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an Building

Tetal Herizontal Earthquake Force

Horizontal Movement of Roof of Building
relative (o its base

{a) Building performances during carthguakes:
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Performance based ¢

> Required lateral strength and structural ductility are given at an
intersection point (performance point) of the demand spectrum at
building base and the capacity spectrum for superstructure.

Demand spectra for different
damping values calculate:

The keys of design are the
proper evaluation of
equivalent damping
factor of a superstructure
and the reliable estimation
of input ground motion
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at building base. Because
the standard design
spectrum (response
spectrum) is given at the 17200
engineering bedrock.

Spectral Acceleration
°

Spectral Displacement

£ Paint




7/6/2011

— Plastic
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AVAVA A TR TLETLT
() Frame B) Column sidesway
mechanism

Appropriate regions of the primary lateral
earthquake force resisting structural system
are chosen and suitably designed and
detailed for adequate strength and ductility
for a severe earthquake.

Capacity Design

material and ductile material
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greater ductility
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{b} Woak or Flexible Storey

igure 3: Sudden deviations in load transfer path
along the height lead to poor performance of
buildings.
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Beam Dimensions

To prevent lateral instability of beam,
particularly after a reduction in stiffness
resulting from cyclic flexure in the post-

elastic range.

L, /b, <25
L,h/b, <100

{b)Bending moment due to grovity
lood and earthquake forces
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Contribution of slab reinforcement to beam flexural
strength 5,

Tension Flanges

&

Effective width of tension flanges for cast-
in-situ floor system
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A% = (A + 0.54) 16 Effect of Confinement Reinforcement In Beam
Behavior

If the compression zone of a member is confined by
closely spaced transverse reinforcement in the form of
closed stirrups, ties, hoops or spirals, the ductility of the
concrete may be greatly improved and a more ductile
performance of the member at the ultimate load will result.

Example of stirrup-ties to prevent premature buckling of
longitudinal bars of beams in potential plastic hinge zones of
beams

confined
beam section
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The Control of Shear Strength
Effect of Compression Reinforcement
350 Because of the low and unreliable tensile strength of concrete,
shear strength in seismic design must be based on mechanisms
300 that can be mobilized after the onset of cracking. Such
____r.-—-—-— o mechanisms, relying on the contribution of concrete in diagonal
250 { "’; compression only, are well established.
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Yielding stirrup

chacks

i

Failure by sliding shear is a feature of i-
— i

These diogonal '

cracks are closed
fal Truss oction in (b) Shear deformalion due fo
@ hinge zone yielding of stirrups

Significant Stages of Development of Plastic Hinge
During Cyclic Flexure with High Shear

e

Inelastic flexural response may lead to sliding
shear failure
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A comparison of column patterns due to horizontal static and dynamic forces




Plan of symmetrical building

Deflection in
direction 1

g

direction 2
Horizontal deflection of
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The area of longitudinal reinforcement [
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0.3h, Vi

M :ol = ¢owM ¢ 0'3hbvc:)I

b = lpast lateral dimension Xz stumerwzoﬂmmand-g'—

of the column
(a) Three overilapping hoops

(b) Four overlapping hoops

4

\

g

moment, M, amplification in a

®=0.6T, +0.85.0r.0=0.5T, +1.1

Stages of moment

column in capacity
design

Splice details at the end
region of a column
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12-HD32 Example of transverse reinforcement required
for a ductile column

_(@3-pm) Ay . NT

—— — 0.0084
2.4 A, T gt A,

Ps

E
E f,s = 300MPa f, = 430MPa
= f; = 30MPa p, = 0.02 1
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Equivalent diagonal bracing action of
infill
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Unintended interference with structural
deformations

Primary force transfer in gravity and moment- Direction of
resisting frames

Beam-Column Joi

A particularly feature of the seismic
response of reinforced concrete frames
is that beam-column joints, normally
not specifically addressed in the
designed for gravity load resistance,
may become critical components. Shear
resistance and the anchorage of both
beam and column reinforcement
passing through the joint are of primary
concern.

(3) Gravity frame (b) Sway frame iy
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Primary force transfer in gravity and moment-
resisting frames

1 ortant for the joint zones to have: nt strength to
sustain the maximum actions that can develop in the plastic hinges (2) Sufficient resistance to
stiffness degradation

Internal actions in equilibrium at an interior beam-column joint and joint
shear resisting mechanism

=1.25 f,(Ay +Ag,) ~ Ve

o) Joint Actions in Equilibrism [b] Concrefe Strut (e Diogonal
Compression Freld

{a) External Actions (b) Interior Actions

Internal and exterior actions in equilibrium at an interior B-C joint and joint
shear resisting mechanism

Reinforcement for
conventional plastic
hinge positions

Critical Section for Flexure
is Shifted from A to B

——
Two possible reinforcement
arrangements for relocated
plastic hinges

Example of conventional and relocated plastic hinge design for seismic

- dominated reinforced concrete moment resisting frames .

Typical exterior beam-column joints
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=h./20 Exterior Joints

o "jl @
Interior Joints

- Anchorage of beam bars in beam-column joints

hy the fesser of
[0-56, or 8,

‘Anchorage of beam bars
when the critical section
of the plastic hinge is
located at sufficient
distance from the column
face

Anchorage of beam bars when
the critical section of the
plastic hinge forms at the

column face

Shear Modes of Failure

Introduction

o « Shear-compression failure
+ Shear-tension failure

10
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PROBLEMS WITH

construction

Precast reinforced concrete buildings are designed
and constructed that attempt to emulate seismic

performance of cast-in-place monolithic structures.
I

» Equivalent monolithic structural behaviour is
generally demonstrated by tests on precast beam-
column sub-assemblages.

> Experimentally observed data is compared with
that of simultaneously constructed pair specimen
or with past experimental data in view of lateral
stiffness, lateral strength, structural ductility and
hysteretic behaviour (energy dissipation).

12



AlJ proposal for
structural equivalence
S s RENSASETL4e A MREI Y- P

A [EREH(%) - B (2002)

All Guidelines for Structural Design
of Precast Concrete Connection
Emulating Cast-in-place Reinforced
Concrete (2002)

|
=2t

A

Beam bar welding ‘]
< W

AlJ proposal for structural equivalence (2), (3)
Degradation and Energy dissipation

With regard to the degradation of load carrying capacity during seismic
load cycling, the maximum load in the second cycle should be greater
than 80% of that in the first cycle in the same drift amplitude.

Energy dissipation of a precast system in second loading cycle should
not be smaller than 80% of that of emulated monolithic construction

Firsteycle _ 100%
0%

Second cycle

Drift angle Drift angle

by Degradation limit ¢) Energy dissipation at second cycle
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AlJ proposal for structural equivalence (1)
Envelop curve
(1) Lateral strength at yielding should be greater or equal to that of

emulated monolithic construction

(2) Drift at yielding should be greater than 0.8Ry and not greater than
1.2Ry of emulated monolithic construction

(3) These condition should be satisfied up to 2 % drift

b Monolithic  —Vielding
cnnstruc:tion) :fl
= P
g2
L]
.§ £
B
- 5 g
=
| Permissible area | 2
for envelope curve g
| [&]
| » :
» Drift angle
0 0.8R, R, 128, 2% ¢

Member partitioning and location of joints
(Frame system)

1 Ehres e s

U Fn b e o ot
R pap———
P b

Monolithic pair
mlfpemmen

jllff'.

n-place concrote

2.3 1
Rix102rad.)

s beam bar E,ankl frmy

Precast
d shell column unit specimen

38MPa

11 4
: o il Rt le,
Tests on equivalent monolithic precast o b e}
beam-column assemblage
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|
A Joint examples of frame system (Ductile connection 1)
Procast o .
: castin-place -
m ‘.:.‘.':"'.:‘I.':.‘.." H::;Q,-.. :pm - " ' ’ Celumn unit
| oo\ | o0 iop e b | j " i | | Mechanical coupler
1 L ' (Grout injection)
Precast IJ Procaston_” {““m__l,‘“’ Cast-in-place concrete
St iy column unt

jm:'wr«mmmmm {b) System 2 - Precast Beam Units Through Columns

Vartical feg of
- Mortar o |
S < RRANGEENTS OF
‘ FREGAST GONCEETT: [MEMEERS AT
\e=mr = CLSTIN-FIACE CONCRETE
FGFE CONETRUGTING REINFGREGER CONGEETE
{c] System 3.- Precast FUinits WGLEENT RECIETING FRATGES

Joint examples of frame system (Ductile connection 2) Joint examples of frame system (Ductile connection 3)

/— Cast-in-place concrete

—— Column unit Beam hinging oo s

= nical coupler
Mechanical coupler (Grout injection)
(Grout injection)
; i Martar or grout
Cast-in-place concrete

——
===
Beal PI'\'ILiII'Ill

[T

2 ¥

— Cast-in-place concrete

Beam hinging

It
"\ Void shell column unit

[T

Void column unit

Roughened
surface

il

Joint examples of frame system (Ductile connection 4)

Duct for column bar

Column unit with grout

Mortar or grout

I
Continuous beam unit
|

Beam hinging = Beam Unit

/—Ducl foLrIonlumn bar

14



7/6/2011

Innovative Construction Staging Operations

Joint examples of frame system (Ductile connection 4)

15
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Joint examples of frame system (Strong connection)

Strong connection:wit keys

and re-bar welding at beam center
= i r. [ & 7 V)' o/

TEST SPECIM

Bolted Connection

N T T T T LT T

16
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|
Member partitioning and location of joints
(Wall system)

Beam iop
Boam (site arangement)

Wall-beam unit

Column uni |
Cotumn uni |

———p———— W all-beam unil

Baam

Wall-beam unit

Calurnn unit |
Column unit

Beam

Rebar Buckling at Wall Boundary

‘Wall-beam unit

Column wnit | |

Column unit

Buckling at Wall Boundary
foncame
Instabilities, such as rebar buckling and lateral web buckling, and rebar fracture tﬁwiln?gr lan-spt:n
are typically not considerad in models; therefore, engineering judgment is raquirad.
Loss of lateral-load capacity does not necessarily mean loss of axial load capacity 22|

Design example of precast wall system Design example of precast wall system

w Iy |

Iy, =11500 mm Design moment, shear and wall - - T
I »  axial force for lateral seismic load = N | | T
[ ) Mg =58810 kNm | |
= Wall-beam unit = . - Horizontal component of concrete compression
5 g L hy Compression stress field ™ is sustained by wall horizontal reinforcement
c c - - ~
hy = 2900 mm| | £ Beam reinforcement 8 D25 bars £ S Ve = 5660 kKN
3 ++ Slab bars 10 D13 bars 2
© LLLLLLLL ©
= T 1] N — Mg =75220 kNm
BRI =
£ Wall-b uni £ * Arch strut
h, =2900 mm| | £ § 5.V, = 6080 kN i B
S 3 I
Al Vertical jpint
(G Mg =92850 kNm
H Nqg = 2309 kN
= 3 Vertical reinf nt Horizontal d
[l = 2900 mm £ S B2 pare einforcement 5.V, = 6430 kN L
=] J L L J l J J J 28 D13 bars
2 Ll
; O IR B i D M, =111500 kN | Lateral shear force carried by Truss Mechanism ” Lateral shear force carried by Arch Mechanism
R o0 — 4 = m
¥ Dpisbar 0y =295MPa "8 shear keys
. . . DoSbar oy = 345MPa W =width of a shear key (150mm) Horizontal shear Vwh is resisted by shear friction Compressive force of arch is pull back by beam
Horizontal Jol wam f =36MPa X; =length of a shear key at its bottom (200mm) bars, a part of wall horizontal bars and slab bars

18
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NEAS

2 A

Inertia force k

Developed length of the bar
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Understanding the Complexities
of Designing Diaphragms in
Buildings for Earthquakes

Perimeter beam Tension in beam

e 5

i 'i"ﬁlsrﬂa force

I3 I shear friction
T Tension in slab

reinforcement

“Beam” or “Tied Arch” or “Strut & Tie” ?

19



(double curvature)

Precast concrete unit deformed shape
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' IN-PLANE LOADING

Typical construction of the last 10-15 years
P08
HOA2 o

5o fopping

" IN-PLANE LOADING

‘Snapping action

Assumed to slide Actual behaviour

20
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Loss of support

Loss of support

(&) Beam PHZ rofates (b) Entire beam rofates

‘@ Sufficiont to transfor T

‘sLapped with mesh
@ ' diagonal distance L

e
A cobuma cunvords kineraly

X

A3
Freachu of ppig 3 dab
stwel crownimg Jat and
2wad holirwcery iy

Mode 3

Flows-Hean Node
+ Dhstevbited e - koeps compressive stresses down

.

Diaphragms: Connections or Nodes of
the Struis and Ties

the: Struts and Ties

Half precast floor unit (reinforced concrete)
Before casting of topping concrete
e

21
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)
Robert Maillart

Beautiful Hist@ric Bridge in Switzerland
Built in-1930

Good materials, careful detailing and affectionate construction

Actual Construction of Precast Concrete
Buildings

i,

R EEEEa

Precast reinforced concrete moment frame
F e : Building A

38 storied condominium building, Building height 130.7m

22



THE ENERGY MYTH - SEISMIC RESPONSE
OF PRECAST PRESTRESSED STRUCTURES
r T

181 Linear Pastie (11} (0} Heiiase Elastis (481

19) Jymaten/Comprasninn yid (TC] (4) Exmpigrg (ME < TV

o et B © ST+

- €7
ity phantsc
e

Hysteresis Characteristics for Precast Structures

o

[8) Linesr elastic

18] Bilinesr slastic

(e} Bilinear elastopiastic

14) Bilinesr degrading

L

- Mild Secel bars
=

Postaensioning t

Drocrile Shear Links

b) Linked Wall
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(a) Prestressed Seismic Frame  (b) Tension/Compression Yield Frame

Frame Connection Layout for Five-Story Precast Test Building

Other precast concrete buildings 1

Other precast concrete buildings 2

Béam bottom face

}1 q-;‘fli

aka-Corporation « Erection

Beam top face

(b) Pretensioned Beam Connection (d) TCY Connection

Pr ing |
side

Ter|don length 55.8 meter
— —
— —

—
—
—
L I
—
—
—
T

v

"L
ol

-5

Lap splice of wall-horizontal reinforcement

protruded fronvprecast column tnit
an

Headed wall horizontal bar - :
anchorage After casting of slab topping concrete

CourtesyIBIMIEKERAgKa Corporation d
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Other precast concrete buildings 3, 4
Detailing

Beam unit Beam column joint unit

Ll 2
Diagonally reinforced column unit

Courtesy of Takenaka Corporation

‘Bllereraria

Office building in Hokkaido
(Precast concrete + Damping system)

S
8 story Office Building
Total height: 34.57 m
Total floor area: 6970 m?

Construction period: 11 months

Courtesy of Taisei Corporation

— OFFIcE
orice
orrce
orrce
oerce

e
|
Tor
R00M MECHANICAL
PARKING LoT
A al b ding pla

sy of Taisei Corporation Stru ctu ral p | ann | n g

Courtesy of Taisei Corporation St ructu ral p | ann | n g

Dissipated energy
by column hinge
3%

Dissipated energy
by oil damper

Courtesy of Taisei Corporation  S€ismic performance of each members

7/6/2011
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After the release of
prestressing force

Erection of floor beam units After completion

Courtesy of Taisei Corporation PrO d u Ct' on Of b eam un |t Courtesy of Taisei Corporation In S | d e VieW after com p | e“O n l

Concentrated damage to coupling steel
beams during the earthquake

Replaceable

No or slight damage to concrete wall
columns and precast prestressed beams
during the earthquake — -

Continuous building service -‘IJ#

High cost performance due to
controlled response
Cost competitive

Realized performances in this building
Courtesy of Taisei Corporation Inside view after co n1p|6ti0n 2 Courtesy of Taisei Corporation

(=] =]} [/ ] Iz 5
1925h EE;H S Modeling, analysis, and acceptance
A e L : EQ effect Gt
= o) B B Q effec ) Ob3t
w -
= ’-—___
(2]
>
- = Deformation
[} Ls CP + FEMA 356 Levels
Immediate Occupancy

= )
z o Life Safety
uZJ g l- Collapse Prevention

'S H
g z
= £ v
(e}
o g Deformation

(&) Component Deformation L

Acceptance Criteria Component Tests
——————————
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Shortcoming: sensitivity to assumptions

4 Asmall

High forces
cause shear
wall damage

Small displace-
ments protect
frame from
damage

T F
StifffStrong Foundation
Foundation
yielding and
rocking protects
shear wall = 4 Iarge
> Large
displacements
cause frame —r_
Iy damage - 3
4 4 -
We Will Not Forget

11 I
SIElSy=] e =)

9.11.01

Flexible/Weak Foundation

DYNAMIC
PRESSURE
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NTU Garden Campus
Thankyou
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