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My Research Interests
I

O Earthquake engineering, structural dynamics and mechanics

e Model-Based Simulations of Seismic Response of Structures (e.g.
behavior, design and analysis of complex RC wall systems; seismic
simulation of bridges under multi-directional loadings; fragility functions
of bridges due to liquefaction induced lateral spreading)

e Nonlinear Model and Analysis of Structural Elements (e.g. axial-shear-
flexural interactive model of RC columns; inelastic displacement demand
of bridge columns)

e Soil-Foundation-Structure Interaction (e.g. nonlinear behavior of shallow
foundation; kinematic response of pile foundation, embankment,
dimensional analysis of SFSI systems; 3D global dynamic analysis of
liquefaction-induced lateral spreading)

e Earthquake Hazard Mitigation Using Protective Devices (e.g. fragility
functions of base isolated bridges; seismic protection of bridges
considering soil-structure interaction, adaptive stiffness and damping
devices)

e Ground Motion Characteristics (e.g. near-fault ground motions; pulses)
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Shear Wall Buildings

I
[ Probabilistic seismic demand analysis of RC shear walls
considering soil-structure interaction effects
e Realistic models for shear-walls and foundations

e Fragility functions of building systems
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Dimensional Analysis of SFSI Systems
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Dimensional Analysis of SFSI Systems

0 Dimensionless formulation of peak responses
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Bridge Responses Under Combined Actions
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Performance-Based Implementation of Protective Devices

Uncertainties & Variability
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Presentation QOutline
[ .

d Introduction

1 Modeling Soil-Structure Interaction Effects
e Macro-spring and P-y model for embankment and pile foundation

e Static and dynamic procedure for lateral spreading

1 Modeling Axial-Shear-Flexure Interaction of RC Columns for
Seismic Response Assessment of Bridges
e Axial-shear-flexure interaction

e Inelastic displacement demand
O Fragility Functions of Bridges Under Seismic Shaking and
Lateral Spreading
e Effects of structural characterizations
0 Optimum Design of Seismic Isolation for Bridges Using
Fragility Function Method
e PBEE framework

UCLA
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Earthquake Damages

57 deaths, 1500 injured , 1000s homeless , >$15B cost
1994 Northridge Earthquake, Los Angeles, CA

UCLA
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Bridge Responses Under Seismic Shaking

d Damage mechanisms
e Excessive strength demand
e Excessive displacement demand

1995 Kobe

d Observed damages

e Flexure and shear failure of columns

e Unseating and pounding of decks
e Foundation movement and failure

UCLA
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Liquefaction and Lateral Spreading

I
0 Liquefaction

e Liquefaction occurs when the strength and stiffness of a soil are reduced
due to excessive pore water pressure accumulated during seismic events.

e Liquefaction leads to:
» Loss of bearing capacity due to reduced strength
» Lateral spreading due to cyclic mobility

O Lateral spreading

e Large lateral displacement of soil associated with the sloping ground and
the non-liquefied crust layer with underlying liquefaction layer.

e Lateral spreading leads to large displacement and force demand on
bridee foundations

1964 Alaska 1964 Niigata

14




Bridge Responses Under Lateral Spreading

O Lateral spreading typically along the longitudinal direction
toward river bank

Sproading Crust [T / Spreading Crust
e - -

——

Liquefiable so C Liquefiable sofl

0 Dependent on the structural configurations and foundation
details, bridges can perform catastrophically or reasonably well

d 3D global behavior may be necessary due to skewed geometry,
multi-directional shaking and inertial effects

UCLA 15



Ma]’or Challenges for Response Assessment of Bridges

1 Complex Soil-Foundation-Structure Interaction Effects

ABUTMENT
ABUTMENT SUPERSTRUCTURE

EMBANKMENT EMBANKMENT

PILE

FOUNDATION FOUNDATION

PILE
FOUNDATIONS

O Nonlinear behavior of structural components (e.g. strength
deterioration, stiffness softening and pinching)

0 Variability in structural characterization (e.g. type, connection,
vintage etc.) and foundation characteristics

0 Uncertainties in ground motions, material properties and
geological profiles

UCLA
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Probabilistic Seismic Response Assessment of Bridges

I
0 Performance-Based Earthquake Engineering (PBEE)
Framework
Hazard Performance
inte:nsrq.»r M F]ecisiun
Measures DV | Variables
4 \
., Demand Damage [ Loss ];
Model Modei Mo*del
~,|Eng. Demand| / \R Damage | /
Parameters Measures

(Mackie and Stojadinovié, 2003)
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Fragility Function Method
I

Q Fragility function defines the conditional probability of attaining or
exceeding certain damage level given the earthquake intensity.
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Seismic Protection of Bridges

0 Rapid implementation of energy dissipation devices for seismic
protection of bridges

0 Evaluate the efficiency of modern technologies, in particular,
supplemental energy dissipation devices to mitigate the
damaging effects of earthquake on highway bridges

UCLA
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Soil-Foundation-Structure Interaction for Seismic
Response Analysis of Bridges

Contributors:

Professor Jian Zhang
Mzt. Yili Huo (Ph.D. Student)

Professor Scott Brandenberg

The research presented here was funded by Caltrans and PEER Transportation
Program

UCLA
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Outline

I
d Introduction
d Embankment and Pile Foundation
e Kinematic Response Function

e Dynamic Stiffness (“Spring” and “Dashpot” Constants)

e Simple Procedure

0 Seismic Analysis of Highway Bridges Under Seismic Shaking
e Eigenvalue Analysis
e Time History Analysis
0 Seismic Analysis of Bridges Under Liquefaction Induced Lateral
Spreading
e Equivalent Static Analysis Approach
e Global Dynamic Analysis Approach

d Conclusions

UCLA 21



Introduction
I

d Motivation

e Damages experienced by highway bridges during past earthquakes due to
seismic shaking and liquefaction-induced lateral spreading

e Poor understanding of the effects of soil-structure-interaction (SSI)

e Challenging numerical models for liquefaction-induced lateral spreading
O Objectives

e Develop and validate an analysis procedure accounting for soil-structure
interaction

» Kinematic and inertial response
» Macro-spring and p-y models

e Develop an analysis procedure for modeling the lateral spreading and its
effects on bridge responses

» Equivalent static procedure

» Global dynamic procedure

UCLA
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General Procedure for SSI

(e) Plan View of Idealized Model

(c) Dynamic Stiffnesses of Pile Groups and Embankments

UCLA 23



Outline

d Introduction

[ Embankment and Pile Foundation
e Kinematic Response Function
e Dynamic Stiffness (“Spring” and “Dashpot” Constants)
e Simple Procedure
0 Seismic Analysis of Highway Bridges Under Seismic Shaking
e Eigenvalue Analysis
e Time History Analysis
0 Seismic Analysis of Bridges Under Liquefaction Induced Lateral
Spreading
e Equivalent Static Analysis Approach
e Global Dynamic Analysis Approach

UCLA 24



Modeling of Embankment

0 Considerations for Response Analysis
e Motion amplification (Kinematic Response Function)
e Flexibility (“Spring”, Dynamic Stiffness)
e Energy dissipation (“Dashpot”, Dynamic Stiffness)
[ Validity of Equivalent Linear Analysis

e Strain-dependent nonlinear soil behavior

e System identification studies indicate that linear models provide good fit
with measured response of bridge (Werner et al 1987)

e Elliptical force-displacement loops even under strong earthquakes (Goel
& Chopra 1997)

O Approaches
e Shear-wedge model (1D)
e Finite element analysis (2D/3D)

UCLA
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Calculation of Kinematic Response Function

I
Shear-Wedge Model

Analytical Solution for Shear-Wedge Model

(o) = 1+M _ |erolhzg) T ¢y Yo (kzy)
Ugp Ugy
Wave number k= oV,

Hysteretic Soil Material:

G(w) = G, +iG,sgn(o) = G{(1 +insgn(v))
4
/177 Rayleigh Damping: (2D/3D FEM)

[C]=a[M]+BI[K]
Crest Response:

(1) = 2%: [ oo[(oa)ub(oa)eima’oo
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Strain-DeBendent Behavior of Soil
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Painter Street Bri%e (PSB)
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Recorded Motions H’SB, 1992 Petrolia Earthquake)

Free-Field
Channel 14 (Transverse)
~ 10
Q sl BEEE
E
[
o
o
<
0 5 10 1
Chaﬁnel 12 (Longitudinal)
& 5 ’
2 (PR NN N ]
E n
= 0 '“"W‘WMW
[}
o . EEu
o
< -5
0 5 10 15
5 Channel 13 (Vertical)
N/-\
£
E
[
o
(&)
<
-5 : ,
0 5 10 15

Time (s)

W. Embankment

E. Embankment

Channel 17 (Transverse)

5 10 15

Channel 15 (Longitudinal)

5 10 15

Channel 16 (Vertical)

10 .:Ph n&l.?.ﬂ:) (Trénsverse) 10!
0 et 01
-10 -10
0 5 10 15 0
5
0.
-5
0
5
0 5 10 15 0
Time (s)

5 10 15
Time (s)

29



Computed Kinematic Response Functions
I

Painter Street Bridge (G=8MPa, n=0.5)

Kinematic Response Function ()
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ComButed Crest ResBonse (Transverse, PSB)
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DEamic Stiffness of Embankment
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Governing Equation:

—— ® Rigid Support:

10Y
Uz, =0 Oz 1) = pee”

Flexible Support:
Somerfield radiation condition

Q(209 t) = pxe
Dynamic Stiffness:
—=® px(209 t) = 'e/x((o)ux(ZOa t)
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(Wilson & Tan 1990)
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Computed Dynamic Stiffness (Shear-Wedge)

K,(0) (MN/m2)

K,(e) (MN/m?)
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Estimation of Critical Length L_

I
4 O) kit () = 0
Y
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Critical Length L_
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Computed Dynamic Stiffness (3D FEM)
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ComBarisons of Abutment Stiffness

Meloland Road Overcrossing Painter Street Bridge
H=7.92m, B, =10.36m, S = 1/2, H=9.6m, B, =15.24m, S = 1/2,
L. =4.5m, p=1.6Mg/m3, L. =6.0m, p=1.6Mg/m3,
G, = 19MPa, G = 2MPa, n=0.52 | G, = 58MPa, G = 8MPa, n = 0.50
Stiffnesses (MN/m?) K,/B, K,/B, K,/B, K,/B. K,/B, K,/B,
1 | Douglas et al. 1991 8.8 8.8 25.4 / / /
2 | McCallen & Romstad 1994 / / / 56.0 53.0 /
3 | Werner1994 10.3 / / / / /
4 | Goel & Chopra 1997 / / / 9.6~14.0 | 9.6~46.9 /
5 | Price and Eberhard 1998 / / / 4.7 / /
6 | Caltrans: Method A 58.6 57.5 / 53.2 57.5 /
7 | Caltrans: Method B 7.4 / / 6.9 / /
8 | Wilson 1988 12.1 12.1 16.1 24.6 24.9 52.5
9 | Wilson & Tan 1990a 3.3 / 9.2 13.2 / 37
10 | Siddharthan et al 1997 10~48 0.3~1.5 12~54 27~126 0.7~3.4 | 21.6~101.3
11 | FEM 3D 2~3 2~3.1 7.5 9~14 9~13.8 38.2
12 | Proposed Procedure 2 2 / 10 10 /
UCLA 37




Modeling of Pile Foundation

0 Input Motion at Pile Caps

e For motions that are not rich in high frequencies, the scattered field
generated from the difference between pile and soil rigidities is weak

e Support Motion = Free-Field Motion

0 Dynamic Stiffnesses

e Single pile-soil system is represented with a dynamic Winkler model with
frequency dependent spring and dashpot coefficients

e The group stiffness is obtained using superposition principle, i.e. single
pile stiffness in conjunction of dynamic interaction factors
O Equivalent Flexural-Shear Beam
e To include the cross-rocking term of pile group stiffness

e By matching stiffnesses of equivalent beam and that of pile group, one
can solve for beam length L, cross-section area A, moment inertia I and
shear modulus G

UCLA
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Pile Group @ Center Bent (PSB)
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Dynamic Stiffnesses of Pile Group (PSB)
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Outline

I
d Introduction
d Embankment and Pile Foundation
e Kinematic Response Function

e Dynamic Stiffness (“Spring” and “Dashpot” Constants)

e Simple Procedure

0 Seismic Analysis of Highway Bridges Under Seismic Shaking
e Eigenvalue Analysis
e Time History Analysis
0 Seismic Analysis of Bridges Under Liquefaction Induced Lateral
Spreading
e Equivalent Static Analysis Approach
e Global Dynamic Analysis Approach

UCLA i



Numerical Models SIPSB)

Stick Model

Ta>l -

3D Finite Element Model

42



Natural Freﬂuencies and Modes (PSB)

f, =1.78 Hz (2.69 Hz)
£, =9.0%

f,=2.29 Hz (3.30 Hz)
&, =6.7%

VST LTSI ST ST ST

£, =2.60 Hz (4.00 Hz)
&y =58%

UCLA
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/3 =2.93 Hz (4.45 Hz)
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ComBlex Eigenvalue Analysis

Equation of Motion: [M]{a}+[Cl{u}+[K]{u} =0
Damping Matrix: [CT=a[M]+B[K]+[c;]  (Nonclassical)

Dashpots of embankments & pile foundations
Response Vector: (uy = {ole™

— | (—Q [M]+IQ[C]+[K]){$} =0

Complex Eigenvalues: Q= isz—
Modal Frequencies: oF —J R+Q
Modal Damping Ratios: £ = i
M.
J

UCLA y



Modal Freﬂuencies & Damping Ratios (PSB)

Eigenvalues (rad/s) 1 2
Modes Model | Model | Model Model
PR R D @ | § | @ |Gl @ | & |y

1st transverse 14514 | 11.162 11.364 | 11.490+1.040i 11.5 9.0 20.7 | 20 | 11.0~ | 56~ | 10.3 | 16.6
/antisymmetric vertical (11.587) | (11.730+1.116i) (11.8) | (9.5) 17.9 8.5
antisymmetric vertical 17.593 | 14.409 14578 | 14.683+0.984i 14.7 6.7 169 | 3
/tor-sion about vertical (14.751) | (14.863+1.006i) (14.9) | (6.8)
axis
torsion about vertical 18.410 16.366 16.365 16.527+0.962i 16.6 5.8 25.1 3
axis/ symmetric (16.366) | (16.524+0.972i) (16.6) | (5.9)
vertical
symmetric 23.562 | 20.691 20.808 21.075+1.761i 21.1 8.3 32.9 5
vertical/longitudi-nal (20.994) | (21.370+1.809i) (21.4) | (8.4)
longitudinal 26.641 | 21.545 20.938 20.176+10.383i 22.7 45.8 29.6 | 30

(21.265) | (20.394+10.395i) | (22.9) | (45.4)
2nd transverse/torsion 32.233 | 31.156 22.052 23.754+4.096i 241 17.0 41.5 5
about longitudinal axis (22.532) | (24.236+4.302i) (24.6) | (17.5)
A: Undamped original 3D FEM model 1: This study
B: Undamped original stick model (618 d.o.f) 2: McCallen and Romstad 1994
C: Undamped reduced stick model with 174 d.o.f and (138 d.o.f) 3: Goel 1997
respectively 4. Price and Eberhard 1998
D: Damped reduced stick model with 174 d.o.f and (138 d.o.f)
respectively
UCLA 4



Time Histog Analzsis (Ch. 4)

Recorded - Ch. 4 Proposed Procedure Use Free Field Motion Use Recorded
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Effects of SuBBort Idealizations

AN
IR<—e-recordega—e- " i EH

crest motions

recorded
crest motions

v -
Y, 73 free-field motions
——

free-field motions
(a) Monolithic embankments and viscoelastic (b) Viscoelastic embankments and monolithic
foundation at the center bent support at the center bent
recorded crest motions <+ %—ﬂ:\j _EJE -«—p- recorded crest motions
JATTR '

free-field motions

(c) Viscoelastic embankments and elastic support at the center bent
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Outline

d Introduction

d Embankment and Pile Foundation
e Kinematic Response Function
e Dynamic Stiffness (“Spring” and “Dashpot” Constants)
e Simple Procedure
0 Seismic Analysis of Highway Bridges Under Seismic Shaking
e Eigenvalue Analysis
e Time History Analysis
0 Seismic Analysis of Bridges Under Liquefaction Induced Lateral
Spreading
e Equivalent Static Analysis Approach
e Global Dynamic Analysis Approach
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Static Procedure to Simulate Bridge Under Lateral Spreading

O Equivalent static procedure: apply static displacement loading
profile in longitudinal ditrection

free-fald sol
displacement
{imposead on
oll pikes it a group) l
R

. stick mooel of
bridge components

.......

| plles with so#
frm ] P springs to

soil { - represent
gol-structure

Interacoon

d P-y spring springs are weaker and softer in non-liquefied crust
layer due to the flow of liquefied layer
e Passive pressure change from log-spiral to Rankine type
e Soil can flow around strong foundations
e Crust layer can exert large forces to pile cap

UCLA
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Responses of Bridges Using Static Procedure

O Case No. 1

Inertia Loads
- 4

Embankment’:

Clay
Liq. Sand

Dense Sand

d Case No. 2

Ine‘rtia Loads

: Free Field Soil
«~ Displacements Free Field Soil
) '/ Displacements
Embankment

Free Field Soil
Clay ':/ Displacements
Liq. Sand
Dense Sand

UCLA




Dynamic Procedure for Lateral Spreading

A The global dynamic analysis procedure can capture both
transverse and longitudinal coupled responses, the ground

motion dependencies and inertial effects etc.

2-D Bearing 2-D Bearing
Static Shear Model Model
Stress
—>) [Crust /)W Non-Linear /
j@k . — Beam Co!umn\
2-D Liquefiable /*MNC
Lig. e )w P-y Element _m\' AW \
JWVL )W tl ,aw‘n ,\\k m
Non- -AWH Crus Crust
Liq. W i A HN-
Lig. 'W Liq. ’W_w_
v - M-
\ Non- T [Non- /\W_W_
M qu- —W' __Liq.
3-Dimensional
Shaking WV"
L~
3-Dimensional 3-Dimensional
Shaking Shaking

UCLA

Static Shear
Stress

Crust

Liq.

Non-
Liq.

3-Dimensional
Shaking
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Detailed Steps of Dynamic Procedure

Direction of

Horizontal Body Force

Reaction ] Loose Sand
Force [ Dense Sand

Reaction
]

Input Rock Motion

acceleration, velocity and displacement time histories

|:| Embankment Dense Sand

O ciay

<

Ground motions
generation

A

Soil column analysis

v

Abutment
foundation motions

A

Embankment
amplification

UCLA

-

Longitudinal pinning

4

Bridge modeling

Pier foundation
motions

A

Structure

Pile SSI with
pyLiq2, tzLig2 and
Qz springs

A

Pilecap and
abutment SSI with
py, and tz springs

A A
G/Iotion and mean stress histori@ilnput—»@n'dge structure and SSI modeD
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Generation of Depth Varying Ground Motions
I

0 40 rock motions (Baker et al., 2011)

[ Step 1: nonlinear site responses

Longitudinal Transverse Pore water r
< Acceleration Displacement Acceleration Displacement “
Z
E
55
E
=
o
)
=
§=
) £
=
o

-10.0, in loose
sand

" m M h!\ﬂl MJ\ A
VST

-14.0, in dense
sand




Generation of Depth Varying Ground Motions

Q Step 2: embankment amplification

8 2.5
— Before amplification
———————— After amplification 20+
Ng g 1.5
S =}
© € —— Before amplification
c ‘ 410 L
S IR e -1 I\ After amplification
= ' 60 3
9] &
9] Time t (s) S 054
Q a
<
0.0 T T T
i 30 60
054 Time t (s)
- L] L]
°
O Step 3: abutment pinning effect
8 4 25+
2.0
Before pinning
e —— After pinning B
« £ 1.5
d
E =
© 5
S g 1.0+
% 60 ‘_%
& x> 0.5+
§ a
< Time t (s) 0.0
-0.54
-8
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Displacement Loading Profile

6-
Left abut Left pier Right pier Right abut
3- E
Disp (m) Disp(m) Disp (m) Disp () |
Bl v T o b e 2 4 o 2 1 he
e I ‘ . —
§' —7s %—
-3 S N N 1 15 (U A 1 | O b 14s | O
¥ ET - as) ¥
- 5 .,' %
o 1
6- | 35S
° se 40 | ool
495
- 56s
_g;g"f‘ ,,,,,,,,, 635 9
——70s

0 Larger displacement at pier foundation than abutment
(reduced by pinning effects).

0 Small displacement in layers beneath the liquefied layer.
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Finite Element Model of Bridges in OpenSees
I

Left abut
ground moti

UCLA

Left abut

on

Right abut

Ri abut

Right pier top ground motion

1= Right pile cap

)
1 Right pier
Left pier top ground motion
<, Left pile cap
S Left pier

ground motion
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Displacement at Various Locations of Bridges
I

Right abut

16 o Right abut

| |Ground motion: Bgheiertop|  @Eundiotion
12 Left pier i ekt cap
i — Right pler Left pier tap ground motion
~~ 0 8 LEft abut s Left?ile.cap
‘g’ N Right abUt . ::upnl\::'notion
= 1
2 044 LeftPileCap
3 : AY R ARG LeftAbut
8 00- 'V“V\‘ ‘“ Leat s
' ~\ "\/ VAR e — RightPierTop
5 ( V M RightAbut
T 04+ o il U
T LoNgitndipel RightPTeGap
> 084
c
(o]
|
L [
-1.6

O Extensive lateral spreading displacement (~1.5m).
0 Pier column experiences large deformation (~0.4m drift).
Q Soil flows around pile cap.
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Pier Drift Ratio: Dynamic vs. Static Procedure

I
0.15 -
[ Dynamic
o ] Static: real displacement loading profile
= 0107 B Static: simplified displacement loading profile
=
S
@
o
< 0.05-
@
=

No. of motions

[ Static loading mechanism dominates the responses of bridges
and a “realistic” displacement profile can improve the

prediction of static procedure

UCLA
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Modeling Axial-Shear-Flexure Interaction of RC
Columns for Seismic Response Assessment of
Bridges

Contributors:

Dr. Shi-Yu Xu

Professor Jian Zhang

The research presented here was funded by National Science Foundation through the
Network for Earthquake Engineering Simulation Research Program (0530737).
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Shear-Flexure Interaction Hysteretic Model Under Constant Axial Load
» Generation of Primary Curves Considering Shear-Flexure Interaction
» Improved Reloading/Unloading Hysteretic Rules
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Introduction
I

Motivation

*

Bridge columns are subjected to combined
actions of axial, shear and flexure forces.

+ Bridges performance can be improved if
accurate prediction of seismic demand on
columns can be achieved.

Objectives

+ An efficient analytical scheme considering
axial-shear-flexural interaction in columns

L 2

An systematic procedure producing accurate
seismic response assessment of bridge system

»  Site specific ground motion
»  Soil-structure interaction

» Nonlinear behavior of columns (strength
deterioration, stiffness degrading, & pinching behavior)

UCLA

geometrical constraints

\

L

multi-directional earthquake
input motions
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Siﬁiﬁcance of Axial-Shear-Flexural Interaction

[ Significance of Non-linear Shear-Flexural Interaction (Ozcebe

and Saatcioglu 1989; Saatcioglu and Ozcebe 1989)
e Shear displacement can be significant -- even if a RC member is not
governed by shear failure (as is the case in most of RC columns).

e RC members with higher shear strength than flexural strength do not
guarantee an elastic behavior in shear deformation (Inelastic shear
behavior).

e Strength and ductility of columns -- strongly depend on the combined
effects of applied loads, as evidenced in field observation as well as
laboratory tests.

[ Coupling of Axial-Shear-Flexural Responses (EIMandooh and
Ghobarah 2003)

e Dynamic variation of axial force -- will cause significant change in the
lateral hysteretic moment-curvature relationship and consequently the
overall structural behavior in RC columns.

UCLA
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AnalEbal Models for RC Columns

d Plastic Hinge Type Models

e Using equivalent springs to simulate shear and
flexural responses of columns at the element

Elastic or rigid beam

MAA
VW

AAANANNN
RNNNNNAN

o

level _ _
L . Linear or Nonlinear
e Empirical and approximate spring elements
e Difficult to couple together the axial, shear, and Y
flexural responses AT e

SN
.
g

d Fiber Section Formulation

Z €

e Controlling the element responses directly at the

material level y Ny

e Coupling the axial-flexural interaction Y S

e Rotation of principal axes in concrete due to the === }_, N
existence of shear stress is not considered ) r—r—r—

Q Timoshenko Beam-Column Element
e Assuming uniform material
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Deficiencies of Current Numerical Models
[

O Deficiencies of Current Models

e Non-linearity in shear deformation is not accounted for.

e Material damage (strength deterioration and pinching) due to cyclic loading is
not considered.

e Axial-Shear-Flexural interaction is not captured.

(a)INonIinear Timoshenko Beam Element (b)IOpenSees Fiber Element
150+ 150
100} e . it W47 5. 100F
50f £ | 50+
z P z
< X
g O s 0
() [
< e
0 wn ““4‘
50 50" ~ AFl €0k.
SFI€NG.
-100 -100+ #
Test TP-021 § Test TP-021
""""" nonLinear M-¢ OpenSees Fiber
_150 1 1 1 1 1 ) _150 L | | 1 1 )
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
Displacement (mm) Displacement(mm)
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Axial-Shear-Flexure Interaction at Material Level

MCFT

Modified Compression Field Theory
(Vecchio and Collins 1986)

O

ya e

fo<— IT_)—>
M i

D T D I =

Strain Compatibility

Constitutive Law

UCLA
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Derivation of Flexural and Shear Primary Curves
I

o Discretize RC member into small pieces. For each piece of RC element,

estimate M- ¢ and 7 -y relationship by Modified Compression Field Theory

(MCFT, Vecchio and Collins 1986).

) .

IN

> V

Integrate curvature and shear
strain to get tip displacement.

X { ofdy*y; + v*dy }

Flexural deformation Shear deformation

O =

h*6

+

A

S

Input the V- A and M- 6 curve
to Shear-UEL & Flexural-UEL.

.
TQ

K |

.
Tg

LSUEL
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Shear-Flexure Interaction (SFI) under Constant Axial Load
I

Column Height (m)

Shear (KN)

e o ° e Sections with different M/V ratio
S S oy P (level of shear-flexural interaction)
bees kY MV =0.381(m) . .
I 50 demonstrate different mechanical
084*\\}-M/V =0.686(m) g 40 prOpertIES and behaVIOI'S
5 o] - - - .
. ‘~1NVV=0-838<m> £ e Section with higher M/V ratio:
04 7 ...... ;\ MV =0.991(m) 20 > L t t
..................... N MV =1.143(m) total displ. arger momen CapaCI y
02} ... ?.é ......... \ 1M/V —1206(m) *° T et » Smaller shear capacity
% o5 1 15 2 g : 10 s o Maximum moment capacity is
MV ratio Total Displacement (mm) .
bounded by pure bending case
300 90 -
w*“-*“.
g5 ——
& —m
’é 60 - —_— M-¢3
% """ "o \f— lN 1
= 3ol
0 2 4 6 8 0 12 0 5 10 15 20

Shear Strain (mnvm)

Curvature (rad/km)
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Improved Hysteretic Rules for Shear & Flexural Springs

I
dUnloading & reloading stiffness depend on:

(Xu and Zhang 2011)

e Primary curve (K, Crack, & Yield) € Structural characteristics
€ Damage in the column

Cracked? Yielded?

Shear force level

Max ductility experienced

€ Past loading history

Loading cycles at max ductility level

Axial load ratio

€ Varying during earthquake !!

Shear Force

N
>

I _maximum peak (A ,,V,,)

® hardening reference point

_________________________________________

’ previous peak (A ,V,)
(6]

_/ @ piyiching reference point (A V"))

N

(Ozcebe and Saatcioglu,1989)




Defects of Ozcebe & Saatcioglu’s Model

4

deflection

(a) negative unloading stiffness at large ductility level

shear
A
max peak
N
revious peak
P p ----- pinching reference point
deflection

UCLA

(c) nearly-zero pinching stiffness

shear
A
______ VCf
Ve -~
deflection

(b) negative residual in a positive unloading branch

shear

A
max peak

e hardening reference pt

Vv previous peak
pinching reference point

N

deflection

(d) negative hardening stiffness



Proposed Flexural Hysteretic Model
I

e Using the same numerical framework as the shear hysteretic model
to expedite the programming procedure

e Unloading stiffness above and below crack load is given by:

force onset point of unloading branch

", gy AR

ki = Kk *1.2%e T x(1_0,016%6/6,)*°

Kugo = 0.70%k, *1.2%e ** %)™ x(1_0,020%60/ 9,)**

N g (U

e Reloading stiffness from 0 to M, is replaced by:

»
deflection

k, =056%k,*12%e "> 4™ *(1_0.020%6/6,)*°

P
Apply minimum stiffness k; to prevent extremely soft reloading !

stiffness at small ductility level —> [ ek ]

e Reloading reference point is controlled by:

M. =M i *e[—o.ooz [6,16,*n-0.010/n*(6,,16,)]

m

SSI spring

UCLA 7



Shear-Flexure Interaction (SFI) Model

| Shear-Flexure Interaction (SFI) is captured in this model at

(1) Section/material level when deriving the backbone
- - - - - /o Rl Tolumn curves for the rotational and shear springs using MCFT;

F-UEL (2) Element level when the balance between shear force and
v ] moment is enforced by the local equilibrium.
SSi spri;g

________ + M A% \
________ MCFT 1 4 rueL \ I 4 S-UEL
________ I ‘ : ‘ :
+ dy [ =% [T | [T -‘ "
———————— \ /1 \ /
-------- \ 07 Ags
> V S ’ N P
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Cyclic Test: Experimental Program — TP031 & TP032
I

i . TP-032
] 100
] ¢ i ° ¢ D& E E 50
D13 —8 £ % 0
: 5
| @ © & = )
i a &
"- g -100
0 A measure of the level of Shear-Flexure Interaction
‘ S ! TP-31 TP-32 | TP-33 TP-34
= T
ID in the Reference L) g CT 1Vl V2
400 : T
- > Section y Square !
S@64 o A I
=320 Section Size (mm) 1 \ 400400,
T
i Effective Height 4 (mm) M 1350 :
i O} ' 1 . H
g T Effective Depth _d ?mm% /I 360 | Helght
A = Aspect Ratio 375 1 -
i —— : : Diameter —
Lateral ¥| SD295 Longitudinal | 158 |
Load B %) D13 _ _ I X
Reinforcement Ratio (%) 1 .
T
= | [~ Volumetric Ratio of Tie ! 0.79 E
2 x| D6 Reinforcement o, (%) ! |
— | 1
= Cylinder Strength of X 229 23.0 ! 229 23.0
= 1
SD345 H spass Concrete o,y (MPa) : !
D16 H| D19 Longitudinal Reinforcement SD295A D13 (Yield Strehgth=374MPa)
= 1
A e = Tie Reinforcement 1 SD295A D6 (Yield Strerigﬂ1=363MPa)
I Axial Force (kN) ! H1O=310 170420
I (ak the Botior ! (6-2.0MPa) (-1.0~2.7MPa)
1
B 1150 J L | NConstant/ | NConstant/’ | (Varymg) (Varying)




Column ResBonses: Compression vs Tension

2001

150+

100

50r

Shear Force (kN)
o

Joas
o

[12.8% Compression]

Test TP-031

ABAQUS UEL

-60 -40 -20 0 20

40 60

Column Tip Displacement (mm)

80

Shear Force (kN)

2001

150+

100

50

Column Tip Displacement (mm)

QO Developed SFI-UEL works fine with columns under either
compressive or tensile axial force.

O Variation in axial force DOES HAVE significant effect on the lateral

hysteretic response of RC columns !

UCLA

100+ [-4.6% Tension]
-150+ Test TP-032
.......... ABAQUS UEL
_200 L L L | L L L |
80 60 40 20 0O 20 40 60 80
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Column ResBonses: Shear vs Flexural Dominant

Column Longitud. Transverse Longitud Transverse
Column Size . Number of Steel ) nettad. sy fy fc’ Axial Load | Axial Load
Column Index (tmm Height Steel Rebar Diameter Steel Diameter | Reinforce. Reinforce. (P (VP (kN Rati
) (mm) el Rebars (mm) Ratio Ratio 2 2 ) atio
(mm)
PEER-121 600.6 circ. 1828.8 28 19.05 6.4 2.73% 0.89% 441 345 911.84 9.0%
PEER-122 600.6 circ. 4876.8 28 19.05 6.4 2.73% 0.89% 441 345 911.84 9.0%

» Developed SFI model is able to simulate the responses of either shear-
flexural dominant or flexural dominant RC columns.

6001 2501
g 400 g il
° o 1501
S S
z Z 100r
fo} 2007 Lo}
S S s50f
o o
O] 0 O] ok
© o
8 50/
© -200- o
L LL
p - 100+ _
o je]
Q S -15071 (¢
S 4001 S 3
4 Test PEER-121 @ oo0- T Test PEER-122
....................... ABAQUS UEL EETTTrrrr ABAQUS UEL
_600 | | | [ [ | _250 | | | | [ [ |
-150 -100 -50 0 50 100 150 -800 -600 -400 -200 0 200 400 600

Column Total Drift (mm)

(a) PEER-121, Aspect ratio (H/D) =3

Column Total Drift (mm)

(b) PEER-122, Aspect ratio (H/D) =8
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DEamic Test : E&erimental Specimen 9F1 & 9S1

Accdlention (g)

El Centro Earthquake

& &8 a8 8

L oW M oE 8 = B W ok

Voo
& & & 8

s

/l 178" dia all thread

=1

16 in

/3 in cover

12 in pitch

/#E spiral

14

28 |

=0 in

UCLA

/—ED #4 Graode 60 longltudingl bars

1 1/2 In cover

2 in cover

Specimen Motion

9F1

Input Motion

COLUMN 9F1

Low Level Random

*
—_

(;59 El Centro

2/3 x El Centro

1.0 x El Centro

1.5 x El Centro

2.0 x El Centro

2.5 x El Centro

3.0 x El Centro

3.5 x El Centro

Rl Eve Bl IS B K= B0 BN IR PR ]

v El Centro

951

3.25 x El Centro

University of Nevada, Reno (Laplace et al. 1999)

UNR MODEL
Scale 1/3
Aspect Ratio 4.5
Column Height 72 in.
Column Diameter 16 in.
Axial Load 80 kips
P/fcAg 0.1
Long. Steel Ratio 2%
Long. Bars 20 #4
Confinement 1/4 in. dia. wire
Spiral Pitch 1.5 in.
Spiral Ratio 1%
Concrete Cover 0.75 in.

3.0
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Hysteretic Loops of Column 9F1: 2.50x (6" Stage)

displacement (m)

shear (kN)

UCLA

Displacement time history of UNR test: 2.50 x El Centro

0.1

0.05

-0.05

UNR Test
........... ABAQUS UEL

0 10 20 30 40

Shear force time history of UNR test: 2.50 x El Centro

150

100

50

-100

-150
0

10 20 30 40
time (sec)

shear (kN)

shear (kN)

150

100

Hysteretic loop of UNR test: 2.50 x El Centro

UNR Test
........... ABAQUS UEL

0.1

0 0.05 0.1

Accumulated hysteretic loop of UNR test: 2.50 x El Centro

150

100+

50+

50+

-100

-150
-0.1

0 0.05 0.1
displacement (m)

Stage VI : PGA = 2.5 x El Centro Earthquake record
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Hysteretic Loops of Column 9S1: 2.50x (6" Stage)

displacement (m)

shear (kN)

UCLA

400
200 |
z
=
= 0
(O]
ey
(]
-200 -
-0.05 ‘ ‘ ‘ ‘ ‘ ‘ -400 ‘
10 15 20 25 30 35 40 -0.05 0.05
(b) Hysteretic response at current stage
400 400
200 | 200 |
z
=
O a 0
(]
ey
(]
-200 -200 | UNR Test
.......... ABAQUS Ua
_400 | | | | | | _400 an? | |
10 15 20 25 30 35 40 -0.05 0 0.05
time (sec) displacement (m)
(c) Shear force time history (d) Accumulated hysteretic response

Stage VI : PGA = 2.5 x El Centro Earthquake record
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Summary

e An analytical approach is introduced to generate the shear and flexure
primary curves for RC column.

e Model defects in shear hysteretic rules are fixed; new equations are proposed
and calibrated to model the flexural hysteretic responses of RC columns.

e The SFI model has been extensively validated against cyclic tests and shake
table tests.

e Laboratory tests shows that axial load can significantly affect the shear and
flexural responses of the columns.

e Aspect ratio (H/D ratio) is a measurement of the level of SFI.

UCLA
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Introduction
[ .

d Motivation

e Adequate prediction on displacement demand is the key to conduct
performance-based design

o Existing displacement demand models in general do not reflect the
realistic inelastic behavior of RC columns

e Existing models do not consider the combined actions

O Objectives
e A simplified displacement demand model for RC columns
e A model that takes into account:
» the effects of shear-flexure interaction,
» column structural properties (strength and post-yield stiffness),

» accumulated material damage (e.g. strength detetioration, stiffness
degrading, and pinching behavior), and

» (near-fault) ground motion features.

UCLA
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Quick Review of Existing Models

O Capacity spectrum method (ATC-40) S, 4

e assuming a Trial Performance Point

e constructing the bilinear representation of capacity spectrum and the
reduced 5% response spectrum based on the trial performance point

e in Acceleration-Displacement Response Spectra (ADRS) format (i.e.,
S, versus S)

e iteration to find the converged Performance Point

) Demand spectrum

geq: 50+5%
Capacity spectrum

v

S
O Inelastic displacement coefficient methods (FEMA 273, 356, VA ‘
440) g
e same initial stiffness & damping coefficient j
e 6,=Cf*.*C* 6, | §
e estimating nonlinear inelastic displacement by multiplying elastic i
displacement of SDOF system with (several) modification factor(s) S5 5. g
O Equivalent linearization methods
e secant stiffness & equivalent damping coefficient at given ductility V4 T, &
level o0
o Ti=f(u To) &i=F(u;, &) 7
e estimating the nonlinear inelastic displacement using the elastic ! /_l’_ i
response spectrum of SDOF system with equivalent natural period R i € |
and damping ratio - ' >
p=1 i u
UCLA 82



Deﬁciencz of Existing Models

0 Capacity spectrum method (ATC-40)

e replacing the inelastic spectra with highly damped

0 Inelastic displacement coefficient methods

elastic spectra is questionable
may not converge to the correct response

(FEMA 273, 356, 440)

e Most of the results were based on the responses of

elasto-plastic or bilinear SDOF systems w/o the
consideration of material damage

0 Equivalent linearization methods

e produce more accurate prediction in intermediate and

UCLA

long period ranges

may either underestimate or overestimate the
displacement in short period ranges

S 4

A

Demand spectrum

Capacity spectrum

v

Sd
VA
5e 5i 5
A
v To &,
L/// Ti’ §|
n=1 U l'l
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Effects of Combined Actions on Structural Responses

©  Bridge #4 (H/D=2.5 5  Bridge #8 (H/D=2.5 S Mendocino Bridge (H/D=2.5
* 3 COIUmnS 2.5X10 g ( ) 2.5X10 g ( ) 2.5x10 endocino Bridge ( )
« 2 aspect ratios _ 2 _ 2
=3 z =
. p — z
o 4 axial load levels &1 S
= ! ——PIP=20% | L S B
S 1iy I s
D P . C % ----- P/P0—15% % %
rmary curve 05, e PIPE10% |
capacit A s
== 0 ‘ ‘ ‘ ‘ : 0 ‘ ‘ : : ; ‘ ‘ ‘ ‘ ‘
p y 0 _tl)_.OtZI C0|.04 _IE_J-OS 'ft?.of 01 0 002 004 006 008 01 0o 0.02 004 006 008 0.1
L . otal Column Tip Driit (m Total Column Tip Drift (m) Total Column Tip Drift (m)
--1n Itl aI Stlﬁn SN x 10°  Bridge #4 (H/D=5.0) x10° Bridge #8 (H/D=5.0) x 10° Mendocino Bridge (H/D=5.0)
. I 25 P/POIZO% 25 2.5
o pOSt_er dK DY | [p— PIP,=15% ) )
z R P/P =10% = =
< 0 < £
D Shear'tO'totaI S 150 .. P/P,=05% g 15 g 15
- - g : :
Displ. Ratio P g g
. & o _a_ 0 _ __ 3 S S
Bridge #4, H/D=2.5 05
0.4 .
o 0.35 ,' ," """ HID=251 008 0.1 % 002 004 006 008 01
= 025 . g 02 ! H/D=5.0 | ft(m) Total Column Tip Drift (m)
= ’ 0.3 ! ' !
g 92 4 i !
e 0 0.25 i oas| 1
S e \ e =
2 015 s 02 5 e |
k) gt 7 ]
<9‘5 z. P/F’0= 5% 10.15 “:,’ 01t |
g ol PIP =10% 7 v
2 S o7 01 ;
g 0.05 T PIP,=15% s g Br?dge w |0 /
o PIP =20% 0.05 Bridge #8
0 e Mendocino
00 5 10 15 00 5 10 15 00 20 20 60 80
Total Drift (mm) Total Drift (mm) Total Drift (mm)
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Modeling of Columns & Consideration of Ground Motions

d Structural modeling of bridge columns | The properties of
C||| | |||7 - T the F-UEL and S-

" : UEL are

determined by:

« total primary

v e curve

(a) bent cross section (b) bridge side view (c) column mc;del « shear-to-total
[ Pulse representation of near fault ground motions displacement ratio.

5 o) . Tl .

s 01 é % £ 10/ A Major

o g T 13\1\/\% characteristics of

g w2 g 0 g 20 the identified
M2 46 8 10 0 2 4 6 8 10 0 2 a4 6 8 10 pu |Se-type

waveforms:

« Amplitude, a,

150

100

PSA (g9)
PSV (cm/s)

* Frequency, @,

[
o
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Dimensional Analysis & Similarity of Responses

dDimensional analysis

-- utilizing the characteristic length
scale (amplitude, a,) and time
scale (frequency, @) of near-fault
ground motions to normalize the
iInput and output physical
guantities.

HAmplitude independent

behavior of columns
-- normalized response of a bilinear
system are independent of the

amplitude of ground motions,
showing better correlation.

UCLA

li+2&mu+alu, f(uu)=-ag (a)pt)

Uy = mtax(‘u(t)‘) =f (a)s,é‘s,uy,gs,ap,a)p)

Normalization by a,
& w,

max 2

u

Number of independent
variables is reduced by two.

I EM=¢(Hm,H§,HUy,H8) = ¢(11,,11,,T1,, 11, )

,,,,,,,,,,,,,,,,,,,,

********************************

:
o) : .\ |
R W « Singlecurve |
. * Nonlinear system
sl b N
o | |
0 1 2 3 4 5 6
M =ogw,

86



Dimensionless DisBlacement Response of Columns

15 : : : : : : 8 ‘ ‘ ‘
I ‘ ‘ A: H/D=25 o P R SR A HD=25 |
° i i @®: H/D=5.0 i i @®: H/D=5.0
; ; ! ! ; ; 6 .
R S i e e S P + 3 columns *
E -9 e « 2 aspect ratios
: o - = e - I
_E oo go 1 1 1 > S ; « 4 axial load levels
T | | | | 3L |
0.5p----- ’ii"'" ******* = | + 10 earthquakes
[ ] | | | | | | |
| | A ! \AA | A 2** *************************************** —
| ‘ Ad | | | | | |
e ..' 8 200, Y~ I S |
a! o0 mA, : : A : :
0 e t8i0ty 4, , 42 0 ‘ saran o
0 5 10 15 20 25 30 35 0 5 10 15 20
o (rad/s) Hm:(”s/“)p
Response Spectrum in Dimensional Form Response Spectrum in Dimensionless Form

* No trend can be found if the displacement demand is displayed in dimensional
form.

* A clear trend emerges when the displacement demand is displayed in
dimensionless form.
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Sigiﬁcance of AsBect Ratio

Q Aspect Ratio, defined as H/D in this study, is a measure of the
M/V ratio (recall M/V=H in a cantilever column) at the critical
sections of a bridge column.

Q Smaller the H/D ratio implies smaller the M/V ratio and therefore
higher the level of shear-flexure interaction.

« Natural period of a bridge column T e R
is also significantly affected by its Db R !
aspect ratio. | T O R TS I U T B B

s e L e l
: . vl |
e e e T e A
l 4 a0 L
2t A | 4
A 4 n
0 ‘

| | | | | | | | | | |
1 2 3 4 5 6 7 8 9 10 11 12
Column Number & Carrying Mass(Axial Load)
Bridge #4 Bridge #8 Mendocino Bridge
05% 10% 15% 20% 05% 10% 15% 20% 05% 10% 15% 20%

Elastic periods of columns in simulation.
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Significance of Nonlinearity Index , II 5,

ol
I, =
Qy 1+kp/(Qy/uy)

m- a_, :a measure of max shear force imposed by earthquake
Q, : a measure of the shear strength of bridge column

k, : post-yield stiffness

Q,/u, :pre-yield stiffness

1k : a measure of energy dissipation capability compared
1+—>— to elasto-plastic system

e Larger II, implies more significant nonlinear deformation.
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Dominant Dimensionless Parameters
[ .

x 10° x 10°
2 : : 2 :
o HID =2.5 H/ID =2.5
LdFrequency ratio PIpg-015 PIpg-015
= 1r I =1.746 1 = 1r I =3.134 1
= ) =1.212 £ I =1.389
= I3) 3]
I =0/ 3 3
p LOL 0 il LOL ot i
B B
ol i
S 4l i S 4l |
I, =2.361 I, =0.648
2 L L L L L 2 L L L L L
0.06 -0.04 -0.02 0 0.02 004 0.06 0.06 -0.04 -0.02 0 0.02 0.04 0.06
Total Drift (m) Total Drift (m)
[ ] ] 6 6
x 10 x 10
2 : 2 :
dNonlinearity index
HID =2.5 H/ID =2.5
P/P,=0.05 P/P,=0.05
neW > 1r I ~=3.994 1 = 1r I =431 1
s Ty, =0.336 < Iy, =0.637
o o
g o 8 2 of 1
@ e
m-a 1 g o
I1, = g 3 at 8 34} 1
Q. |14k, /(Q, 1uy)
y P y y m, =0.259 I, =0.490
2 L L L L L 2 L L L L L
0.06 -0.04 -0.02 0 002 004 0.06 0.06 -0.04 -0.02 0 002 004 0.06
Total Drift (m) Total Drift (m)
2x 10" leo”
o HID =2.5 H/D =5.0
QAspect ratio, H/D PP, 2015 P 015
b = 1 m =2081 ] = 1 11 =0761 1
S Ty, =0.679 < 1Y, =1.285
o o
I.OL 0 i LOL oL
s s
(] [}
S 4l i S 4f |
I, =1.284 I, =2.640
-2 1 1 1 1 1 -2 1 1 1 1 1
0.06 -0.04 -0.02 0 0.02 004 0.06 0.06 -0.04 -0.02 0 002 0.04 0.8

Total Drift (m

Total Drift (m



Proposed Displacement Demand Model

2-4'SMF1

MF1 i

-S

3)

1.

3
1, —1.0*
(Spectral Modification Factor)

2

umax ) a)p
Eip

IT, =

Cri
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|\/||:1:1—I

S

(H /D)
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2.5
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Model Validation

I
UInelastic displacement coefficient methods:

A

Validation Column V1

. .= C A . | ® 1.535
inelastic R elastic e ABAQUS '
r A Proposed
. . . ¢ Ruiz-Garcia & Miranda (2003)
e By Ruiz-Garcia and Miranda (2003) 6 T Chopra and Chintanapakdee (2004)
v Erduran and Kunnath (2010) 138
L=1+ %_1 (R-1) &0 : H/D=3.0
a(T /T,) % 4
e By Chopra and Chintanapakee (2004) > | . o
d @\l B '
. a T 1 R-1 N/ s Eror(Eg, 5 =26.40%)
CR :1+|:(LR —1) ! +(¥+Cj (T_j ] y LR - R (1—’_ o j ///—¥\ i . :rorgz§g=:ij((°//o))
c 1L \:f Error(E & K) = 37.4(%)
QOverall Error 5 : —
e 26.4% -- Proposed model e
e 51.2% -- Ruiz-Garcia and Miranda (2003) @ 1 o o4
. HU 1 1.25 MF1 MF1
e 51.4% -- Chopra and Chintanapakee (2004) % |,-19
e 37.4% -- Erduran and Kunnath (2010) Sy, =10+
1 N ui o ui
predict max (H/D)

where CNL=0.80£_2 and =

2.5




Summary

I
d Inelastic displacement responses of bridge columns are

presented in dimensionless form.

d A dimensionless nonlinearity index, II ; is derived to take into
account of the column strength, ground motion amplitude, and
softening or hardening post-yield behaviot.

Q Normalized inelastic demand (I, = u,,,,®,%/a) is revealed to
be strongly correlated to the structure-to-pulse frequency ratio
II ,, the nonlinearity index II y;, and the aspect ratio H/D.

O A regressive equation is proposed to directly estimate the
inelastic displacement imposed by earthquake motions.

A = Cr B s

A The proposed model can give dependable predictions with
direct consideration of structural and ground motion
characteristics.
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Outline
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» Motivation & Objectives
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Factors Affecting Bridge Responses

1S — average acc. resp.(scaled) ||

B — I;gj:; Years (2475) s gy@rage acc. resp.(unscaled)
L eves ore
15 T e————t————] - — — — — 50% 50 years (72)
/\ Y .
50% 5 Years (7) 2
Earthquake o \\ =t
a / : H
[ 2
Features ) é,)__ ¥ \\
f;/ — I' - — B '-.--.____
* Deck (box girder)
¢ Bent beam
Structure « Column
Properties » Spread footing
* Foundation/
kag % Embankment
Node 3xx k55
(Typical)

Soil-Structure
Interaction

Three primary Soil-Structure Interaction effects
(Stewart et al., 2004):

» flexible foundation effects
» foundation damping effects
»  kinematic effects
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Ground Motion Selection
I

Uniform Hazard Spectrum Uniform Hazard at LABMB Site
Spectral Acceleration (g)
Structure
Period (s) . .
2% in 50 yrs 50% in 50 yrs
0 0.58 0.25
2
) Legend
) |———— 2% 50 Years (2475)| 0.1 1.14 0.46
y 10% 50 Years (475)
) —_— — 20% 50 Years (224) 0.2 1.48 0.58
1.5 : ***** 50% 50 years (72)
; 10% 5 Years (48) 0.3 1.47 0.58
’ E— — 20% 5 Years (22)
2 N B 50% 5 Years (7) 0.4 135 051
1 : : ) ngnr\ing
Sa (g) \: \ ] 0.5 1.24 0.47
™ ) ]
/ m\ : 0.75 0.99 0.38
, -~ : T~ [
0.5 N — b —— 1.0 0.82 0.30
/ o TR —_— “ﬁr\
B i, —5
/ o . _ _ﬂ__":‘—?x el S T — 1.25 0.69 0.26
T e 15 0.61 0.22
0
0 05 1 15 2 2 0.47 0.18
T (S) Note: 5% damping
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Acceleration SBectra

For T=0.5 sec (FHWA Bridge #4 and Bridge Mendocino) :

Legend —
2% 50 Years (2475) Average Acc. Resp.(scaled)
=== Average Acc. Resp.(unscaled)

A=1.24g 10% 50 Years (475) 3
7—‘ _ — 20% 50 Years (224)

i54+—tF - — — — — 50% 50 years (72)
10% 5 Years (48) 250
R — — 20% 5 Years (22) @
_____ 50% 5 Years (7) s 5 )\/‘“ LA=124g
o ‘
= A( ] ‘ """
1 5 04 damping © \\‘) ) ‘. /
sa (g) g0/ AN, 4
N ~_ 8 MNET \
/ ™ 1F /”"'y""?‘i@‘}é’( ™ %f“\‘\‘!}'\
os Lo ~ — V& AN e Ny
Y T ~ 0 TN
) |~ — 1Y \
/ - \_‘\:-: T~ T *—‘h 05" / \\
e e
~—— - - - - L _ _ _ o O 1 | |
T - 1 i ! 0 05 1 15
' ‘ Natural Period (sec)
T (s)



Formula of Dynamic Stiffness for Surface Foundation

Motion

K(o) = K _*[k(a)) +i*a, *o_*c(a,)]

Support Node at Abutment (Typical) -—\
/

Dynamic stiffness and damping coefficients

-- by Vrettos (1999) [or use Gazetas (1991)]

Horizontal Vertical Rocking Torsional
Equivalent radius, 1, A A . / al, 4 / 21,
s sl \ T \ sl
Poisson’s ratio, V All v 1 1 1 1 1 All y
v<— —<v<— v<— —<v<_
3 3 2 3 3 2
Wave velocity, V G E
V<:4/: Vnzq_c 2\/9 VD 2v< Ve
3 N
Static stiffness, K 3
: 8Gr, 4Gr, 8Gr, 16Gry
High-frequency damping 2-v 1+v 31rv) 3
ff.
coet 9~ s z [20-v)° T lazgfg-vy | 3m, 37
—(2=7) e — —(L=V) — Ta V) a0
8 4\/ 1-2v 2 32\/ 1-2v 16 32




Maior ComBonents of Stick Model

* Deck (box girder) => elastic beam ] é:o/ﬁ“_f:
+ Bent beam > rigid (very large I) L

« Column =>» linear/nonlinear beam s, | :,f;w' -
« Spread footing =» rigid (very large I) — I'L—H—Tf_‘
* Foundation/ Embankment Support Node at Abutment (wacat?ﬂ

=» equivalent linear springs and dashpots

Moment-Curvature

8000000 = :
7000000 Siitean U (Typical) }ﬂ./
g S000000 [ f Node 3xx kss
2 4000000 b & v (Typical) |
g 3000000
& 2000000 WF[—e— D48 Circuler '
1000000 | —m— 42242 Square I X . I Full Translational
0 i L L l_ Translational Spring Restraint
0 0.01 0.02 0.03 0.04 2 | | Eull Rotational
curvature (rad/m) oba Rotational Spring Restraint
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Prototype Bridges

Three box girder concrete bridges are selected as prototype bridges for preliminary analysis.

Structural FHWA Design Example #4 FHWA Design Example #8 Mendocino Ave. Overcrossing
Characteristics Bridge #4 Bridge #8 Bridge Mendocino (1963)
Span Length Three-span continuous Five-span continuous Uneven, four-span continuous
Total Length 320 ft long 500 ft long 302 ft long
Two-column integral bent, Two-column integral bent Single column variable height,
Pier Type monolithic at column top, (uneven height), monolithic at monolithic at column top and
pinned at base column top and base base
Abutment Type Seat Stub abutment with diaphragm Monolithic
Foundation Type Spread Footing Pile Group Pile Group
Expansion Joints Expansion bearings & girder Expansion bearings & girder Expansion bearings & girder
stops (shear keys) stops stops
[Longitudinal] [Longitudinal] [Longitudinal]
intermediate bent columns & free | intermediate bent columns and intermediate columns and
.. longitudinal movement at abutment backfill abutment backfill
Force Resisting
Mechanism abutments [Transverse] [Transverse]
[Transverse] intermediate bent columns and intermediate columns and
intermediate bent columns & abutment backfill abutment backfill
abutments
Plan Geometry 30" skewed Straight Straight
Natural Period ~0.8 sec ~1.6 sec ~0.4 sec

Design Method

Old design (AASHTO
provisions)

New design (LRFD guidelines)

Old design (AASHTO
provisions)
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Finite Element Bridge Models

(a) Bridge #4

30" skewed bridge bents
Hinge design at bottom of column
Surface foundation

~

(b) Bridge #8

* Uneven bent height
» Pile foundation with continuous pile cap

8000000
7000000
~ 6000000
2, 5000000
E 4000000
E 3000000
E 2000000
1060000

0

(c) Bridge Mendocino

Single-column bridge
Pile foundation

Moment-Curvature
_—
i
—— D48 Circular 1
8- 42342 Square
0 001 002 0.03 0.04 > | DECK |
curvature (rad/m)
Rigid Column
Y -——— _9de




Mode Shapes of Prototype Bridges

Bridge #4

Mode #2, T=0.505s

Bridge #8

Bridge Mendocino

Mode #1, T=1.608s

Mode #2, T=1.368s

Mode #1, T=0.411s

Mode #2, T=0.200s

Depends on the bridge structural characteristics, the first and second modes
can be longitudinal mode, translational mode, or vertical mode, etc.
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Shear and Flexural Responses in Bridge Columns

0 The developed shear-flexural interaction (SFI) model and the implemented

user element successfully model the nonlinear shear and flexural responses of
the bridge (a MDOF system) under seismic loading

Shear
Response

Flexural
Response

UCLA
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-

(

\.

10 600
~ 5 i
€ 400
E 0 I
7] b=
< 5 | < 200t
>
-10 . . @
10 15 20 25 ¢ or
g
1000 5 00|
_ 500 15
Z 0 | -400 +
>
-500 1 600 | I I I I I I
1000 ) ) -8 -6 -4 -2 0 2 4 6 8 10
10 15 20 25 Shear Displacement in 1/2 Column, Ag (mm)
0.02 4000
Ee] —~
g 0 £ 2000
3 L
® 0.01 A3
= 1000
-0.02 L . -
10 15 20 25 5 ol
§
4000
= 1000
2 2000 2
3 o g -2000 -
< o
= -2000 -3000 -
-4000 : ‘ -4000 ‘ ‘ ‘ ‘ ‘ ‘
10 15 20 25 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

Time (sec)

Rotation Angle, 6 (rad)

Shear and flexural responses in Bent 3 of Bridge #8 using UEL model
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Nonlinear M-¢ vs Shear-Flexural Interaction Model
I
Maximum Response Quantities of Bridge #8

« With PGA increasing, the max acceleration and column drift also increase
gradually. (ps. Bin 4 earthquakes are strong earthquakes.)

» Section forces and section moments may hit the capacity under these strong
earthquakes and thus remain almost constant in the SFI model.

\ \
- . Y\
» All response quantities have experienced some change due to the Y’ "”
consideration of the shear-flexural interaction of columns. : -
, Acceleration x1’  Section Force , Acceleration ,.x10° Section Force
s ‘ 3 £ s 2"
g " A . % , . . ® g 15} aLs R 8 2
: “a g 2l A 8 e g 1
‘(fé o5; 4 5.‘,- 2 AA.':A.A j‘(é 05 Lo 2 05 Y .
= = = =
0 : : : ) 0 : : : ) 0 : : : : , 0 : : : : ,
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2
PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir.
Column Drift = %19 Section Moment oL Column Drift = 10*% Section Moment
E 0.4 A A :Z: “ E N At oa TZ:.’ . Long.
£ N g 10l A ® £ A A 5 A Tran
2 03f 4, . “ 5 2 4 At 5 e o ®@ o ©
£ A A A = LM A £ 0.05 = 5
§ 0.2 & 5l A' o0 é as s
5 o ) . g <. Dol g § A Ak asd s
ol Lo : ) é 0 : : ‘ =¥ oL e @® ® ¢ : ‘ ;é 0 : : : : ‘
0 0.5 1 1.5 2 0 0.5 1 15 2 0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2
PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir. PGA along Long. and Tran.-dir.
(a) using nonlinear Timoshenko beam (nonlinear (b) using user-defined shear-flexural interaction

M-y) elements for columns elements (SFI-UEL) for olumns




Summary for Bridge Response Simulation

1.5

Response of SFI-UEL Model
Response of Nonlinear M- ¢ Model

0.5+

UCLA

———————————92— —————————————————————— —. = — H |
0.770.77 : B
I ongi.
B trans.
[1] [1]
. S.M. . isp. .F. M. .

D|sp Acc DISp

' ' '

Bridge #4 Bridge #8 Bridge Mendocino

The shear-flexural interaction effects of columns are similar, despite the
different bridge structural and geometry characteristics.

The general trends are :

» larger drift demand (in SFI-UEL models than in nonlinear M- ¢ models)
» smaller section forces and section moments
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Shift of Primary Curve

e

=

N/N, = 15%
N/N, = 10%
N/N,= 5%
N/N,= 0%
N/N, = -5%
N/N, = -10%

(Saatcioglu et al. 1983)
(Lee and Elnashai, 2002)
o)
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Effects of Axial Load Variation on Total Primary Curves

Shear (kN)

O 00

PEER-93 PEER-121 PEER-122
100 700 250,
P 600 e -7
80 . - 200} 7 -
, - 500 y T . g -
@ - - s e =
60 % - = R = 150} /
‘a — s 400 , g(// =5 , g//
3 g 3 ’
40 P/P0O=-5%(T) % 300 // / /Z‘ P/P0=-5%(T) % 100! // // P/PO=-5%(T)
PIP0=-2%(T) ‘ P/PO=-29(T) g PIP0=-2%(T)
——— P/P0=0(-) 200 /// /// ——— P/P0=0(-) /// /// — P/P0=0(:)
20 L[ Pro=s5%c) | | d?// L ——_Pro=5%c) | | 50} ¢// L —_Pro=5%c) | |
— ~ -~ P/P0=10%(C) 100 — ~ - P/P0=10%(C) — - - P/P0=10%(C)
— ~ - PIP0=20%(C) — - - PIP0=20%(C) — ~ - PIP0=20%(C)
0 ‘ ‘ ‘ 0 ‘ ‘ ‘ : ‘ 0 ‘ : )
0 10 20 30 40 0 5 10 15 20 25 0 50 100 15(
Column Tip Drift (mm) Column Tip Drift (mm) Column Tip Drift (mm)
Kunnath et al. Calderone-328 Calderone-828
H/D=4.5 H/D=3.0 H/D=8.0

Ultimate capacity and stiffness increase with compressive axial load level.

Yielding displacement is almost fixed, regardless of applied axial load.

Cracking point i1s getting smaller as axial force decreasing, implying the
column being relatively easy to be cracked.




Normalization of Primary Curves
I

0.5

7] Y = 0.68*(x+0.25)2+0.01 7] Y = 1.47%(x+0.25)2+0.02

@) @)

S 04t S o8}

T lig

£ 03f & 06}

= = >

g 02! S 04l

a 01 . T 02l

& _ Crack displacement = , Crack force
0 @ @ I I I | 0 W @ I I I I |
-10 0 10 20 30 40 -10 0 10 20 30 40

P/PO (%), Compression is "+". P/P0 (%), Compression is "+".

2 5 251 2

- Y =-2.15%(X-0.60)“+1.65 = Y =-3.20%(X-0.60)°+2.32

(@) @]

X S 2+

Y 15¢ w0

0.0 n_c:

g g 15¢

>7 1) >>

g g 1

g ;

&o 05¢ &O 05

%» Yield force g i Ultimate strength
0 I I I I | 0 I I I I |
-10 0 10 20 30 40 -10 0 10 20 30 40

P/P0 (%), Compression is "+". P/P0 (%), Compression is "+".

=no =n9
Ay (PR =0%) _ ¢ gg (2, 0.25) 0,01 Vo (PTR=0%) 4 4752 4025) 4002
A, (PP, =5%) P V,(P/P, =5%) P

V,(P/P,=n%) V,(P/P,=n%)

—2.15*(§—o.6)2 +1.65 —3.20*(2—0.6)2 +2.32

V,(P/P,=5%) ) V,(P/P,=5%) )




Generation of Primﬁr Curve Family

Objective: Generating the primary curves related to various axial load levels
from a given primary curve subject to an initial axial load

loading 0% ~riti : e :
. . 1% critical p0|r1ts, on |n-|tfa-l prlr-nary curve | (i) 0>crack: straight line
. Sy 1% initial primary curve (given) 1%
"""" A7 ! DL = def level = A(I'O)/O = A}y =DL*A}’
, ; : : . cr
Ly 1@ e .
[ : : : @ SL =stresslevel = -0 = V[ =SL*V ™"
|‘ ! \ i : V °
! : ! LR ' ¢
VR "~ n% primary curve (predicted . —_ :
v Lo @ ! @ P kd P ) (ii) crack=>yield: interpolation
Lo : | @ A% A%
I A DL =def . level =—3—
- *: '\\ i | | ) Ay =Ay
NN // /'/ — » deflection 1% _\/ 1%
\\\ . : ' _ _ (i) — Ver
*~--" n% critical points, predicted from equations SL = stress level = vy'% -V%
| i | i | iv AL = DL* (AT —AT) 4 AT
I I I > ii y cr cr
V(:;/o = SL*(Vyn% _Vc?%) +Vcr|]%
(iv) ultimate=>failure: constant residual strength ratio (iii) yield=>»ultimate: interpolation
ductility unchanged = A% = Al% ductility unchanged = A = Agi)
1% 1% _\/1%
RSR = residual strength ratio = —®* SL = stress level = = g—
v, V, " -V,
V(i =RSR*V,™ Vi = SL* (V™ =V,)") +V™
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Stress Level Index & Two-stage Loading Approach

Effective Lateral Load, V.

max ! m

Equivalent

A
stress level
T

-

®

K----
v

Stress Level Index = :
Lateral Capacity at A
10% Equivalent | 0%
A stress level
A - ~
VlO% .
Vi A
(/4] By A Voo Vy ey
| / @ @ Ve
| ¥ P
Ay A1 Amax
Keep A, change N: 10% = -5%
A

10%
Veff

-5%
Veff

b Constant lateral deformation stage

o

10%

-5%

Assumption:
Effective stress level of a loaded column at
fixed ductility is independent of axial load.

-5%

| @\
-

f : J:/ 4 >
A max A y A 1 A max
Keep N, change A : A; =2 A,
) Constant axial force stage
viosl [ e 10%
vl [ 45 ______ i -5%
eff 1 / X
o
A A




Cyclic Test: Experimental Program — TP031 ~ TP034

100

40 -l

SqG4=320

TP033 |, 78 [TP034 ¢ 78

50

'g E
~ = 2 3 £ 2 3
r I - 1 Py 1
= 5 0 5 o
y [+ [e] [+ [y g £
D6 3 1
o o
Diz —e ':%‘ -50 T‘% 50
X : a a
| @ i 4 00 -100 L
"}" o (1) Lateral Displacement (1) Lateral Displacement
s} 500 — SWe— 1 2 3 4 5 6 7 8
. 1 2 3 4 5 6 7 8 9 10 .
6o o0 0o o =
3 < 250f- g a0}
3 3
400 = 3
S@64 5 %
=320 ) .
I 20l 250 nsion
g i X TP-31 TP-32 TP-33 TP-34
¥ HH ID in the Reference (alc! CT V1 V2
A . — Section Square
Lateral ' = ]:?;lii% Section Size (mim) 400 > 400
Load = - Effective Height A (mm) 1350
= Effective Depth d  (mm) 360 Helght ]
= e :I:I;Z‘JS spect Ratio 375 I - D - t ]
5 & Z Longitudinal 1.58 lameter
] Reinforcement Ratio (%)
= Volumetric Ratio of Tie 0.79
SD345 1 50345 3 o
D16 ] D19 Reinforcement o (%)
E— = Cylinder Strength of 229 23.0 229 23.0
i W = Concrete o,y (MPa)
I Longitudinal Reinforcement SD295A D13 (Yield Strength=374MPa)
|”' Tie Reinforcement SD295A D6 (Yield Strength=363MPa)
Axial Force (kIN) 470 -170 -10~310 -170~420
1150 (at the Bottom) (3.0MPa) (-1.0MPa) (0~2.0MPa) (-1.0~-2.7MPa)
Constant (Constant) (Varying) (Varying)
PS———
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Verification of Primﬂ Curve Prediction

Hysteretic Loop

200

TP-032 (-4.6% tension)
150 Sakai and Kawashima

100

50

Shear Force (kN)
o

-50

-100

-150 -

~ €TP-031 (12.8% Comp.)

H/D=3.375

Given the primary curve of TP-032,
predicts the response of TP-031.

Hysteretic Loop

TP-031

Sakai and Kawashima

H/D=3.375

Analytical
Experimental

Analytical
S Experimental
-200 | | | | | I I
-80 -60 -40 -20 0 20 40 §o
Displacement (mm) » S0¢
Given the primary curve of TP-031, TP-032>
predicts the response of TP-032.
-150 |
-200
-80

UCLA
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Verification of Mapping Between Different Axial Load Level

[
Hysteretic Loop

20 | | | | TP-034
TP-033 — — &TP-031 00— 1 2 3 4 5 6 7 8
150" Sakai and Kawashima - e ]
H/D=3.375 = B
100 - - 3
7 = 0
Axial load 7 z
Z 50Fincreasing ,’ . sl
< Hysteretic Loop
L%L’ o . " Axial load
5 TP-034
» 50 Sakai and Kawashima . ¥ |

-100 -

V// ”5//' {/;/
-150 - :
50 / Analytical

Experimental

-200 ! ! ! ! ! I I Vo e
-80 -60 -40 -20 0 20 40 x 60 | 8O  , a N /P
. [} 7
Displacement (mm) 5 50+ Wz
0 TP-032 /] e 2

~ 1 2 3 4 5 6 7 8 9 10 I/ e e Ty
2 a0 -100 - =
= ==
S Axial load decreasing
g 0 p033 -150 |- Analytical

250 L i Experimental

_200 | | | | | I I
-80 -60 -40 -20 0 20 40 60 80

Displacement (mm)
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Dynamic Validation with Fiber Section Model

I
ABAQUS ASFI Model

* Proposed ASFI model

. 200 OpenSees Fiber Model
In general produces N —
larger dlsplacemer_lt T
demand than the fiber 1001 >
section model. s / /)
£ ) /////’/ ////// /////
« Vibration frequencies g7 Vo o S
X 7 5ot / /// /Ly L
of the two models IS (¢ B
agree with each other 100} // ﬁ;f/\/ 7 P " OpenSees w/ V-EQ
Indicating reasonable wop [ ot B s paiiviae
prediction on the P | | ABAQUS w0 VEQ
- -20 -10 0 10 20 30
tangent stiffness of the
proposed ASFI model. - @ M
L < | vy
 Considering only the g’ J‘“W o
SFI can yield good 200, \ \ . | S
prediction on the Time (5) Time (5)

displacement demand.
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Bridge Responses Considering ASFI

Considering axial variation does not

change overall bridge responses much.

Shear Force (N)
o

Force-Displacement //Longi.

-1 ---- cl@est
— - (@Bl
-2 C1@B2
‘ — C2@B2
- Il Il Il I I I
-0.08  -0.06 -0.04 -0.02 0 0.02 0.04 0.06
Column Drift (m)
x 10° Force-Displacement //Trans.
3-

Shear Force (N)
o

-3

.
-0.04 -0.03

.
-0.02

. .
-0.01 0 0.01

Column Drift (m)

.
0.02

. )
0.03 0.04

Force v.s. total column drift (H/D=2.5)
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,go'04 O H only
S @)
€ 003 o
£ O
a S)
£ 002
=
o
O 001
X . a
= 0
1 2 3 4 5 6 7 8 9 10
x 10°
__ 35
Z o o
g 3 t ®
5 0 .
5 25 g g
] S]
h 2
3 @]
* s
"1 2 3 4 5 6 7 8 9 10
. x106
glO
P4
£ o o )
g 8 = O
o
= g O
5 & S]
3 o
) a
1 2 3 4 5 6 7 8 9 10
4
. o
23 ©
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a
o
3 1 @) @) o O
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Summﬂ

0 Axial load considerably affects the lateral responses of RC columns.

0 Primary curves of the same column under different axial loads can
be predicted very well by applying the normalized primary curve
and parameterized critical points.

[ Transition between loading branches corresponding to different
axial load levels is made possible by breaking the step into two
stages: constant deformation stage and constant axial load stage.

L Model verification shows that the proposed method is able to
capture the effects of axial load variation on the lateral responses of
RC columns.

0 Dynamic analysis on individual bridge column and on prototype
bridge system shows that considering axial load variation during
earthquake events does not change the drift demand significantly.
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Conclusion
[ .

0 A plastic hinge type Shear-Flexure Interaction (SFI) model is
proposed and fully calibrated in this study.

0 The SFI model has been utilized to develop an inelastic
displacement demand model for columns to facilitate the
preliminary design of bridge columns.

0 The SFI model can be incorporated into bridge systems,
producing much improved seismic response assessment for
bridges.

0 The Axial-Shear-Flexure Interaction (ASFI) model built upon
the SFI model is able to simulate the realistic behavior of RC
columns under variable axial load.
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Fragility Functions of Bridges Under Seismic
Shaking and Lateral Spreading

Contributors:

Yili Huo (Ph.D. Student)

Professor Jian Zhang

The research presented here was funded by PEER Transportation and Lifeline
Programs
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Outline

0 Fragility Functions of Bridges under Seismic Shaking
e Methodology for deriving fragility functions
» Probabilistic Seismic Demand Analysis (PSDA)
» Incremental Dynamic Analysis (IDA)
» Composite Damage Index (DI)

e Effects of structural characterizations on fragility functions

0 Fragility Functions of Bridges under Lateral Spreading
e Uncertainties in soil and foundation properties

e Monte Carlo Simulation
e FOSM Method

e Effects of Structural characterizations on fragility functions
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Probabilistic Seismic Demand Analysis (PSDA)

S
0 Use un-scaled ground motions (“cloud” approach)

In(EDP)=Ina+blnIM

= Simulation data

4 Linear regression
In(EDP)=1.698In(IM)-4.543
1 var[e]=0.569

Section curvature « (rad/m)]

\/Zn:[ln(EDP,)(a+blnlM,)]2
var|[e]=

i=1
n—2

-10

In[EDP
| |

In[IM=PGA (9)]

O Assume normal or log-normal distribution

F(LS|im)=®{(a+b|nim)—ln LS}

var [ e]
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Incremental Dynamic Analysis (IDA)

I
0 Use scaled ground motions (“stripe” approach)

> b «4<4<g g
_ 004979 R H
£
g 0.01832 v \ 4
Pl
Q000674 o028
E y 1388e3350°°
g 0.00248 g L : °?
3 00,00
4 °?
S 9.11882E-4 2"
g : °
b} -} °
CIII) 3.35463E-4 °
% o
woipaes g 0000000000 F (EDP > LS | |m)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16
IM=PGA () number of cases (EDP > LS |im)
0 Fragility function based on raw data —  total number of cases (im)

0 Regress with normal or log-normal distribution

In (im) —In (/uIM|LS )
SimLs

Im— .
F(im|LS) = @| — fmis F(im| LS) =

O\m|Ls
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PSDA vs. IDA

N
1.0 : L '
0.8 4
>
=
o) _
= 0.6
o
o
| -
o
O 0.4 -
o
o
% PSDA IDA
0 0.2 Slight —.— —F—
' Moderate —e— —&—
Extensive —A— —4&—
"y . » Collapse —v— —+—
j!/ ;Ag g <V
0.0 : N
0.0 0.3 0.6 0.9 1.2 1.5

IM=PGA (g)

Larger median = Lower fragility - Better Performance
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Global Damage Index

0 Previous studies
e Not relate well with structure damage and hard to estimate
> e.g. repairing cost by Mackie and Stojadinovi¢ (2000)
e Not theoretically correct for bridge

» c.g. DI based on serial system assumption, Nielson and DesRoches (2007),
DS e = Max DSy, DS

Bearing )

P |: Fai Isystem :' = O P ': Fai Icomponent—i :|
i=1

System Pier?

d This study

e Composite DI DS +0.25-DS

DS
DS

<4
=4

Pier Pier !

DSBearing
or DS

Bearing )

System

{int(O.?S- DS

Pier Pier

e Physically meaningful, with logical basis, and easy to compute.
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Structure Configuration Characteristics

0 Six models based on typical Caltrans bridges

i\i%\x %"/g \x\i%‘*—\ﬁ% % B
R 7
¢ L A\ 7

E1: Monolithic Abutment & Continuous E2: Seat Abutment & Continuous

‘P—{ ik Fﬁ‘ ‘Pﬁ }--{‘
A 4 A 4
A 4 A 4

E3: Seat Abutment & Continuous (with expansion joint) ~ E4: Seat Abutment & Continuous (with pier isolation)

o 0k o ‘Fﬁ o o - Fﬁ‘
A\ 4 R 4
A\ 4 A\ )

E5: Seat Abutment & Continuous (with expansion
joint and pier isolation)
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Fragility Results and Interpretation

1.0 M 1 M 1
0.8 -
- +—e— E1: monolithic + continous
= —Aa—E2: seat + continous
< 0.6+ 1—v— E3: seat + expansion joint
.g 1—0— E4: seat + pier isolation
S 1—0— E5: seat + pier isolation &
go.4- expansion joint
g 1—_—EB6: seat + simply supported
)
0 o2
Moderate damage
Collapse damage
0.0

0.0

IM=PGA (g)
0 Seat-type abutments underperform monolithic abutments

O Seismic 1solation is beneficial
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Coupled Pounding and Skew Alignment Behavior

0 Pounding occurs between adjacent spans during earthquakes
due to out-of-phase vibration

0 Pounding results in acceleration spikes of bridge decks and
local damages in various components

0 Discrepancies on the pounding effects at the global level
e Causes additional damages, with pounding force.
e Reduces bridge damages, due to resonance disruption.

e Either beneficial and detrimental, case sensitive.

e Makes little global influence.

0 Pounding may have prominent effects in skewed bridges
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Modeling of Pounding

0 Use gap element with various spacing
e Insufficient spacing: with pounding potential

e Sufficient spacing: without pounding potential

For
S
Deformation §}\\\\ {WY&
&
> i
<= X \
4 N
e
>

=5
[ Special attention to the source of out-of-phase vibration
e Soil-structure interaction

e Spatially varied motions
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Necessity of Fragility Function Method

0 Deterministic case study

e Case 1: beneficial pounding o Case 2: detrimental pounding
0.008 T
£ . E
< 0.004 N v T 002
o AR B o
3 0.000 ey U Y : : 3 0.0
: i :
£ Time t (s) 2 Time t (s)
o o
g 00T 4cm gap (with pounding) £ 09 4cm gap (with pounding)
- e = Sufficient gap (no pounding) = | Sufficient gap (no pounding)
O o
-0.008 0.04

d Fragility study
e Total 250 X15 cases:
> 9.6% experiences beneficial pounding;
» 33.3% without pounding happening;
» 57.1% has detrimental pounding.

UCLA 129



Pounding Behavior in Straight Bridge

1.0 : . 1 . | . _
I i e
|| Disp.: 4cm sufficient /D/E:Ej/é u /?
005m —H— —0O0— /D/E/./ O/Ojg:g/
08171 0.lm —e— —o— D/D/I /o:./. i
02m —A— —NA— /l O/O/.
42‘ | —v— T— ] S /. ;
= 04m —v v /O/. o
g oer - ° A
3 D/./ 5o/ A;A/
5 / / O/o/ A/ A
. O m // A/ /
O 04 J e y /A )
% E]/ O/./ A/A
g KX
8 /./ O/./ A/ A
= ozf -/ O/o/ e i
/ u ave N
/E/ 0/2/. /AjA/A 3;%
veo<d /A B
00 Z ISR e - -W:Viv/g?
0.0 0.3 06 09 12 1
IM=PGA (9)

Longitudinal displacement

Damage probability

1.0 T T T T d T T T
0.8 |- -
0.6 |- i
0.4 |
4cm Sufficient
gap gap
Slight —a— O
0.2 Moderate —e— —o—
Extensive —A— —A—
Collapse —v— ——
0.0 i ' - ' : ! : ! :
0.0 0.3 0.6 0.9 1.2 15
IM=PGA (g)
Pier damage

A Pounding reduces the longitudinal displacement.

d Pounding makes a little benefit in pier column.
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Pounding Behavior in Skewed Bridge: Displacement
I

1.0 , . , . , : : ' : 10 — " — f .L_,.—izazgiﬂiﬁ
| Disp.: 4cm sufficient mnn | Gap size: 4cm sufficient | o8 8 5-0°7 o
0.1lm —m— —o— " o 0.002rad —m— —o— [ o o
08p 02m —e— —O— " o5 ] 08 0.004rad —eo— -—o— | o* om
n D/D 4 _® pe
0.4m —A— —A— n o~ ~® || 0.008rad —A— —A— ° o°
> 4 =g o? 2 o o A
2 [lo8m —v— v M o £ 0.016rad —v— v o o aA
E 0.6 | /. []/D ./. _( 0 06 | ./ /O/ /A -
< . = % ./ o) [ H O / O p /
o s o O Q // o o’ A PN
) N H o’ o° = o w - ./ ol A P
s - ' peog /A/A o / / 4 A A
o | S ¥ o A /E] PS O / /A/
87 0.4 - ./ i o e O/O/ A . % 041 ./ ./ /O/ A/A N 7 V/-‘
@ | / / ] V4 e
S I/D/ o ¢ O/O /A/A /A/A E S /D ./ g : A~ A /A/ «V g
] / P o A A \ o i vy % N v
Q m o o A /A/A v 0 /E] o O A A v
02 aa ® — A A v 0.2 ./ 5 A A v - -
/J ® 0 A A {V/ v P v P
P A v' J o AT A v
././O/ )\ /A/A B AAD v v /VV/ /D/ ./ O A AN /V/v /V/V
o = S U Sl & A AARANL VY GV
0.0 =N — — — iy 1 1 1 0.0 =< = - = = 1 1 1
0.0 03 06 0.9 1.2 15 0.0 03 0.6 0.9 12 15
IM=PGA (g) IM=PGA (9)
Transverse displacement Deck rotation

d Pounding causes more transverse displacement and deck
rotation. - —

——
—_—n
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Pounding Behavior in Skewed Bridge: Pier Damage

10 T T T T T T 1.0 j T j T j T

T
_g-O- _m-m-B-E-00E
_g-o-o-et /5:515’519/'415:5:9:
_o=H _0-0~ P e g o
/Q;Q O’O ./D/ /. o ;Q /A’A/G/
L _w _o- _N= 08| T o ® ﬁﬂ i 2 SR
0.8 n 0 _I\ - & O A v/
W O~ A B s o O A PN V4
M Pos A == 0 P O /A A {V v/v
> ;Q/ Q?o/ A 7& /vjv/ > .? ° /O /A ( v/v/
= A T = o AN
9 06 y ;9/ % e - 9 06| .f 6O AN i
/9 A o} /. 4 /A V/ /w
3 a4 ° ) SO v
S 4wy 4B S SO NNy Y
O 2" 7 e/ /SN
L 04} & /f A 4 Q04 /O/ /A/'/v/ _
& /Q/O? AjA/vjz/ Gap size: 4cm sufficient | £ AN Gap size: 4cm sufficient ||
S O?./A/A 5 Slight —m— —O— 8 /Z/viv/ Slight —a—  —O0—
02 AN Moderate —o— —o— | 0.2 |- ///A;va Moderate —o— —o— |
| O?Z/%Viv/ Extensive A N i | /O/ /g/v EXtenSive —A— —/N— |
(A Collapse —v— —v— 4 Collapse —v— —v—
0.0 _@é@%ﬁr . I . .p . - . v. 0.0 L=~ 1 . 1 . ' : ' :
0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.3 0.6 0.9 1.2 1.5
IM=PGA (g) IM=PGA (g)
Left column Right column

0 With pounding, one of the pier columns damage is reduced a
little bit, and the other one is increased.

d The total damage is increased.
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Outline

0 Fragility Functions of Bridges under Seismic Shaking
e Methodology for deriving fragility functions
» Probabilistic Seismic Demand Analysis (PSDA)
» Incremental Dynamic Analysis (IDA)
» Composite Damage Index (DI)

e Effects of structural characterizations on fragility functions

0 Fragility Functions of Bridges under Lateral Spreading
e Uncertainties in soil and foundation properties

e Monte Carlo Simulation
e FOSM Method

e Effects of Structural characterizations on fragility functions
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Probabilistic Parameters for Lateral Spreading

I\ /I Embankment Fill

e o 1 - Clay
- A1 ="t I " Liquefiable Sand
Dense Sand
Parameter Median Neg.at}ve POS.Itl.Ve Distribution
Variation Variation
. Embankment 6.0m 4.5m 7.5m
Crust thickness Insitu clay 3 0m 15m 45m Normal
D' cand—38°
Material strength ¢'ana=20 kPa |Medianx0.46| Medianx2.17 | Lognormal
chay:70 kPa
Asand/ A crust 0.5 0.16 0.84 Uniform
Liquefied sand m, 0.050 0.025 0.075 Normal
yso forp-y | Embankment | yso=020m |y e jiane0 5| Medianx1.5 | Normal
springs Insitu clay v50=0.05 m
Axial capacity 0,,=1020 kKN | Medianx0.5 | Medianx1.5 | Normal
Inertia load a=0.4g a=0.2g a=0.6g Normal
Liquefied sand thickness 2.0m 1.0m 4.0m Lognormal
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Fragility Function Using Static Procedure
I

A First order second moment (FOSM)

n 2
py =M (1,018, ) O =\/Z[a@—m oy

i=1

O Monte Carlo

1.0 H

0.8 —
>
% 0.6 1
2 —e— Moderate
= —a— Extensive
O 0.4 —v— Collapse -
g Monte Carlo
g —— Slight
0.2 —o— Moderate -
—— EXxtensive
—— Collapse

0.0 = — @ ~ T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

IM=PGD (m)
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Optimum Seismic Isolation Design for Bridges
Using Fragility Function Method

Contributors:
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Background Information

d Highway bridges
e Crucial component of transportation network
e Susceptible to damages under major earthquakes

e Significant direct and indirect economic impact

[ Seismic isolation can be used to improve seismic
petrformance of bridges A

Fixed Base

e Lengthen the fundamental period of Struetire

bridge to avoid the dominant
frequency of earthquake input

e Provide additional damping into the
bridge system

Pseudo-acceleration A (g)

Isola

Alsolsted Structure

YV
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Issues in Seismic Isolation Design

[ Isolation devices possess various mechanical properties
e Highly nonlinear, sometimes frequency dependent

[ Seismic responses of isolated bridges depend on
e Structural/geotechnical parameters
e Ground motion characteristics
e Mechanical properties of isolators

[ Selection of isolation parameters to achieve the optimum design

should consider:

e Uncertainties in ground motions

e Variability of structural characteristics

e System level performance (soil-structure interaction etc.)

e Performance objectives

UCLA
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Fragility Function Method
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Numerical Model of Bridge

d Prototype Bridge: Mendocino Overcrossing

\
e —
TITITTIZ FITLTIIT TF7ATTTT
(a) 3D un-isolated bridge model (b) 2D un-isolated model
BEzzczcccs
-1 1 I
(c) 3D isolated bridge model (d) 2D isolated model

O Structural elements in OpenSees

e Fiber section element for pier column; Elastic beam element for deck

confingd Conersts
=22.8 MPa, g =0.0022

1200

nnnnn

Unconingd Conerets :
t=20.7 MPa, g=0.0020

100 —— Simulation D ata
—m— Bilinear Regression

Kq c=1.100"18% Kll/im

0.=1.355"10% kN

Horizontal Force F (KN}

Ralnfoream ent Stael:
Ty=34EM P, E|=2.ﬂs“1ﬂs MPa

3
Ky c=0.01K, =1.120'107 kllim
error s=68.0 kil

T T T T T T T
000 ooz 0.0 0.05 0.08 g o1z 014
Horizontal Displacement u {(mj)

(a) Fiber section (b) Force-digplacement relation (c) Material properties
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Numerical Model of Isolation Devices
S
d Most common types of isolation devices
e Elastomeric Rubber Bearing (ERB)
e Lead Rubber Bearing (LRB)
e Friction Pendulum System (FPS)

1 Mechanical properties of isolation devices

Force

X =NE, (N=5-15)

ERB  : From hysteresis loo e
Fy

X,=CASt, >

E;=NE, ( A=15-3 (] K1 ,
LRB F F =f yALe:.::.:i | \ Kaff

Z,=(1.15~1.20)GA/St

X=NE, (MN=50-10C
FPS O=ul¥
X, =W/R
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Earthquake Hazard Definition

I
[ Selection of earthquake records: 250 ground motions

harnber of records
Momber of Records
Murnber of records

PG mois) S, 0T=0.5s, 3=0.05 ()

(hy P (o) S =055, £=0.05)

Number of records

= E (= [ =]
Site Cordition

oy CAS, D (e Site Condition
Propetrties of selected earthcoualze records

0 Intensity Measure: Peak ground Acceleration (PGA)
e PGA is proved as one of several good IMs: PGA, PGV, Sa(1) etc.
e Structure-dependent /Ms are not fair for comparing structure capacity.
e PGA is more widely used in engineering practical and hazard analyses.
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Structural Damage Index Definition
I

d Structural damage
e Damage states: slight, moderate, extensive and collapse (Hazus 1999)

e Component level EDPand LS: pier and bearing

EDP or DI dShghot I‘»&Udergte Eé{tens (l:v'ﬁ Cd ollap ose
definition amage amage amage amage
(DS=1) (DS=2) (DS=3) (DS=4)
(cféif 2111“;15]0 1) Section ductility pu =1 =2 =4 =7
Bearing Shear strain v v=>100% v=>150% v=200% v=250%

e System level: composite DI
» Serial assumption: (Nielson and DesRoches, 2007)

DS =max(Ds DS

System Pier 1 Bearing )

» Parallel assumption: DSSystem = min ( DSPier d DSBearing )
» Composite DI (this study): considering different importance of
components

int(o.75- DS, +0.25-DS DS, DS

DS i Pier Bearing ) Pier? Bearing

em 1y DS... or DS

<4
4

Pier Bearing =
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PSDA Fragility Analysis of Un-Isolated 3D Model

= 1.0 -
E :
E ., = Simulation data 0.8 -
= | |——Linear regression - >
E [ | -
% % 0.6 - L
2 s 2
at s
= D g4 -
= =)
= g —s— Slight
ﬁ 5 4 ) —s— Moderate
I Q] —i— Extensive -
o
=] —v— Collapse
L
=l [
— -0+ T T | T | 0.0 , , , ,
-+ -3 2 1 o L 0o 0.3 06 0.9 12 1.5
IN[IM=P G A {g]] PGA (g)
Data and Regression Fragility Curves
Slight damage Moderate damage  Extensive damage  Collapse damage
(DS=1) (DS=2) (DS=3) (DS=4)
LS (rad/m) 1.673e-3 3.346e-3 6.692e-3 11.711e-3
In(LS) -6.393 -5.700 -5.007 -4.447
Ly (2) 0.22 0.32 0.48 0.66
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IDA Fragility Analysis of Un-Isolated 3D Model

1.0 1.0
Raw data:
0.8 —a—Slight 0.6 -
—+— Moderate
:'? —d— Extensive ey
:E 0E - Collapse _ . % 0g —_— Sllght
a Normal regression: g —— Moderate
2 ——slight £ —— Extensive
=2 —c— Moderate o —— Collapse
g 0.4 —— Extensive "é; 0.4+ IDA
ot —7—Collapse c _
E Log-Norm al regression: | [ S —=—Slight
(= R —=—Slight 09 —-—Modera.lte
—#— Moderate —i— Extensive
—— Extensive —y— Collapse
—— Collapse
0.0 T T T 0.0 4 1 T T T
on 0.9 12 0.0 03 0g 0.9 1.2
IM=PGA (g) PGA (g)

IDA curves and regression PSDA vs. IDA

d Mean IM for achieving specified damage states

D=1 D5=2 D5=3 D=t
A 0.23 0.32 0.48 0.66
PEDA 2 (8)
L 0.61 0.61 0.61 0.61
DA Ane (E) 0.30 0.37 0.48 0.61

S 0.30 0.30 0.32 0.34




Fragility Analysis of Isolated 3D Model (IDA)

o Isolation design: K, z/K, -=0.65, Qg/Q.=0.85, K, /K, z=1/50

1.0 1 | 1 | ' | ' |
1 2 z
-3 3
0.5 - “ = =
= Isolated bridge: % °
—&—Pier H
2 T - K
= 0.6 a
E PGA (g) PGA (g}
=] .
= (a) Slight damage (b) Moderate damage
a k] o ; . .
0.4 - . 1 . T ‘ .
= Isclated bridge: [Cx—Umisolated brge) i A
= y | lsclated bridg = -/ Isolated bridge:
- = —a—Pier i 4 . )
= —&—Pier i I N
E - EF_ B ea ril] g E / ::{:g ml Dllte o E /-/ —o—Compesite DI
&5 —%—Serial DI
= = P ! o S —+—Parallel
8.z —o—Composite DI | : / = : / S
3 g o et S : ¥ T
—#—Serial DI / T J L
| T S ; AP = e z ﬂ =]
el —+—Parallel DI R A e t 7 s
E ﬂ A v aat ,l) MAA'A
B0 T T -1 - T R P e
. T T 0.0” P S n.ﬂ i, - T p o s o 0% 1=
on 0.3 (IS 0.0 1.2 15 PGA () PGA (0)
¢) Extensive damage d) Collapse damage
PGA (g) : p :

e Isolation significantly reduces bridge damages.

e Composite DIis needed for global damage state




Effect of Qgand K,

0 Parametric study -
o N=K;p/K;p: i ARW sk
10, 30, 50, 70 (ERB-FPS) . 14
e K, 5:0.15-1.65K, Sl
° QB: 0.15-0.95QC

0 Optimal values (N=30) ,

1]
1]
(E3

(Peak point of the surfaces) §
K, /K, =0.85
Qp/Q-=0.55

(c) Extensive datnage (d) Collapze damage

N=30
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Optimal Parameters of Qgand K, g
[

Q Optimal parameters

Stitfness ratio N=K; 'K p 10 30 50 70
Or'O 0.45 0.55 0.55 0.55
Slight =5 =
K;p'K; 0.35 (.85 1.25 1.55
Or'O 0.45 0.45 0.45 0.45
Moderate =5 2C
K;p'K; 0.25 0.65 1.05 1.35
_ Og/'Or 0.45 0.45 0.65 0.65
Extensive
K;p'K; .35 (.85 1.15 1.55
Og/'Or 0.45 0.65 0.65 0.65
Collapse
K;p'K; .35 0.75 1.15 1.65

O Discussion

e Qgis around 0.55Q.

e Optimal K, ; increase with N. Since K, z=K, /N, probably there is an
optimal K, 5 but K, 5 is not important.
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E———

EffeCt Of KIBandK 5

et

wean Value af Fragiity Gurde®

(c) Fxtensive damage

I:d) Cl:l]lapse dElmElgE

Q K, g has no obvious influence if Qz=0.55Q; and K,y is in the
range 0.4-1.2K, - Optimal K, 3 IS about 0.025K, ..
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Optimal Isolation Design Based-on Structural Period

[ Structures with other periods

Structural periods T (s) 0.35 0.45 0.55 0.65 0.75
Slioht Os/'O¢ 0.55 0.55 0.65 0.75 0.85
Slight

- K, 5K; ¢ 0.028 0.035 0.038 0.038 0.042
Op/Oc 0.55 0.55 0.65 0.65 0.75

Moderate ——

K, 5K; ¢ 0.028 0.025 0.038 0.025 0.028
_ O5/'O¢ 0.55 0.75 0.55 0.85 0.85

Extensive ——

K, 5K; ¢ 0.035 0.025 0.032 0.032 0.035

O5/'Oc 0.55 0.75 0.55 0.85 0.85
Collapse S

K, 5K 0.038 0.025 0.028 0.035 0.035

1 Optimal design depends on structural properties and
can be achieved by: K, 5=0.4-1.2K, -, Qg=0.55-0.85Q,
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Conclusions
[ .

O Fragility functions of un-isolated and isolated bridges are
generated using PSDA and IDA methods based on nonlinear
time history analyses.

0 The seismic isolation reduces the damage probability both in
pier columns and bridge system as measured by a composite DI
that effectively captures the system-level damages.

0 Extensive parametric study was carried out under the fragility
analysis framework to evaluate the damage potential of isolated
bridges with various isolation devices.

0 Characteristic strength and post-yielding stiffness of isolation
devices exhibit optimal values to minimize the damage
probability of bridges while elastic stiffness is not as important if
kept in a reasonable range.
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Thank you!
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