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5.1 Important Knowledge on the

Nonlinear Structural Response



1) Force Reduction Factor

(1) Definition of 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




(2) Ductility Factor

F Bilinear Hysteresis
EEL ® Ductility capacity

5y - yield displacement
oy Ultimate displacement (capacity)

oN| . Maximum nonlinear response displacement



(3) Target Ductility Factor

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

®If response ductility factor is less than the
target ductility factor, designed structure must
show expected performance

®If response ductility factor is larger than the
target ductility factor, designed structure does
not have expected performance.



(4) Example of Nonlinear Response of a Single Degree of

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

Yield Displacement = 53.3mm
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(5) Force Reduction Factor

A basic parameter in the force-based seismic design

FRES(T, &)
FRVE (T, 27 ENL)

Ry (T 1 SELISNL) =

Target ductility factor _
v' Force reduction

factor

v Response
modification factor
(US)

v g-factor (EC)

v R-factor
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(6) How Is the Force Reduction Factor used In

Seismic Design?

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 41, the demanded

capacity Is evaluated as
F

EL
FNL:FR FE
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(7) Characteristics of Force Reduction Factor

Analysis based on 70 Free-Field Ground Acceleration
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Large Scattering of Force Reduction Factor
depending on Ground Motions
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(8) Approximate Estimates of the Force

Reduction Factors

Equal Displacement Assumption Equal Energy Assumption
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Conservative Estimation is provided by the Equal

Energy Concept than the Equal Displacement

Concept
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(9) Problems involved in the Current Evaluation

of Force Reduction Factor

®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?

(1) Damping Ratio of Structural Components and Modal
Damping ratio of a Structural System

5colu n— OOZJ igbearing =1.05
gfou tion :OJHJ

® 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
v’ Strain energy proportional method

v’ Kinematic energy proportional method



(2) Strain Energy Proportional Method

Method which averages damping ratio of each
component with their strain energy as a weighting
function

B

— —m= m=3
where HH : H“k

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

K : stiffness matrix of m-th element
égkm . damping ratio of m-th element for k-th mode



Strain Energy Proportional Method
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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



(3) Kinematic Energy Proportional Damping Ratio
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(4) 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 def@emation-of J— J— deformation

of columns
foundations||& soll

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



(4) Which is better for determining modal
damping ratios between the strain energy

proportional method and kinematic energy
proportional method? (continued)

® 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



5.2 Approximated Estimation of
System Damping Ratio based on

Energy Proportional Method




(1)Evaluation of System Damping Ratio
(1)

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
0.15< & 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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(1)Evaluation of System Damping Ratio (continued)

(1)

Evaluation of the First Mode Damping Ratio based on
the Energy Proportion Damping Method

l Damping Ratio for
T k-th Structural Component
§:Z§k I Kk o
S Ko
Structural Component  pamping RatioZ),
Deck 0.03-0.05
Isolators Equivalent damping ratio
Piers 0.05-0.1
Foundations 0.1-0.3




(2) Evaluation of Energy Dissipation of Isolators

and Dampers (2)

Energy dissipation per cycle AW
|ateral Force

Equivalent stiffress  Kp

Lateral Displacement

Elastic strain energy \\/

Design Displacement

Equivalent Stiffness Equivalent Damping Ratio
K = F(uge) — F(=Upe) £r = AW
2UBg 47N



5.3 Static Inelastic Design for

Isolated Bridges




1)Evaluation of Inelastic Lateral Force Demand
for a Fixed Base Bridge

(1) Evaluate Inelastic Lateral Force Demand using the
Force Reduction Factor
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(2) How response ductility factor g can be

evaluated?

4 1s not known at the first stage of the design, thus the
response modification factor is assumed as

R:@

Design displacement ductility factor
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2) Evaluation of Inelastic Lateral Force Demand

for an Isolated Bridge

2)
Equivalent Lateral Force K m——
F T &
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
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3) Approximated Estimation of System Damping
Ratio based on Energy Proportional Method
3)

(1)Determine the fundamental (the first) natural period
of a bridge system

M
MS T—ZﬂJ;

where,
B K =
"B M, M =Mg +aM¢c

éa Ke in which, Mq: 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)




(1)Determine the fundamental (the first) natural period
of a bridge system (continued)

(1) (No. 2)

T :272\/m
K

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

kck
B K= —¢5
Mc ke +kg

Ke in which k.: column stiffness, and
Kg: bearing stiffness.




(2) Determine an approximate fundamental natural mode
shape based on a static displacement distribution under a
dead load. Effect of the foundations is disregarded here

for simplicity

(2)
Based on Rayleigh Ritz method, F
UC — Q
- F
UB ug = b
B
C
3El
Ke = |—3

iIn which EIl represents the
moment of inertia of a column



(3) Evaluate strain energy of the main structural
components (a column and an isolator in this example)




(4) Evaluate the system damping ratio for the
fundamental mode (First modal damping ratio)

(4) (1
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(5) Evaluate the Design Ductility Factor of the Column

©)

Design response ductility factor of a pier
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Damage Control of Columns in Isolated Bridges

Hm =14 ST
Fixed-base Isolated m =y
o _ am = 2Q

Principal Plastic Hing/

/ Secondary Plastic Hinge




