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Force Reduction Factor

Elastic Inertia Force
FEL = mSA

Inertia Force considering nonlinear behavior of a structure
Fne =77



When a structure undergoes inelastic response under
a strong ground motion, how does the structure
response?

Response

Bilinear Hysteresis




Ductility Factor

F Bilinear Hysteresis
EEL ®Ductility capacity

5y : yield displacement
oy Ultimate displacement (capacity)

oNL . Maximum nonlinear response displacement



Target Ductility Factor

® Target ductility factor is a response ductility
factor which Is anticipated to occur in design

®|f response ductility factor Is less than the target
ductility factor, designed structure must show
expected performance

®|f response ductility factor Is larger than the target
ductility factor, designed structure does not have
expected performance.



Linear & Nonlinear Response of a SDOF Oscillator

Natural Period=0.5s, Target Ductility Factor = 4,

Yield Displacement = 53.3mm
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Force Reduction Factor

A basic parameter in the force-based seismic design

FREC (T, E51)
FRE (T, 27 ENL)

Ry (T 1 SELISNL) =

F A
FR-l---meeeeen  Target ductility factor
S
F INIL L :E 5Y




How is the Force Reduction Factor used In
Seismic Design?
Elastic force can be approximately estimated as
FR--~m-SA(T,&)

To design a structure so that the response ductility factor
IS less than the target ductility factor 41, the demanded
capacity Is evaluated as
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Force Reduction Factor

A basic parameter in the Force-based Seismic Design

FRE- (T, &g )
FRV (T, 47 ENL)

v" Force reduction factor
v Response modification factor
v’ g-factor

v' R-factor
v ..

Ry (T, 41, 6EL,ENL) =



Force Reduction Factors for 70 Free-Field

Ground Acceleration Records

)
Ot o (qp NNl”
@)
_ _ - O @ @) (1)) m
(¢D)
- OO0 @D CEmIOX@D) (@\| I
(4]
-
- >
o
- >
= OO 1
< o OO
(@\| N
< D
B o —
| =)
| o
I5
)
] - 2 w
| a
o o
0p) i =
=
O AN O I
._m O O 0 —
o O O i
(@) — _ o
—
O (00) <t o
M < L —
VRN ) .

J010e) "y

Watanabe & Kawashima (2002)



Evaluation of Force Reduction Factor Taking
the Large Scattering into Account
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Approximate Estimates of the Force Reduction
Factors

Equal Displacement Assumption Equal Energy Assumption
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Equal Energy vs. Equal Displacement
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Evaluation of Modal Damping Ratio of a Bridge



How can we determine the modal damping ratios
by assigning damping ratios of each structural

components?
égdeck — O-O?
‘fcolu n— =0.02 igbearing :i-OE)
S foundation = O

® Theoretically, damping ratio can be defined only for a
SDOF system. If we can assume the oscillation of each
structural component as a SDOF system, it may be
possible to assign a damping ratio for each structural
component. This is called modal damping ratio.



How can we determine the modal damping ratios
by assigning damping ratios of each structural
components? (continued)

® There Is not a single method which Is exact and
easy for Iimplementation for design purpose.

®Following empirical methods are widely used
v'Strain energy proportional method

v'Kinematic energy proportional method



Strain Energy Proportional Method

Method which averages damping ratio of each

components with their strain energy as a weighting
T
“Lm:S

dm : mode shape of m-th element for k-th mode

function

U (t) = §:¢1<QO (t)
k=1

where

[

]

K : stiffness matrix of m-th element

"-fkm . damping ratio of m-th element for k-th mode

1

1



Strain Energy Proportional Method

I

Ukm = %m * dkm

fkm = KmUkm H

|

[

1

Strain energy of m-th element for k-th mode Is

1, 71
Ukm :E fkm Ukm

Okm” , T
:?mﬂ(m km¢km

Therefore, the total energy dissipation of the system is
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.fk IS an averaged damping ration of a structure for
k-th mode by taking the strain energy as a weighting
function



Kinematic Energy Proportional Damping Ratio

n

2 fkm'¢1-<rm'mm'¢km
G =" - (2.7)
2. P Mm - Km
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Which is better for determining modal damping
ratios between the strain energy proportional
method and kinematic energy proportional method?

® Damping ratios of the structural components where
large strain energy Is developed are emphasized in the
strain energy proportional method.

| _ - Plastic
Plastic defermationriof i ideformatlon
. . of columns
foundationg & soil ﬁ)

@ Strain energy proportional method Is better in a
system in which hysteretic energy dissipation IS
predominant



Which is better for determining modal damping
ratios between the strain energy proportional
method and kinematic energy proportional method?

® Damping ratios of the structural components with
larger kinematic energy are emphasized in the
Kinematic energy proportional method.

® Kinematic energy proportional method is better in a
system in which hysteretic energy dissipation is less
significant



Approximated Estimation of System Damping
Ratio based on Energy Proportional Method



Evaluation of System Damping Ratio
Response modification factor resulting from enhanced

energy dissipation capacity

First Mode Damping Ratio & R. M. Factor RE
&<0.1 1.0
0.1<£<0.12 1.11
0.12<£<0.15 1.25
0.15<¢& 143

Evaluation of first mode damping ratio based on
energy proportion damping

[ Damping ratio for
K-th structural component

ea:Zeﬂ«(ékT Kk - ok
Z¢kT Ky - e Eqg. (2.6)




Evaluation of System Damping Ratio
Evaluation of First Mode Damping Ratio based on

Energy Proportion Damping _ _
l Damping Ratio for

k-th Structural Component

. > &k K o
S ki o
Structural Component Damping Ratio&,
Deck 0.03-0.05
Isolators Equivalent damping ratio
Piers 0.05-0.1
Foundations 0.1-0.3




Evaluation of Energy Dissipation of Isolators and
Dampers

Energy dissipation per cycle AW

t Lateral Force _ _
Equivalent stiffness ~ Kp

Lateral Displacement

ge
'\ Elastic strain energy \\\/

Design Displacement

Equivalent Stiffness Equivalent Damping Ratio
K = F(ue) — F(-upge) £ = AW
2UBe 4N



Static Inelastic Design for Seismic Isolated Bridges



Evaluation of Demand for a Fixed Base Bridge

D m-Sa(T &)
ave — R

Response modlflcatlon factor

Jzﬂr—l

......... Empirical values



How response ductility factor 4 can be evaluated?

4 1s not known at the first stage of the design, thus the
response modification factor has to be pre-set as

R= 211
T

Design displacement ductility factor

oL

Y Dave = ¢'CdV1



Static Inelastic Analysis

Equivalent Lateral Force K ™ 5*
F
Feq — R—I
where
R| — RE ‘ R/u

R , = Response Modification Factor resulting from
Inelastic Flexural Hysteresis of Piers

Re = Response Modification Factor resulting from
Enhanced Energy Dissipation Capacity



Static Inelastic Analysis
R| = RE . R,U

Re =cp (&)
1.5

= +
40-& +1
R :{\/Zlul _1
g Hi
Since 5 ~ (2) 4

21, —1
Rlu ~ {\/ Hia
Hia

0.5




Approximated Estimation of System Damping
Ratio based on Energy Proportional Method

® Determine the system damping ratio of the fundamental
mode based on damping ratio of a column and damping

ratio of an i1solator.

®Disregard the deformation and energy dissipation of the

deck and foundation

®Fundamental mode shape can be approximated as
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B[ Kpg — C
c F

5Q Ug =
C B Kg

Strain energy of the column and the isolator

2
Fe = T Keue? :1KC(KBUB)

2 2 ¢l Ke
21 Kgug®
2 Ke



Based on the strain energy proportional method, the
system damping ratio for the 1st mode becomes as

_}KBZU'B2

B[Ksg °T2 K
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Evaluation of Design Ductility Factor of RC Columns

Design response ductility factor of a pier

Yield Digplacement, U, Fixed-base Bridge
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e Hm =14
100 Ultimate-Displacement O U
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-20 -40 0 40 20 &m — 2a
Importance Type-1 GM| Type-1l GM
Important Bridges 3.0 15
Less Important Bridges 2.4 1.2




Design of Isolators and Dampers

Design Requirements for Devices

® Computed displacement of the isolator should be within
+/-10% from the assumed design displacement

® Shear strain of the isolator subjected to design lateral
force should be less than 250%.

®_ocal shear strain resulting from the seismic effect, dead
weight, rotation and other effects should be lass than
rupture strain / 1.2.

®|_ateral capacity > Lateral force demand



Design of Isolators and Dampers

Design Requirements for Devices

®Devices having positive tangential stiffness at
any displacement within the design displacement
Ug should be used to prevent “shake down.”

®Devices have to be designed & fabricated so that
scatter of stiffness & equivalent damping ratio are
within 10% of the design values

®Devices have to be stable for at least 50 & 15
lateral load reversals with the design displacement
Ug for Type | & Type Il ground motions,
respectively.



,, - "[ Deformation with
l ) 200% shear strain




Design Requirements for Devices (continued)

® A deck should return to the rest position after it is
subjected to design ground motions. Residual
displacement < 10% x design displacement.

® The stiffness and damping ratio should be stable for
a change of load condition and natural environment



Damage Control of Columns in Isolated Bridges

Fixed-base Isolated
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Effect of Column Deformation



Effect of Isolator Deformation on the System

Ductility Factor
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Effect of Isolator Deformation on the System
Ductility Factor
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System Ductility Factor vs. Column Ductility
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Response Modification Factor should be Evaluated
Based on not Column Ductility Factor but System
Ductility Factor
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Seismic Isolation with Limited Increase
of Natural Period (Menshin Design)



Menshin Design

Seismic Isolation Menshin Design

Increase of the natural period | | Limited increase of

the natural period

Increase of the energy

Increase of the energy
dissipation

dissipation

Distribute lateral force

to as many
substructures as
possible




Favorable Implementations of Menshin Design

® Super multi-span continuous bridges
®Damage control of bearings and piers
®Seismic retrofit of existing bridges

® Deck connection to make simply supported decks
to multi-span decks



Design Codes for Menshin Design

® 1989 Guideline for Menshin Design of Highway
Bridges

@1992: Manual of Menshin Design of Highway Bridges

®1995: Guide Specifications for Design of Highway
Bridges that suffered Damage in the 1995 Hyogo-ken
nanbu Earthquake

®1996: Part V Seismic Design, Design Specifications of
Highway Bridges

v First stipulations in the mandate code

@2002: Part V Seismic Design, Design Specifications of
Highway Bridges



Part VV Seismic Design
Design Specifications of Highway Bridges

Japan Roads Association, 1996

Highway bridges with span length less than 200m
About 2000-3000 new bridges per year

®Part | Common Part

Part |1 Steel Bridges

Part 111 Concrete Bridges
Part 1V Foundations

Part V Seismic Design




Part VV Seismic Design
Design Specifications of Highway Bridges

Chapter 8 Menshin Design
8.1 General
8.2 Menshin Design
8.3 Design Lateral Force
8.4 Design of Isolator and Energy Dissipator
8.4.1 Basic Principle
8.4.2 Evaluation of Safety of Isolator
8.4.3 Design Displacement of Isolator
8.4.4 Equivalent Stiffness & Damping Ratio
8.4.5 Dynamic Performance of Bearings
8.5 Evaluation of Natural Period
8.6 Evaluation of Damping Ratio of Bridge System
8.7 Design Detalls
8.7.1 Distance between Decks
8.7.2 Expansion Joints



Merit of Seismic Isolation

® Enhance the seismic performance
®Decrease construction cost

LRB & HDR are frequently implemented as one of
elastomeric bearings without taking benefit of energy
dissipation into design

LRB & HDR are widely used for distributing the seismic
lateral force to as many substructures as possible



