arrangement has proved to be very predictable in testing.

Typical examples are capable of attainin% rotations for in excess of those
corresponding to code based seismic drift limits.

SAP2000 — 3D analysis model

X.Direction Pull Over

Story Shear (KN)

By
= °.°
000 002 004
Inter Story Drift (m}

¥-Direction Pull Over

Story Shear (KN)

EEEEE

0.04
Inber Story Drift (m)

TADAS yleld Beam first yield

Drift Ratio Li 0.014 Column first yield

Static Pushover Analysis




CEC Headquarters Building. Taipei, Taiwan
(frerfe~fg - 28> o)

13 Storey above grade
4 Storey below grade
Building Height : 60m

Total Building Area : 17,572m?

_ Structure System

FAILHTE R




Floor Beam Failure Mechanic

P

- The New Taichung City Government Building. Taichung, Taiwan
(o@ @ 5& X

T

_ =
B aa -

10 Storey above grade - Office

2 Storey below grade - Parking and Services

The assembly hall “cube” and the grand opening at level 4 are the
focal points of the building.

The “cube” and the 67.2 meters opening are supported by story-height
truss system spanning 67.2 meters between two brace core.

Total Building Area : 120,000m?




Design Concept

4 Brace Cores
Two dimension roof truss system

Dual Lateral System of Steel Special Moment Resisting Frame with
Buckling Restrained Brace (BRB)

Structure Plan

11 @ 8.4 m=92.4m




J—Bracedcﬂre Moment-Resisting

Frame System
Roof Truss System
o—— Le=E s 4

=]
st
T

[T u

't

Construction




3D Analysis Model

Original Model Brace Core

--- MF - Original
= = MF - New

Eigen Value Analysis

Mode-1 (X) :
1.643 sec ( Original )
1.600 sec ( Modify )

Mode-2 (Y) :
1.301 sec ( Original )
1.256 sec ( Modify )

Mode-3 (Rz) :
1.296 sec ( Original )
1.247 sec ( Modify )




Far Eastern Ban Chiao Office Tower. Taipei, Taiwan
(BAFMHFES <1 - o8 Ff)

50 Storey above grade
- Retail, Parking and Office

4 Storey below grade
- Retail, Parking and Services

Building Height : 202.6m

Dual Lateral System of Steel Special
Moment Resisting Frame with Buckling
Restrained Brace (BRB)

Total Building Area : 108,000m?

Structure System

Outrigger Truss

Brace Core
oot i

1 Momnt Frame




~ Structure Plan

ical Floor

T

_ Structure Analysis

Drift Ratio under Wind Load
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ua Nan Bank Headquarters Building. Taipei, Taiwan
(EesREREFL TR - 2F o)

27 Storey above grade
- Banking and Office

2 Storey below grade
- Parking

Building Height : 154.5m

Dual Lateral System of Steel Special
Moment Resisting Frame with Buckling
Restrained Brace (BRB)

Total Building Area : 52,000m?

' Design Concept

9m 13.5m

9m 10 @ 4.5m

12 @ 4.5m

6

2@9m

chitect Design Concept Elevation Outer Moment Frame Brace Core &
Outrigger Truss




 Structure System

Outrigger Floor

_ Structure Analysis

Drift Ratio under Seismic Load Drift Ratio under Wind Load




Study Analysis

Outer Moment Frame System

Eigen Value Analysis

Mode-1 (Y) : Mode-2 (X) :
3.7 sec ( Model-1) 3.48 sec ( Model-1)
4.1 sec (Model-2) 3.58 sec ( Model-2)

Brace Core

Study Model - 1

Study Model - 2

Mode-3 (Rz) :
3.18 sec ( Model-1)
3.35 sec ( Model-2)




~ Chinese Culture University. Taipei, Taiwan
("R~ FHTAE - SF o)
8 Storey above grade
4 Storey below grade

Mix-use g?/mnasium with
basketball arena, swimming pool
and supporting facilities.

Total Building Area : 55,000m?

Design Concept

~O

Trrrrrr

The elliptical floor plate is 50 meters by 75 meters.
4 steel mega columns.
Brace frames in X direction.

Mega frames in Y direction.




Structure System

Composite Action

Tension member

15m| TENSION &
COMPRESSION

Compression member

TENSION : STEEL BEAMS & SLAB
COMPRESSION : ARCH MEMBERS




' Design Criteria

Design Level 1
Earthquake (Code Design)

Qualitative
Performance No Damage
Level

Gravity Load
System including
Main Arches
and Columns

No Damage

BRB Devices
Performance Elastic

Allowable Story
Drift Ratio

M.F. Beam
Performance Elastic

Level 2
(Code Design)

Repairable
Damage

No Damage

Ductility u<4

Rotation<0.01
radians

Level 3
(Performance)

No Collapse

No Damage

Ductility u<8

Rotation<0.15
radians
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Statistics of Seismically Isolated Buildings
in Taiwan (1)

E Applications of seismic isolation design in Taiwan have been extensive after

1999 Chi-Chi earthquake

E The latest statistics indicates that about 50 construction projects adopting

seismic isolation systems in Taiwan

~
b

23
Base

g .
£ 20 HMid-Story Isola:non
IS Isolation 47%)
£ (53%)
15
g AN
2
H
O 10
=
]
£

\ 4 _ _ _ _ _ __ _ _ 4 B
E 5 3 3 3
z

2002 2003 2004 2005 2006 2007 2008 2009~
Year

Number of Construction Project

B 48 construction projects

FPS SB

RB
(13%)

LRB
(82%)

Commonly Used Seismic Isolator
1. Lead Rubber Bearing (LRB)

2. Friction Pendulum System (FPS)
3. Rubber Bearing (RB)

4. Sliding Bearing (SB)

Statistics of Seismically Isolated Buildings
in Taiwan (I1)

Industry Factory Department Store
(4%) 2%)

Religion Structure
(4%)

Office Building
(6%)
School Building
(6%)

2%)

Medical Center

9%
6% Government

Building
(13%)

Historical
Structure

Use Classification

1. Residential Building

2. Government Building

3. Medical Center

4. School Building, Office Building
5. Religion Structure, Industry

Residential ~ Factory
B("S":‘:/")‘g 6. Department Store, Historical
Structure

Structural System

SRC S§ Masonry
13%) @%) 2%

(81%)

> 14 stories
(44%)

Story Number

1~4 stories
(28%)

5~13 stories|
(28%)




Statistics of Seismically Isolated Buildings
Worldwide

Seismically isolated ’Vi?r’d‘l'id(’ = =
civil buildings buildin o . el

: application of

seismic isolation

+— Qctober 2003, Yerevan,

drmenia (8 ASSISi Seminar) F e
=
SMF.;%E&‘ i , ELE= d
s ) [ : i 3
Wi

E

I appl: 1985 years '70s 1991 1985 1981 1994 1987
‘| 2700

oy

v June 2005, Kobe, Tapan UI!—TO—Date

(0 485T8T Seminar)

Iy isolated
civil buildings

2500

annn

I applicaric i i
1500 qﬁrr_,;:'_;" " . Japan (Over 3000 projects in 2006)
1000 :; ”k ) 'ﬁﬂm . Russia (550 projects in 2005)
carthguale)
500 O a——— i N A . China (550 projects in 2007)

okation frargy i kb st
i les e B s

. USA (200 projects)

Japan  Russis PRChes USA  Raly  Tawen Ameris  New
now 4.3 Zealand
— —

. Taiwan (About 50 projects in 2009)

LA ia, New Zealand and F
The 10th World Conference on Seismic Isolation, Energy g aiyh e iy 07 VR AR

1
2
3
4
5. Italy (43 projects in 2007)
6
Ik
Dissipation and Active Vibrations Control of Structures, 2007 E

. Canada, South Korea, Chile

Cumulative numises

. Turkey, Greece, Portugal and Cyprus

Domestic Building Seismic Design Code

F Design guidelines for seismically isolated buildings (1997)
F First official seismic isolation design code for buildings (2002)
F Current seismic design code for buildings (2005)
E Ch9 — Structures with seismic isolation systems
B Ch10 — Structures with passive energy dissipation devices
» Drawn similar to FEMA 273 and FEMA 356
» Analysis procedures and test requirements

E Under revision and update of the current seismic design code




Further Refinement of Design Code (I)

Structures with Seismic Isolation Systems

I Different design requirements - Different structural performances

B Structural elements other than seismic isolation devices remain
elastic

» Design basis earthquake
» Maximum considered earthquake
E Distribution of seismic forces along the height of the isolated structure

I Fire resistance rating for the isolation system

Further Refinement of Design Code (ll)

Structures with Seismic Isolation Systems
E Test protocols of prototype test

B Vertical Load - Lateral Displacement | _ REBMRER L
The Japan Society of Seismic
Isolation (JSSI), 2005

B Vertical Stress - Lateral Strain

F Vertical loading test requirements of prototype test
1200

—@— Loading
-~ Unloading

=
s
=1

Vertical Load (tf)

o 1 2 k3 4 B o
Vertical Deformation (mm)

E Bearings with similar dimensions and characteristics from the same
manufacturers have been tested in past five years




Applications of Mid-Story Isolation Design in Taiwan

E The isolation system is designated at the top of the first story of the building

{Office Building
’ g

searchBuilding 0 iC
erimg Department of NTU

Design Practices for Mid-Story Isolated Buildings

Classification of design methods in Japan
(dependent on properties of buildings and grounds)

Seismical ly isolated building

Taiwan

E Comply with the current design
guidelines for superstructure

E Substructure generates very little
interference

and class with |igmfaction
Ird closs

Grourd clbss

19t clmss
2rd class without liomfaction

E Nonlinear dynamic response
history analyses

Location of selsmic
isalation layer

B Design review by independent
committees

Japan O
Japan
E Nonlinear dynamic response

history analyses st R et || s e

wle. || desien resonse speotra

[Besgulations on durebi lity|| Repulations on durebi 1ty | [Regulat ions on durabi lity|

B Approved license




Motivation of This Study

E Mid-Story Isolated Building

EThe isolation system is incorporated into the mid-story rather than the
base of the building, often at the top of the first two stories in Taiwan

E As an alternative to base isolation design, mid-story isolation design can
ESatisfy architectural concerns of aesthetics and functionality
B Facilitate the construction in site
EUtilize the limited available space
EEnhance the construction feasibility at highly populated areas
E Major concerns for mid-story isolation design
EFlexibility of substructure
ElInteraction of substructure and superstructure
EHigher mode participation

E Further refinements are needed for the current seismic design code

Simplified Structural Model (I)

F Equivalent Linear Analysis
B All structural elements except isolation system remain elastic
B Isolation System — Equivalent Linear Model

F Base Isolation E Mid-Story Isolation
Simplified 2-Lumped-Mass Simplified 3-Lumped-Mass
Structural Model (Kelly) Structural Model (Proposed)

m
up Superstructure
Superstructure
csup’ sup

miso
Super-Floor| above Isolation System
Isolation System

mg, Sub-Floor below Isolation System

Base Floor
solation System

ksu B Substructure

NN NN N

Coubr




Simplified Structural Model (I1)

E Simplified 3-Lumped-Mass Structural Model

E Structure below isolation system (Substructure)

E Floor above isolation system (Isolation-Floor)

E Structure above Super-Floor (Superstructure)

Superstructure

=> Super-Floor

Isolation System

Substructure

msu}
k Story Drift
sup
csup
n. Mgyp 0 0 Vsub Can —Ciso 0 vsub
mISO mISO O VISO + O Ciso —Csup viso
k. ,
c’f” msup sup sup Vsup 0 0 Csup Vsup
m ksub _kISO 0 Vaub Mgy 0 0
sub
k + 0 kISO _ksup N =" 0 Miso 0
sub
Con 0 0 ksup VSup 0 0 mSup

ANONNNMNNNNNNNNY

Nominal Frequencies &

Component Damping Ratios

Superstructure

Isolation Layer

m suj

»
o = Koy Independent natural frequency of
ki T \mg, superstructure with a fixed base condition
@ Sy
& = Coup Inherent viscous damping ratio of
" 2e,,m,, superstructure

my,+m,,

Natural frequency considering total mass
of isolation-floor and superstructure

Siso —

= % Equivalent viscous damping ratio
2, (my, +m,, ) contributed by isolation bearings

L

m, tmg,¥mg,

Ogup =

Natural frequency considering
total mass of substructure,
isolation layer and superstructure

+mg,+m,,

i C,

Substructure

god Culll WL Inherent viscous damping ratio
20, (m, +m, +m,) of substructure

k., Independent natural frequency

Z(!)‘" o
s ok, | " Am,, of substructure




Modal Analysis

. . m, mg,,
E Definitions of mass ratios: r,=—" and r, =—"
m

iso

iso

F Eigenvalue problem — Characteristic equation: 1’ +al’ +bi+c=0
E Assuming o, ~ o,

E Neglecting terms o,,/o,, and o, /w,,, with power of higher than 2

First Modal Composite Damping Ratio c

2 2
1 + 2(1 v r“”l’) [ wi.\'ll ] + 2"‘”{’ wi.\‘ll
r.\'ull w.\'ub 1+ r\up w.\up

First Modal Participation Mass Ratio [ jz . [ o jz
iso B sub” sup iso

r.\'ub + 2(r.mh + r.\'up + 1)

1+r

sup

2 2
(1 +r +r ) rsub +2 wim + 2’/TW[’FS"IJ wim
sub sup 1 + 1 + 2
rxup w.\'ub ( rt\'up ) w.\'up

(0]

sub sup

Parametric Study

m m
Er,=—"%=1r, =—"=5
e e |::> To discuss effect of r,,,
— msub _ — mS"l’ —
Fop = - 2’ sup =5
miw miw

Vo > Vo |::> Mass absorber or building mass damper (excluded)
I wsub/wisn =3~40 and wsup /wiso = 3 ~ 40

E¢é,=¢&,,=005and & =02
B Effective period of isolation system is 2sec ( w,, =7 )
ES, =08 and S, =04 — Response Spectrum Analysis

E Complete Quadratic Combination (CQC) method




First Modal Natural Frequency

E Comparison between fundamental modal natural frequency and
nominal frequency of isolation system

, '(n,,,,,rmp) (2 5)

sup

Both nominal frequencies of substructure
and superstructure are much higher than |:> ,
nominal frequency of isolation system

First Modal Composite Damping Ratio

E Comparison between first modal damping ratio and equivalent
damping ratio of isolation system

”””

i
l”ﬂ' f'ﬂly,’l'la

’l/llll 1”,‘}, i

o, o, lo,, wp | O ,

sup iso sub

wsub/wiso f First Modal 1

» /w. \ |::> Damping Ratio
sup iso

mg, /miso f 51 ~ éiso




First Modal Participation Mass Ratio

F Variations of fundamental modal participation mass ratio

s t,) T (@55) O p)) =25
0.5 4 LT 09 . T
~ 0.9 \\\ % . 7 \
~ Mo, N
iy : 0.8+
0.85 : E '
0.8 i 074 :
46 s : 40 - =
40 40
10 10 10 10
3 2 3 3
wsup / wiso wsub / w,sa wsup / wtso wsub /wiso

w”"’/ ,, 4 First Modal Participation
Mass Ratio

msub /miso f

Higher Modal Participation Mass Ratios

F Variations of higher modal participation mass ratios

2nd Mode

Effective Higher Mode
= 2" Mode

(s Top) = (1 5) (s Top) = 255)

U

3rd Modal Participation
Mass Ratio =0

39 Mode - -
Effective Higher Mode

= 3rd Mode

02, (1) =155

015

-

U

2" Modal Participation
Mass Ratio =0




Higher Modal Natural Frequencies

E Comparison between higher modal natural frequencies and
nominal frequency of substructure

Effective Higher Mode
=2 Mode

U

2nd Modal Natural

20 — * BNy ¥ Frequency = ),
) 33 | w, 33 | o,
Dy / Wiy Wy, / W, Dy | iy Oy, | Dy
34 Mode Effective Higher Mode
N G, =5 ] = 3rd Mode
3rd Modal Natural

Frequency = @,

Phase Lags of Higher modes (1)

F Phase lag in 2" mode shape

Super-Floor relative to Substructure

Phase Lag ~180° Phase Lag ~180°

180,
. 1:2 Effective Higher Mode
| 1
A: 454 _ 2nd MOde
?f D,I(rsub”:wp)=(1,5), 3
&0 .30 . e : i .
X e 2 0
D /oy, 23 o, o,

Phase Lag = 180 degrees

Superstructure relative to Substructure (Super-Floor —Substructure)
(Superstructure— Substructure)

Phase Lag ~ 180° Phase Lag ~ 180°

~ ~
5 3
@ 135 <13
S S
I g0 ‘ | a0
~ | ~
5 454 3 454
< o s tu) =1,5) e o s t) =255)
e ol » S Y »
0 - e w0
0~ el S 0~ s ol
10 e -‘D 20 10 ~— -10 20

33 w,, /o o, o, 33 o, o

sub iso sup iso sub iso




Phase Lags of Higher modes (ll)

E Phase lag in 3" mode shape

Super-Floor relative to Substructure

Phase Lag ~ 180°

Phase Lag ~ 180°

180 4 g
%425 | 3 q .
S s Effective Higher Mode
5 8 S < 45l = 3rd Mode
< o S ~
S BN )= T D 0l ()= RS) T
30 " 40 R
20 o '-20 30 30 W .--20 30 0
0 = 10 10 5 10
g, / Wiy 33 (O / ;, g, / @y, 3 Oy / Oy,
Phase Lag = 180 degrees
Superstructure relative to Substructure (Super-Floor —Substructure)
(Superstructure—Substructure)
Phase Lag ~ 180° Phase Lag ~ 180°
A: 180 , A: 180 ,
35 135 ss 135
|M a0 (- o
< 45 3 45 /i
S s ) =(8) 7 S 0l (e, )= @S) !
ol =40 W T v =" It
B 2 0
DOy |y, 32 o, o, DOy lo, =23 0, o,

Summarized Dynamic Characteristics
of Higher Modes

er Mode : 2nd Mode
odal Participation Mass Ratio ~ 0
2nd Modal Natural Frequency = @,

Frequency ratio bandwidth i
the coupling of highe

wsup / wiso

er Mode : 3rd Mode
hrticipation Mass Ratio ~ 0
dal l; atural Frequency ~ @,




Inertia Force Response at Substructure

(g3 1) = (1,5) (Faups ¥p) = (2, 5)

30

! _:'1'3'-100)20/”) .3-3 10u):’ﬂ/w
sub | Piso sup ' Piso 'sub ! Piso Domlnated by the hlghel’
% 05 o og) = 1,3) s 08, (s Top) =2:5) mode responses rather
3rd Foe x5 than the fundamental
r = a2 <
307 3 mode response !!
Mode = , &
40 - =
Ty W T
. -
ww’,/m,.m1Ij e o, o, wwlluw Wesia 1 o, o,
(s 7o) = (1,5) s Tp) = 255)

"0 40

s 0 0 o A
3 3
o,, o, 3 o,, o, o,, lo,, 3

0,/
Oy | Oi,

Inertia Force (Acceleration) Responses
at Super-Floor and Superstructure
Super-Floor ( s

e, ) =09) oz at)=0,9) s
S

EE o MCE
L 0134

~ 0z

30~

-y - -
0T 10 0.~ 10
3
3 o, /o, 3 o, o,

20
1
y, / Wigo o, /wisu "
1st Mode Superstructure

(s 1) = (1,5) (s Top) = (1,5)

G& 014 . 014
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=, 0133 £ o013 »
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B Dominated by the fundamental mode unless the coupling of
higher modes occurs !!

B Significant response amplifications within the frequency ratio
bandwidth due to modal coupling effect (MCE)!!




Coupling of Higher Modes (MCE)

(P s m,,) (1 5) 40

35
S _ P 250

B . 30
Rr ; o 200

200 L o, ‘a': 25
[ : 1 : "2 20 150

. . =

; 2 45 100

i e St 10
30 T~ 40 %0

e 5

W 1

Difference of Higher
Modal Frequencies
=
(=]

0
40
., /a) 10 20 30 40
[2IE )
sub iso
E Modal natural frequencies of higher modes are almost identical

(o,~0;)
E Within the bandwidth (MCE)
EModal participation mass ratios of higher modes have rapid
and unstable variations

B Acceleration (inertia force) responses at super-floor and
superstructure are enlarged greatly

Adverse Effect Arising from
Coupling of Higher Modes

E Significantly enlarged acceleration responses at super-floor and

superstructure

(Fups Foup) = (1,5) r.)=@2,5)

sup
MCE

(rsub’

~ 20
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10 o ) ) I .
3 sub | Diso sup | Piso 33 sub | Pigo
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/ Diso 3

(0]
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Ratios of maximum acceleration responses at super-floor to PGA
(w,,, s,,,,) (1 5)

(P s Vo) = (2,5)
MCE ..
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~ 10
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Ratios of maximum acceleratlon responses at superstructure to PGA




Coupling of Higher Modes
due to Improper Design (1)

E @, is one root of the characteristic equation and o, Yo,

E The other two roots of the characteristic equation are identical

Standard forms of hyperbolas ~ Asymptote
, in the first quarter

2
Dot = (1 + Ui ) + rsubrsuﬂ - rsub - rwp - wsub = wsup 1 + rsup
wim ! wim rsub

: " (w-DU+r,) :
w su rSll . . . .

[] ‘(1+’m,,)[ ] o S If the equation is satisfied

wiw wisa rsub

) 4

Coupling of higher modes
occurs !!

Coupling of Higher Modes
due to Improper Desngn (1)

wsup / wlS0
wsub - wsup V 1 + rsup

Provide more useful and
meaningful information!!

wsub /wiso

Designed values of /o, and (O / Wy,
rarely fall in the rectangular area

[ Capable of accurately predicting the condition that MCE occurs

E Linear function

B Independent of ®,,, — Condition that MCE occurs is independent of
E Various types of isolation bearings
B Diverse mechanical properties of isolation bearings

E Different deformation extent of isolation bearings (linear or nonlinear)




Test Structures (l)

I Shaking table test, 2 test structures, 1/4 scaled down models
I 3-story steel frame - Substructure, Super-Floor and Superstructure
B Mid-story isolation system composed of 4 lead-rubber bearings

F Plane dimension: 3m (in the direction of shaking) x 2m

14ton(42)
P e TN
14tong42¥ T i
I 3
Specimen B|| §
Specimen A|| &
3ton(2)
LT I
Ston zz) = = .
I i g 5ton(10
= = LT Nl
g I © Mass Block I I
5ton(10) A
I T ] E Load Cell e 2m
O.SmI i L W Lead-Rubber Bearing | | |
— — 11 L1

Test Structures (ll)

Effective isolated period at design displacement of 55mm (7 ,,) = 1sec
Inherent damping ratios for substructure and superstructure = 5%

Equivalent damping ratio at design displacement of 55mm (¢&,,) =12%

__ﬂ = TLLLTEELTT :

Super-Floor

LRB
Substructure

Ground

Specimen B.




Design Parameters of Test Structures

Difference of Higher
Modal Frequencies

A typical mid-story isolated building

w/o “Modal Coupling Effect”

1+4.7)

Earthquake Test Program

o . Earthquake | Time | Shaking | Test PGA

Test Name Input Excitation Component | Scale | Direction | Value (g)
TAP097 Station 0.08
2002 Hualien Uniaxial 0.16
33ITAP097 Earthquake EW 14 X 0.24
Real Earthquake 0.32
TAPBAF Station 0.08
1999 Chi-Chi Uniaxial 0.16
92INCREE Earthquake EW 1//4 X 0.24
Real Earthquake 0.32
TAP097 Station 0.08
2002 Hualien Uniaxial 0.16
331TAP097code Earthquake EW 1//4 i 0.24
Artificial Earthquake 0.32




Acceleration(g)

Acceleration(g)

E PGA value is normalized to 1g (Time Scale = 1/ J4)

Ground Acceleration Histories

1999 Chi-Chi Earthquake: Intra-plate earthquake inside Taiwan Island
2002 Hualien Earthquake: Inter-plate earthquake around Taiwan Island

Time(sec)

N " 331TAP097
0 ——-—«»MWW \MWMM i AVmUlVW byt
05 ] . Wi 921NCREE
o 10 % ot M A ani Al
Timeg  ° [
) < 05 T
o aliclheklit e 0 40
0 W%WWMM ATV
W Ww WYY
* ML - 331TAP097code
o 10 20 0 4‘0

Measurement Instrumentations

No. Transducer Measurement ID Channel Number
1 Diap(l_?lgr?]r;gg;:ir::sﬂd)ucer Relative Displacement D 12
2 Accelerometer Absolute Acceleration A 24
3 Load Cell Axial Load and Shear Force 24
4 Strain Gauge Axial Strain S 32
Total Number 92

A2

Az

(o

{29

L




System ldentification — Specimen A

25 —
[ Superstructure / Ground 0.85 0.12 -bo1
[ === Super-Floor / Ground
20 — = Substructure / Ground
: 100 1.00 18/
o 15 -
= Higher Modes "Ju
% 0 I
[ 0.05
5 7,
15t Mode
0 -1 -05 0 05 1 -1
Frequency(Hz)
Mode 1 2 3
Period 0.98 0.14 0.07
Participation Mass Ratio 0.77 0.03 0.20
EThree modal frequencies are well separated
EThe effective higher mode is the third mode
System Identification — Specimen B
| Linear Deformation |
B 7T 080 00
i = Superstructure / Ground
[} Super-Floor / Ground
20 |- ": — = Substructure / Ground
4
", - 100 0.30
8 151 i Coupling of
E " Higher Modes
£
<C 10

2nd %ie

Frequency(Hz) . 1 1050051 -1-050 051
Mode 1 Coupled
Period 0.99 0.20
Participation Mass Ratio 0.82 0.18




Spectral Acceleration (g)

Response Spectra of Input Ground Motions

E PGA value is normalized to 0.32¢g (Time Scale = 1/ \/Z)

1.2
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Damping Ratio = 5%

— 331TAP097, PGA=0.32g
=== 92INCREE, PGA=0.32¢g
331TAP097code, PGA=0.32¢g
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=3
T

40 -

Spectral Displacement (mm)
S
T

— 331TAP097, PGA=0.32g
=== 92INCREE, PGA=0.32g
331TAP097code, PGA=0.32¢g

Damping Ratio = 5%
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Response Time Histories — Specimen A

F Drift Responses
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Response Time Histories — Specimen A
I Acceleration Responses
331TAP097-320gal 921NCREE-320gal
os L.Superstructure Superstructure Superstructure Superstructure
0 Mol b A
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1 Acc. |
5 10 15 . . 20 25 30
. Extension of Period
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Response Time Histories — Specimen B
F Drift Responses
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Response Time Histories — Specimen B

F Acceleration Responses

331TAP097-320gal 921NCREE- SZOgaI
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Video of Shaking Table Test - Specimen A
[ 331TAP097 320gal




Video of Shaking Table Test - Specimen A
B 921INCREE - 320gal

Video of Shaking Table Test - Specimen B
= 331TAP097 — 320gal




Video of Shaking Table Test - Specimen B

F 921NCREE - 320gal

F 331TAP097 — 320gal

Frequency Responses

Frequency (Hz)

150
Specimen A, FFT
o 100l === = == Ground Excitation
_g Substructure
£ Super-Floor 150
E" ——==Superstructur
< 50
% 100
£
oL E
< 50

Specimen B, FFT

== = = Ground Excitation
Substructure
Super-Floor
———— Superstructure

0 19

5
Frequency (Hz)

Significant frequency response at the coupled frequency (about SHz)




Comparisons of Test Results (1)

E Acceleration Responses

B Specimen A - w/o Modal Coupling Effect

Peak Acceleration Ratio Substructure Super-Floor Superstructure
PGA
331TAP097-0.32g 0.41
921INCREE-0.32¢g 0.65
331TAP097code-0.32g } 0.72

B Specimen B - with Modal

Peak Acceleration Ratio Supe::sérxcture
331TAP097 0.60
921INCREE 0.49
331TAP097code-0.32g } 0.86

Comparisons of Test Results (I1)

| Peak Drift Response Ratio | | Peak Acceleration Response Ratio
5 : 4

0. A | Speci B Al i B SpecimenA : Speci B i A | Speci B || Specimen A ; Specimen B
a :
0.4 é : 5 3 | é L L
® | 0
03 © 4 4 " = % )
a® 2 | f f
0.2 a & é 0 . B
: [}
: A © . B ; ) = o
= 1 [ LA L o B
01 [A ) s dal, °
é A A &8s o
0.0 ‘ 0
Substructure Superstructure Substructure Sup - Floor Superstructure
Isolation Layer Isolation Layer Ground Ground Ground
331TAP097: A PGA=0.08g A PGA=0.16g A PGA=0.24g /\ PGA=0.32g
921NCREE: ® PGA=0.08g O PGA=0.16g @ PGA=0.24g O PGA=0.32¢g

331TAP097code: M PGA=0.08g [ PGA=0.16g EIPGA=0.24g [ | PGA=0.32g

E Coupling of higher modes leads to higher acceleration response at super-floor

E Condition in which coupling of higher modes occurs is independent of
intensity of earthquake excitation

E Seismic responses at superstructure are almost not affected by flexibility of
substructure and coupling of higher modes




Following Experimental Scheme (1)
E Field Test Program at New Civil Engineering Building of NTU

EAmbient Vibration Test
EForced Vibration Test (Shaker)

Following Experimental Scheme (I1)

E MDOF models for superstructure and substructure
I Test Specimens
B Structural Model
> Base Isolation
» Mid-Story Isolation
B Bearing Type
> LRB
> HDRB
> RTB
E Supplemental Damping
» w/o & with Viscous Damper (VD)
B Shaking Direction
» Uniaxial Test
> Biaxial Test




Test Structures (l)

Effective isolated period at design displacement of S5Smm (7,,) = 1sec
Inherent damping ratios for substructure and superstructure = 5%

Equivalent damping ratio at design displacement of 55mm (&,,) = 20%
‘ - . fr

One-Story Substructure
Base Isolation Mid-Story Isolation

Two-Story Substructure .

Test Structures (ll)

I Shaking table test, 3 test structures, 1/4 scaled down models
B Mid-story isolation system composed of 4 high damping rubber bearings

E Plane dimension: 3m (X direction) x 2m (Y direction)

4
ROOF=11 i
4
f_ 4 . SUP-3 H—% e s
ROOF s 4 i § 4 ==
SUP-2 =11 it
4 SUP-3 =& i I 5 2
ROOF 47 i 4 B[ supajn T
4 SuP-2 £ Ty 6 %
SUP-3 H—% s ‘1 28| sup.t s 5 . z o §_1 B M —
SUP-2 H—5 - = 6 = Fl 6 ] .
5 2 | SUB-1 Bf———p-H— SUBZHH = A
SUP-1 {15 i
= g—‘ L, L o s
’—I'[J—" 3000 - == 3000 = = 3000 =
Specimen A Specimen B Specimen C

unit: mm, ton




Earthquake Test Program

E Time Scale = 1/JZ

Input Excitation PI; iiteﬁg:e Shaking Direction lé?)l;rtll;)((])lrlliﬁi {’(;S:ul;((;gl;
Chi-Chi/TCU047 300% Uniaxial X NS 1.19
Chi-Chi, Taiwan L. X NS 0.79
1999/09/21 200% Biaxial Y EW 0.6
El Centro/I-ELC270 200% Uniaxial X NS 0.70
Imperial Valley, U.S. L. X NS 0.52
1940/05/19 150% Biaxial o Ew 032
KIMA/KJIMO000 100% Uniaxial X NS 0.83
Kobe, Japan - X NS 0.83
1995/01/16 100% Biaxial = e 0,63

Acceleration (g)

s
-

Ground Acceleration Histories
0I8 Time Scale= 1/ \/Z

N
S
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e
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s
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s
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Acceleration (g)
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]

1
S
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()
<>
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Acceleration

-0.8

100% I-ELC270 (NS) |

100% KJMO000 (NS)

5 10

15
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Response Spectra of Input Ground Motions

E Time Scale = 1/\/2
4

Specral Acceleration (g)
N

Acceleration Spe ctrum (§=5%)

——200%I-ELC270
— 100%KJM000
-==-300%TCU047

Spectral Displacement (mm)
N
o

0 0.5 1 15 2 2.5 3

Period (se¢)

System ldentification
E 300%TCU047 Uniaxial Test

Specimen A B C

15t mode 0.71 0.82 0.90

Modal Natural Period 2" mode 0.10 0.11 0.22
(sec) Agreeable with effective period of isolation system

corresponding to experimental maximum deformation

TIXOCC X Py g UTOT

Modal Damping Ratio 2" mode 2.50 2.20 8.10

15t mode 17.90 16.70 13.70

| Less fundamental modal damping ratio in mid-story isolation design

4" mode no no 3.40

Modal Participation Mass Ratio 2" mode 0.01 241 14.96

15t mode 99.88 77.16 67.63

| More significant participation of higher modes in mid-story isolation design

4t mode | no | no | 8.52 |




Displacement (mm)

Response Time Histories (1)
E 300%TCU047 Uniaxial Test

Relative Displacement Absolute Acceleration
60 1.6
ROOF/\ —— Specimen A ROOF
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Response Time Histories (II)

E 100%KJMO000 Biaxial Test, Relative Displacement Responses
X Direction Y Direction
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Response Time Histories (lll)

E 100%KJMO000 Biaxial Test, Absolute Acceleration Responses

X Direction Y Direction
2
? ROOF, X Direction Specimen A ROOF, Y Direction Specimen A
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Comparisons of Test Results

Input Excitation 300% TCU047 200% I-ELC270 100% KJMO000
Specimen A | B | C|] A | B | C | A | B ]| C_
I
Maximum Deformation

43.0 | 45.1 | 65.1 | 33.7 | 38.5 | 53.8 | 48.3 | 54.5 | 58.0 |

of HDRB (mm)
ROOF | 0.39 | 0.59 | 0.42 | 0.53 | 0.74 | 0.61 | 0.5 | 0.51 | 0.65
SUP3 | 0.28 | 0.32 | 0.38 | 0.47 | 0.60 | 0.54 | 0.44 | 0.48 | 0.51
Ratio of SUP2 | 0.26 | 0.34 | 0.38 | 0.41 | 0.52 | 0.54 | 0.39 | 0.37 | 0.39
Peak Acceleration
Response to PGA | SUP1 | 033 | 0.48 | 0.37 | 0.47 | 0.66 | 0.51 | 0.40 | 0.39 | 0.48
SUB1 | no [ 097082 | no | 094|097 | no | 0.76 | 0.95
SUB2 no no 1.00 no no 1.27 no no 1.13

Peak Shear Force across
Isolation System (kNN)

Peak Base Shear (kV) 46.8 | 81.9 | 87.1 | 44.8 | 53.4 | 76.2 | 52.8 | 69.1 | 84.4

| 46.8 | 453 | 68.6 | 44.8 | 442 | 552 | 52.8 | 52.8 | 58.6 |

F Fundamental modal damping ratio may Maximum deformation of isolation
be significantly affected by substructure system is increased when isolation
F Higher mode participation system is installed at higher story

Displacement Response Vertical Distribution

ROOF T—
o .. SUP3 x
E 300%TCU047 Uniaxial Test l
SUP2 X
Specimen A >l<
SUP1
ROOF —#— Maximum Deformation /
of Isolation System SUB1 X q
Maximum Displacement X/ SpeCImen B
SUP-3
at Roof Ground L L |
—A— Peak Acceleration at -
Roof 80 60 -40 20 0 20 40 60 80
SUP-2 = ‘S’fﬁ;‘ ll’isl"“e'“e"‘ at Relative Displacement (mm)
Peak Acceleration at ROOF 2%
SUP-1 SUB-1 |
SUP3
Ground SUP2 *:
80 60 -40 -20 0 20 40 60 80 U
Relative Displacement (mm) SUP1 &
Drift responses at superstructure are | SUB!
really limited (i.e. behaves as a rigid | sus: Specimen C
body) regardless of base isolation or | Ground |

mid-story isolation design 80 60 -40 -20 0 20 40 60 80
Relative Displacement (mm)




Force Response Vertical Distribution (1)

E 300%TCU047 Uniaxial Test

Specimen A

Maximum Deformation of Isolation System

ROOF

Maximum Deformation of Isolation System

Peak Displacement at SUB-1

ROOF O Inertial Force O Inertial Force
SUP-3 L] St‘nry Sll‘ezr SUP-3 ¥ Story Shear
SUP-2
SUP-2 ‘ ‘ ‘ ‘ i ‘ ‘ ‘
SUP-1 SUB-1
Peak Acceleration at Roof Peak Acceleration at Roof Peak Acceleration at SUB-1
ROOF ‘ ‘ ROOF ‘
SUP-3 SUP-3
SuP-2
SUP-2
SUP-1
SUP-1 SUB-1 .
Peak Shear Force across Isolation System Peak Shear Force across Isolation System Peak Base Shear
ROOF ROOF
SUP3
SUP-3
suP2
SUP-1 SUB1 . .
60 40 20 0 20 40 60 80 100 60 40 20 0 20 40 60 80 100 -60 -40 20 0 20 40 60 80 100

Force(KN)

Force(KN)

Force(KN)

Force Response Vertical Distribution (ll)

E 300%TCU047 Uniaxial Test

AL

Specimen C

E Phase lag of 180 degrees
between inertia force responses
at substructure and
superstructure

B Inertia force responses at
superstructure are very limited
when peak seismic responses
occur at substructure

E Force responses at
superstructure are mainly
attributed to fundamental
mode response

E Contribution of higher mode

responses at substructure is
significant

Deformation of Isolation System

Peak Displacement at SUB-1

O Inertial Force
W Story Shear

Peak Acceleration at Roof

Peak Acceleration at SUB-1

|
|
[ L1

ak Shear Force across Isolation System

Peak Base Shear

-40 20 0

Force(KN)
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Force(KN)




Equivalent Lateral Force Design Philosophy

Structure above
Isolation System

=>

Superstructure@

Fundamental Mode + Higher Modes

Super—FIOOr T e P

S

Composite Damping = . 5
2+, 0, ), 2 (o,
Substructure+ (Hi"[&] +7ﬂ[“’7] ]

Ly \@y) 1%r,\o,

Modal
Superposition

“\“%lﬁ Struc_ture below
Isolation System

Elastic Design I ll:
T R N N

Higher Modes

Video of Shaking Table Test - Specimen A

BF KJMO000 Uniaxial Test




Video of Shaking Table Test - Specimen B

Video of Shaking Table Test - Specimen C

E KJMO000 Uniaxial Test




Conclusions

Mid-story isolated buildings should not be designed by simply considering
superstructure without any influence attributed to substructure

First modal composite damping ratio is derived based on a simplified
three-lumped-mass structural model

Fundamental and higher mode responses should be considered in
equivalent lateral force design procedure

Experimental and analytical results indicate that coupling of higher
modes results in undesired seismic responses

Access to guarantee mid-story isolation design against coupling of higher
modes is deduced

Existence of substructure leads to decrease of fundamental modal
damping ratio and participation mass ratio together with increase of
deformation of isolation system

Mid-story isolation design is effective in reducing seismic demand if
substructure and superstructure are designed appropriately

<THE END-
THANK YOU FOR YOUR ATTENTION




Distribution Methods for Damping Coefficients
of Viscous Dampers to Buildings

Jenn-Shin Hwang

Professor and Division Head
National Taiwan University of Science and Technology
National Center for Research on Earthquake Engineering

Force-Displacement Relationship

Fp ¢ No restoring force (effective
stiffness)

u ¢ does not change the frequency
Displacement Of structure

Linear Viscous + simple design method

¢ 90 degree out of phase between

u force and displacement
Fy =C|u|" sgn(u)
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Installation Configuration of Viscous Dampers to Buildings

Equivalent viscous damping ratio of buildings

7m , 9m  7m

--- linear viscous dampers sk

19@3.5m

< Infinite number of selections for Cj
+ not necessary to locate dampers at
every story

R
L
L




Frequently Asked Questions by Engineers:

Where to locate dampers?
How many dampers are Needed?

How much damping coefficient
Is needed for each damper?

Uniform Distribution for Damping Coefficients — Method 1

TZCJ f 2,2

Sett = S0+ & :§O+W

Roof
Sadrm Z mi¢i2
C- _ i=1

i Roof

T2 1ds
j=1

» same damping coefficient

» dampers in every story

» simplest and currently often used
» easy construction

19@3.5m

4m




Simplified Sequential Search Algorithm (SSSA)
— Garcia and Soong (2001)

Simplified Effective Damping Ratio: Inverse triangular
model shape

Optimal Index : relative velocity

Computational efforts

Modal Deformation

9m

Tm Tm

(b.2) 10F

P
.

(a) Mode Shape (b) Relative Modal Displacement




Distribution Proportional to Story Shear — Method 2

Roof

Story shear =V, « o % m; ¢,

Roof

Defining S; =) mg
j

5

52

C, =

47, SjZmigbiz
B -r :§: Si ( fi¢’ri)2

j

Old Concept, New Application

» It is well known to combine stiffness of elements
connected in parallel or in series, and to formulate
a stiffness matrix for a structural system

R K=? é;ﬁ = ?

K2
S

»How to combine the damping ratios of various elements
with different element damping ratios?




In 1975 Prof. Raggett of USC proposed an idea
for damping combination of elements:

The contribution of the element damping ratio
to the system damping ratio is equal to the
element damping ratio weighted by the
element strain energy divided by the total
system strain energy

Concept Application:

Johnson and Kienholz (AIAA journal 1982)
+ Realized Raggett’'s concept by proposing
modal strain energy method
+ Composite damping ratio in
Taiwan Seismic Design Code of Buildings

S @0 K @) &

(é:e ) j = ¢JT KS ¢j

2 | g £
Z Keff,iDd,il:‘:eq,i to,i

ZKeﬁ,iDj,i|:1+ K

Isolated bridges

p.i




Distribution Proportional to Story Strain Energy
— Method 3

Roof

Story shear =V, o« o % m; ¢,

Roof

Defining S; =) mg
j

Roof

Story strain energy o 4,5, =¢; > M@, 19@3.5m
i

Roof
478, 4yS; D M

i Roof

T :E:: 96ri55i ( fiqéri)z

C

Extended Strain Energy Distribution Method— Method 4

»Further question: “is it necessary to put dampers
to every story of the building structure?”

» A possible answer: the damping coefficient may be
distributed to those stories (efficient stories)
with their strain energy equal to or larger than
the average of the total story shear strain energy

47z-§d¢rjsj (Z mi¢i2j
Ci=mrg——?

TZ¢riSi ( 1:i¢ri )2

i=1




A ten-story vertically regular building

(::i% 7m<ii6ji> o iﬁ

Story Number

04 08
Modal Shape

Target damping ratio = 15% T ,=1.09 sec
with 10% from viscous dampers

Damping Coefficient

(kN-sec/m) (kN-sec/m) (kN-sec/m) (kN-sec/m)
N N R
o

Total 59950 51913 48568 45034
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Bare frame
Method 1
Method 2
Method 3
Method 4

El Centro

Bare frame
Method 1
Method 2
Method 3
Method 4

O P N W A OO N 0O ©
O RPN WO O N ® O

0 20 0.002 0.004 0.006 0.008
MaX|mum relatlve dlsplacement (cm) Maximum story drift angle

Bare frame
Method 1
Method 2
Method 3
Method 4
TCUO065

Bare frame

Method 1

Method 2

Method 3

Method 4

80 0.01 0.02 0.03
MaX|mum relatlve dlsplacement (cm) Maximum story drift angle

[N
(=]

=

(=]

OI—'NW-&LHG?\I@LO
OFRP NWbHMOOON O O©

Maximum damper force — TCUO065

1 (kN) | method 2 (kN) | method 3 (kN)
Do |een |
oo | o |
o | e
B

Total damper
TOtaldamper -
number




A ten-story vertically irregular structure (with soft stories)

Story Number

DDDDDDD

AN
/N /N
AANA

T=1.14 sec

Damping Coefficient

Distribution Distribution Distribution Distribution
method 1 method 2 method 3 method 4
(kN-sec/m) (kN-sec/m) (kN-sec/m) (kN-sec/m)

no damper

no damper

no damper
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Bare frame
Method 1
Method 2
Method 3
Method 4

=
S

El Centro

Bare frame
Method 1
Method 2
Method 3
Method 4

o P N W N O O N ® ©
O P N WH U N OO

0 5 10 15 20 0 0.002 0.004 0.006
Maximum relative displacement (cm) Maximum story drift angle

10
Bare frame

Method 1
Method 2
Method 3
Method 4

[N
S}

TCUO065

Bare frame
Method 1
Method 2
Method 3
Method 4

O P N W M O O N O ©
O RPN WD U O N O

0 20 40 60 80 0 0005 001 0015 0.02 0.025
Maximum relative displacement (cm) Maximum story drift angle

Maximum damper force -- TCUO065

Distribution Distribution Distribution Distribution
method 1 method 2 method 3 method 4

Total damper 5278 4713 3925 3637
force
TOtaI damper _
number




A twelve-story vertically irregular structure (with setback)

10@3.5m

2@4.5m

normalized modal shape




Damping Coefficient

. Distribution Distribution Distribution Distribution
Story method 1 method 2 method 3 method 4
(kN-sec/m) (kN-sec/m) (kN-sec/m) (kN-sec/m)
F
u
T
7
:

=
N

Bare frame
Method 1
Method 2
Method 3
Method 4

B
S

El Centro

Bare frame
Method 1
Method 2
Method 3
Method 4

O R, NWHAOUO N O

0 4 8 12 16 20 0.002 0.004 0.006 0.008 0.01
Maximum relative displacement (cm) Maximum story drift angle

12
Bare frame
1 Method 1
10 Method 2
) Method 3
Method 4

(=]

TCUO065

Bare frame
Method 1
Method 2
Method 3
Method 4

oORr NWNU O N

0 20 40 60 0.01 0.02 0.03
Maximum relative displacement (cm) Maximum story drift angle




Distribution Distribution Distribution Distribution
method 1 method 2 method 3 method 4
(kN)

no damper

Total damper
number

Conclusions

The proposed method distributing damping coefficients
of viscous dampers to efficient stories proportionally to
story shear strain energy could be a simple, rational

and economic method for the design of viscous dampers,
in lieu of the existing complicated systematic procedures
for the optimal design of viscous dampers.
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