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6.1 Important Knowledge on the
Nonlinear Structural Response

1) Force Reduction Factor

T
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
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Bilinear Hysteresis
®Ductility capacity
®Target ductility factor is a response ductility

L= é;u factor which is anticipated to occur in design
5y ®|f response ductility factor is less than the
®Response ductility factor target ductility factor, designed structure must

show expected performance

) 5 ®If response ductility factor is larger than the
u= ONL target ductility factor, designed structure does
5y . yield displacement y not have expected performance.

6y :Ultimate displacement (capacity)

oN| : Maximum nonlinear response displacement

Natural Period=0.5s, Target Ductility Factor = 4, A basic parameter in the force-based seismic design

Yield Displacement = 53.3mm
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Elastic force can be approximately estimated as
FRE-~m-Sa(T &)

To design a structure so that the response ductility factor

is less than the target ductility factor 4T, the demanded

capacity is evaluated as
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Large Scattering of Force Reduction Factor
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o®Effect of unloading path

®Response under near-field ground motions with
long pulses

®Effect of bilateral ground motions 2

®Effect of vertical ground motions

2) How can we determine the modal damping
ratios of a structural system consisting of
structural components with different damping

ratio?

‘fcolu In =0.02 lgwbearing :i-05

& foundation =
® 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 implementation for design purpose.

®Following empirical methods are widely used
¥/Strain energy proportional method

v'Kinematic energy proportional method




Method which averages damping ratio of each
component with their strain energy as a weighting
function
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where
Pxm : mode shape of m-th element for k-th mode

K : stiffness matrix of m-th element
gkm : damping ratio of m-th element for k-th mode
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‘fk is an averaged damping ratio of a structure for k-
th mode by taking the strain energy as a weighting
function

Strain Energy Proportional Method
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Ukm = Pxm * Gkm

1
fm = KmUkm ﬁﬂ*m =2 ]ﬁh‘

Strain energy of m-th element for k-th mode is
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Therefore, the total energy dissipation of the system is
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®Damping ratios of the structural components where
large strain energy is developed are emphasized in the
strain energy proportional method.

Plastic
Plastic defgrmationiof J_L J_L deformation
i i of columns
foundationg||& soil

®Strain energy proportional method is better for a
system in which hysteretic energy dissipation is
predominant

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

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

6.2 Approximated Estimation of
System Damping Ratio based on

Energy Proportional Method

Response modification factor resulting from enhanced
energy dissipation capacity

First Mode Damping Ratio & R. M. Factor RE
£<01 1.0
0.1<¢£<0.12 1.11
0.12<£<0.15 1.25
015<¢ 1.43

Evaluation of first mode damping ratio based on

energy proportion damping
Damping ratio of the

k-th structural component
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Evaluation of First Mode Damping Ratio based on Energy dissipation per cycle AW
Energy Proportion Damping _ . Lateral Force
j Damping Ratio for Equivalent stifiness ~ Kp
T k-th Structural Component
£= 2.5k ¢_|ﬁ< ki ok Lateral Displacement
2 ki Uge
Structural Component Damping Ratio&y '\ Elastic strain energy \\/
Deck 0.03-0.05 Design Displacement
Isolators Equivalent damping ratio Equivalent Stiffness Equivalent Damping Ratio
Piers 0.05-0.1
Foundations 0.1-0.3 K F(uge) —F(-uge) £ AW
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1)Evaluation of Inelastic Lateral Force Demand
for a Fixed Base Bridge

6.3 Static Inelastic Design for

Seismic Isolated Bridges

Response modification factor

2up =1
R=1qur
......... Empirical values




44 1s not known at the first stage of the design, thus the
response modification factor is assumed as

R=J?—1

Design displacement ductility factor

2) Evaluation of Inelastic Lateral Force Demand

for a Isolated Bridge

2)
Equivalent Lateral Force F, T
F T* g*
Feq = Ril
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
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3) Approximated Estimation of System Damping
Ratio based on Energy Proportional Method
3)

M
MS TIZE\/;

where,
B B MC M=M g+ aMC
KC in which, Mg: mass of a superstructure,
Mc: mass of a column which supports
the superstructure, and a: coefficient

representing the degree of contribution
of column (a=0.3)




K

M S K: total stiffness of the system
and is give by

_ kekp
in which k.: column stiffness, and
kg: bearing stiffness.
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in which EI represents the
moment of inertia of the column
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Design response ductility factor of a pier

Yield Displacement,
v T T

Uy . Fixed-base Bridge

:.)[/“

U, —Uu
y:l+7u y

Isolated Bridge

Displacement Uy = 1+
Uy
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Importance Type-1 GM| Type-Il GM

Important Bridges 3.0 15

Less Important Bridges 24 1.2
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Damage Control of Columns in Isolated Bridges
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