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Seismic Design of Bridges, Seminar No.1 -

Outline
Type of Material Session No. Topic
1 Seismic Design Philosophy
Background Seismic Hazard Analysis
2 Structural Dynamics
Response Spectra
Overview of Division I-A
Worked 3 Two-Span Example Analysis
Example 4 Two-Span Example Design
. 5 Modeling Guidelines
?Oetiacllsed Foundation Modeling
P Multimode Analysis
6 Multimode Analysis
7 - Intended Inelastic Behavior

SPCBvs.SPCCandD
Wall Pier Design
Detailing Issues
Questions and Answers

Session 1 Outline
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Session 1
Seismic Design Philosophy

» Code in 1973
 Lessons from Earthquakes
 Overall Objectives
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AASHTO Through 1973

1.2.20 — Earthquake Stresses
In regions where earthquakes may be anticipated,
EQ=CD
Lateral Force Applied Horizontally
Dead Load of Structure
0.02 for Structures on Material Rated as 4 Tons or
More per Square Foot
= 0.04 for Structures on Material Rated as Less than 4 Tons

per Square Foot
= 0.06 for Structures on Piles

E

OO0
nono
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1971 San Fernando,

NBS
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Failure Type: Shear

Nature: Brittle
Prevention: Sufficient Shear
Strength
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Failure: Bursting of Confinement

(Some Hinging then Shear Failure)

Nature: Limited Ductility
Prevention: Adequate Hinge
Zone Confinement
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Failure: Insufficient Development

Nature: Limited Ductility
Prevention: Eliminate Splices
in High Moment Zones
or Confine Splice Heavily

R

1

I A
j;f‘—,,%f I
s Lo
=3 Or ==
4=3= F==FL
A I“EZJ1=x1
A1 r-c-da-x
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Behavior: Limited Flexural Damage

TI———=t

F=-=ZF

F===f

| |

[ I

| |

| |

| ]

| |

| |

| |

] |

L EE SR _ +:::E
Nature: Ductile ===

How to Obtain: Sufficient Confinement to
Prevent Crushing and Bar Buckling
Also Suppress Shear, Pullout, and Stability Failure
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Three Basic Observations

Observation

A

Ground M . _ Linear Elastic
Acceleration A Systems Develop

Large Resisting
Forces in Major
Earthquakes
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Three Basic Observations (continued)

-

/o

By

Observation

A

We Can Build Ductile
Structures (Ability to
Deform into Inelastic Range)
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Three Basic Observations (continued)

- Observation
Maximum Displacements
________ ... L ~ of Elastic Systems and

Similar Period Yielding

At Anelastc Max  Oystems Are Roughly
Elastic Max E qual
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Types of Inelastic Behavior

Ductile @
4

’ Limited
Brittle —~ Ductility Failure? (Collapse?)
z» Failure (Collapse)
A

Session 1 Page 11 of 27

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063




Ductility

---------------

AYleld A Maximum A
A Maxi
Dugctili = aximum
ty (w) A Yield
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Handling Displacements/Use
Conservative Estimates

Seat Width Must include Allowance for

* Yielding
-« Qut-of-Phase Movement of Separate Units
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Seismic Design Philosophy

Observations Design Philosophy
Ductility ——, Y » Allow Yielding
Englneerlng (Damage) in
Large Elastic Forces — \Q{eulyltlyliy Major Earthquake
Similar Displacements —— + Damage Should
Be Accessible
 No Collapse
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Session 1
Seismic Hazard Analysis Concepts

» Regional Importance
- How the Ground Moves
« Where the Seismic Hazard Maps Come From
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Earthquake Occurrence in United States

Algermissen
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New Madrid, Missouri /1811 — 1812

3 Main Earthquakes
1‘-%?\ | . Magnitudecsl ~731078
December 1811
January 1812
February 1812

o Chimneys Down in
Cincinnati, Ohio

« Falls Formed in
Mississippi River

Bolt
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Earthquake Occurrence and Sources

« Earthquake Occurrence:
Primarily at Plate Boundaries — California
Some Occur within Plates — South Carolina,
Missouri, etc. — But Not as Often

« Sources Can Be Identified as:
Line (Faults) Area (Subduction Zones)
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Earthquake Shaking / Sources-to-Site

Induced
Structure Motion

Epicenter

Waves Traiel

Rupture/Slip through Earth —~— Rock——_

Spreads on Fault

Magnitude and Duration Proportional
to Area and Amount of Slip
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Characterizing Ground Motion for Design

 Use Ground Acceleration
« Need to Go From Earthquake Source to Site Ground

Acceleration
+ Account for Known Rate of Occurrence
AASHTO I-A: Example:
‘Probabilistic’ There Is a 10% Chance that
Ground Motion an Earthquake Will Produce
an Acceleration that Exceeds
0.33g at a Site During Any

| 50-Year Interval

Session 1 Page 21 of 27
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AASHTO 1-A / Acceleration Coefficient, A

A Is Given as Percentage of Gravity
Example: A =33% of g
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UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



Probabilistic Ground Motion

Source B Area Type

Recurrence

Attenuation

Site

Area Type
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Probabilistic Ground Motion (continued)

 For Each Source, Know

| Maximum
Recurrence

@
o

Attenuation

Magnitude

o
o
1

Peak Ground
Acceleration

# EQS/Year Distance, r

» For All Sources and All Locations within Source,
Add Up Probability that an Earthquake Produces an Acceleration
Greater than a Specified Value at the Site for a Given Time Interval
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Product of Hazard Analysis

o
(o)
|

Probability _ __Time
of Exceedence = Return Period

©
~
|

0.10 = 50 Years

PGA
Peak Ground Acceleration (g)

0.2 | ‘500 Years
:
) (Applies for
0.0 | T T Low Probabilities)
0 500 1000 1500 2000 2500

Return Period (Years)
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AASHTO 1-A Acceleration Map

L1 A<0.09 (A)
FEEEE 0.09<A<0.19 (B)
B 0.19<A <029 (C)

BN 0.29<A »
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AASHTO Map vs. Occurrences

A<0.09 (A)
0.09<A<0.19 (B)
] 019<A<0.29 (C)

T 0.29<A (Cor D)

km

Adapted from Algermissen, 1983, and AASHTO, 1995
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Session 2
Structural Dynamics Concepts

Free Vibration

- Single-Mass Damping
Systems Forced Vibration

Earthquake Response
 Multiple-Mass and Distributed-Mass Systems

- Response Characterization
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Free Vibration

No Applied Force /
Initial Displacement then Release

A o .
«— M=W /\
9) ' _
) Time, t
K
A=Amax COS("Q-'[EO/ Period, T T T=2n\/__g:
Session 2 Page 2 of 35
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Internal Forces / Free Vibration

A

- |
Resisting Force +— | & 3E|
(Spring Force) s = K

L E,|
-
Inertial Force T fi=ma=m 92_3_
Newton’s 2nd Law / dt
(Force = Mass * Acceleration) 2nd Derivative
| | of Displacement
W/ZZ8n
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Dynamic Equilibrium / Free Vibration

!

Forces
Acting

. \fs, Spring Force
L

on

Mass | .

fi —+ L

i

fs

—»Time
e K |
_—/

f;, Inertial Force
| f

T\ S fl + fS =0
Equation of Motion

» Structure Vibrates at Period, T; Only “Vibration Rate’ for which
Equilibrium Is Satisfied
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Damping

A
Displacement

’

/" "~ No Damping

» [ime
\ / Underdamped (Amount
o Expressed as % of Critical)

Critically Damped

Typical Damping: Value ~ 5%
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Forced Vibration

Add a Time Varying Load to Our System / No Damping

i b e ~— g
P\/\ ~ "7D

‘Periodic’
Load

Free-Body Diagram

Equation of .
Motion P+fi="ts

(Algebraically, the Signs Can Differ)
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Response Bounds / Periodic Loading

« P Applied ‘Slowly’ — Response Is Essentially
(Relative to Period) Static

- P Applied ‘Rapidly’ — Response, A, Is Small

* Intermediate Case — Response Can Be Large
‘Amplification—s Resonance
(As Loading Period Approaches
Structure Period)
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Earthquake Effects

Epicenter

Ground Acceleration WWMW

Ground Displacement

PR S T S N S SN WU W S S N U U T S S S S S S R W S S

5 10 15 20 25
Time (sec)
Session 2 Page 8 of 35
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Earthquake ‘Loading’ — Snapshot

Inertial Force:

A A
gn ' Structure Mass -
3 S+ Moves Relative Total Acceleration
y to Ground of Mass
7 Equilibrium:
Fixed—{ /Ground fi = fg
Reference magnd + Mag| = kAreI
/ ey
Ground and Structure Equivalent to a ‘Load’, P

Move Relative to «— P
Fixed Reference

Session 2 Page 9 of 35

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



Earthquake Response

Time

Ground ¢
Acceleration

a .
nd 0.2
g -0.3

TS
Di Rlelatlve ’[0.8 [\Aﬁ [\nnﬂnﬂvﬂl\vAAVAAanun‘Tr\vf\r\v._V_/\
Isplacement - ‘VUUU UWW AR ARG ATA Y

Argl 02|
-0.3 Amax =3.3"
-
M(agnd + arel) > M(@gnd)max agnd
T T=1sec
Amplification
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Response with Distributed Mass
Or Multiple Masses

Masses
Lumped
at Floors

\

« More than One Mass Leads to More Vibration
‘Modes’ and ‘Periods’

+ Modal Periods, T; = Function of Shape i
and T4 >Top >Tgetc.
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Multi-Modal Response Basics

Number of Modes Set by Number of Masses
and Their Freedom to Move (Dynamic Degrees-of-Freedom, n)

Equilibrium Satisfies n Simultaneous Equations

Use Computer, but Understand Conceptually!

Response (Linear Elastic) Is Superposition of n Modal Responses
Forces, F
Displacements, A

Not All Modes Are Required to Estimate Response

Session 2 Page 12 of 35

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



How to Characterize Response

S N

— Maximum

Complex Method ool AR+ Time
Full Time History

— Maximum

Mcol mm&%—» Time

etc.
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How to Characterize Response (continued)

« Simple Method

Quasi-Static (Maximum of
One Approximate Mode Often
Sufficient)

Earthquake Load
(including Amplification)

« Intermediate Method

Multimode Superposition
(Find Maximum of n Actual Modes,
then Combine to Estimate Actual Maximum)

Session 2 Page 14 of 35
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Session 2
Response Spectra

« Definition

 Amplification and Period

- Effects of Site Soil Condition
« AASHTO Design Spectra

« How to Use Spectra

Session 2 Page 15 of 35
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From Earthquake to Design

Single Earthquake For Design
agId | max(agng)=?  A— from Map
Botal ) Typical max (ayota))
o2 Amplification = €2
l ot Factor = ? max (agnd)
max(atotal) max l
l max(force) = mass = A «‘Q’

max(force) = mass » max(atqtq))
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Define Response Spectrum

Determine Maximum
Response for ecty, fog
a Group of Structures, "Acce, M — ‘Spectrum’
All with Different bC

Periods; then Plot /@'&ﬁ o N
Aol Y 2 ,

All Structures Subject

to the Same Ground % f

Motion

Session 2 Page 17 of 35

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



Actual Spectra vs. Smoothed Spectrum

Acceleration Response
max(atq))

Smoothed Spectrum

Actual Spectra, Each
for a Different Earthquake

Period T

Session 2 Page 18 of 35
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General Shape of Spectra

Max aiptg|

_______ agnd ——— -
‘\ Peak Ground Acceleration

Amplification
Zone

U A

(Cceleration

Response

T

Session 2 Page 19 of 35
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Effects of Damping

max (atptal) 4

Acceleration
Response

4g

Increasing
Structural Damping

T
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Effects of Site Soil Conditions
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Effects of Site Soil Conditions

Spectral Acceleration
Maximum Ground Acceleration

Seed & ldriss

= Amplification of Structure Response
Over Ground Response

T

N w
1 1

e
1

Rock — 28 Records

Stiff Soils (< 200 ft) — 31 Records

Deep Cohesionless
Soils (>250 ft) — 30 Records

Soft to Medium Clay
and Sand — 15 Records

0

0.5

|
1.0 15
Period

1 1

20 25 3.0
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AASHTO Design Spectra

4 A — Design Acceleration
CS

2.0A* / S — Soil Coefficient
AN
1.2AS

s 5% Damping
< of Structure

i

Effect of “S”
T (sec)

Total Acceleration or ‘Spectral Acceleration’
3total = Cs *

-

I
Acceleration Due to Gravity * 2.0A - Cg Cap for Soft
Soil when A >0.30

Session 2 Page 23 of 35
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Site Coefficient, S

Table 2. Site Coefficient (S)

Soil Profile Type
I IT I11 IV

S 1.0 1.2 1.5 2.0

. Rock or Stiff Soil <200 ft Thick

l. Deep Stiff Soil > 200 ft Thick

Il. Soft to Medium Clays and Sands > 30 ft Thick
V. Soft Clay or Silt > 40 ft Thick

Session 2 Page 24 of 35

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



How to Use a Response Spectrum

/ / Determine Period of Bridge, T
A

Use Spectrum to
max(atotal) ______..__\‘_ Find max(atota|)

T Tactual
// V = Weighting F tr-—V—V-C
<L Vpase=V'elghling Factor = -g= = Lg
Vbase
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Session 2
Overview of AASHTO Division 1-A

« Seismic Performance Category

» Choosing an Analysis Technique
« Response Modification Factors
 Overall Flow

Session 2 Page 26 of 35
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Seismic Performance Categories, SPC

Seismic Bridges 1IC

Hazard, Atrom Map ( Essential |
Other I

TABLE 1. Seismic Performance Category (SPC)

Acceleration Importance
Coefficient Classification (IC)

A I II

SPC

A<0.09
0.09< A<0.19
0.19< A<029
029< A

Session 2 Page 27 of 35
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Design Requirements Tighten
As Category Increases

Minimum Ductility Design for
Seat Seismic  Enhancing Plastic Approach
SPC | widths Analysis Details Hinging Forces  Slabs
Py Diameter Proportional
to Requirement Rigor
L @ o

Session 2 Page 28 of 35
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Regular Bridges / 2 to 6 Spans

%T—T—“&““
Span Length Ratio

<90°
\ mr
Pier Stiffness Ratio

Curvature in Plan

Session 2 Page 29 of 35

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



Minimum Analysis Requirements

TABLE 4. Minimum Analysis Requirements

Seismic Regular Bridges Not Regular
Performance with Bridges with
Category 2 Through 6 Spans 2 or More Spans
A Not required Not required
B,C,D Use procedure Use procedure
lor2 3

Session 2 Page 30 of 35
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Seismic Analysis Procedures

Uniform Load Method

Single-Mode Spectral
Method

Multimode Spectral
Method

Increasing
Complexity

. Time History Method -

Session 2 Page 31 of 35
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Flow of Analysis Procedures

Stiffness Lateral Force Base Forces and
andWeight  Period Coefficient Shear Displacements
K Finternal
W —_— T > CS > V —_—
Astructure

Session 2 Page 32 of 35
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Response Modification Factor, R

“—7

m7wr 1777

High Redundancy,
Ductile

No Redundancy,
Ductile

- Limited Ductility

Session 2 Page 33 of 35
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Elastic vs. Design vs. Actual Forces

Lateral
Force

F A
""" l:elastic T
Effect
of R
__Fmechanism__ ........ —— Fmax —_———— ..
I Fdesign = _R__'L"
Displacement, A
Session 2 Page 34 of 35
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AASHTO Division 1-A

dﬁ”Size Seats

Session 2 Page 35 of 35
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Session 3 |
Example Analysis / Two-Span Bridge

« Bridge Layout and Basic Data
« Behavior

« Mathematical Model

« Earthquake Direction

« Longitudinal Analysis

« Transverse Analysis

Session 3 Page 1 of 47
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R et CE Ot

Layout / Plan and Elevation

Abutment Abutment
No. 1 Bent No. 2 No. 3
! Elevation| o
¢ Bearing ¢ Bearing
{ 142-0" | 100-0" [

1
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Layout / Preliminary Bent Details

4 73|_9u J
[ Post-Tensioned Box Girder - [
AN -
B Qo ical / =|
\K -0 Tyial %@ / 2
21 | 5 &
< ( g0 L g-3" " Q EI g
o "(Typical) 8o
. 823
4-0" Diameter Qe B &
(Typical) zE | 8
ﬂ -
él)—‘\—
i

28-4-1/2" 28-4-1/2"

20" x 20" Square Footing
(Typical)

/1 Section
\_/
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Bridge Layout / Abutment Details

.

20!_0"

Barrier - :
—\1\\ Ii ! } ; N /Bearing
P = — ey

iq j J
o s - =
- : { T
{ izzRzcd ©
Wingwall BN I 2 Expansion Joint . =o
: ! S~ - —1-9" o
Approximate Soil Line : }u =
PP 3.Q"
(N alll i 3|-0"
40—\ .
§ Footing
8-0 8'_0"
U(z N Section @ Section
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Layout / Shear Key at Abutments

Barrier

] /——Bearing

N\
1 "G“X '

Shear Key —

5.8"

...._....._..ar

—t
150"

+
30"

4\ Section
_/
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Basic Data for Bridge

« From AASHTO Map: A = 0.28g

(Interpolation Permitted)
« Soil Is 250 ft Deep Glacial Sand and Gravel
« Bridge Is Not Essential

Session 3 Page 6 of 47
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Determine Seismic Performance Category

A=0.28g IC = Not Essential W

TABLE 1. Seismic Performance Category (SPC)

Acceleration Importance
Coefficient Classification (IC)
A I I
A<0.09 A
B
C
D
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Determine Soil Site Coefficient

Four Basic Types of Sail:

I Rock or Stiff Soil <200 ft Thick

Deep Stiff Soil > 200 ft Thick
Soft to Medium Clay and Sands > 30 ft Thick

<)|\/. Soft Clay or Silt > 40 ft Thick

TABLE 2. Site Coefficient

Soil Profile Type
I IT I v
S 1.0 1.5 2.0

\\’S=1.2
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Response Modification Factors

Intermediate Substructure = Multiple Column Bent

TABLE 3. Response Modification Factor (R)

Substructure R Connections R

Wall-Type Pier
Reinforced Concrete Pile Bents

Span of the Superstructure 0.8

a. Vertical Piles Only 3
b. One or More Batter Piles 2 Columns, Piers, or Pile Bents
Single Columns 3 to Cap Beam or Superstructure 1.0
Steel or Composite Steel Columns or Piers to Foundations 1.0
and Concrete Pile Bents
a. Vertical Piles Only 5

b. One.or More Batter Piles 3
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Determine Analysis Procedure

TABLE 5. Regular Bridge Requirements

* St_raight Parameter Value
Alignment

Number of Spans

Spanlength |\ imum Subtended Angle 90/ 90° 90° 900 90°
Ratio: (Curved Bridge)

142 2 Maximum SpanLengthRatio 3¢ 2 2 15 15

_1_66_ =142<3 from Span-to-Span

. . Maximum Bent/Pier Stiffness v/ 4 4 3 2
Bent Stiffness Ratio from Span-to-Span
Ratio: NA (Excluding Abutments) l

Regular
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Determine Analysis Procedure (continued)

TABLE 5. Minimum Analysis Requirements

Seismic ~ Regular Bridges Not Regular

Performance with Bridges with
Category 2 Through 6 2 or More Spans May Use
Spans ; e

A Not Required  Not Required

3. Mulhmode Spectral
4.Time History
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Session 3

4

Behavior
Mathematical M
Earthquake D
Longitudinal Analysis
Transverse Analysis

£

&
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Longitudinal Lateral Load Behavior

Inertial Loading
NN Gap at Abutment

— —" Allows Longitudinal
Movement

Bent Resists
Longitudinal Force
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Transverse Lateral Load Behavior

Superstructure
Acts as a Simple Abutments
Beam in Plan Resist Most
of the Force
S
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Bounding the Response

A

Cs —!rends: Kt T+ Cgt Vt
also A {

»  Total Base Shear: V Is Proportional to Cg ¢ W
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Bounding the Response (continued)

Implications

In General, Stiffening the Structure Leads to
¢ Larger Forces
¢ Smaller Displacements

Conversely, Softening the Structure Leads to
¢ Smaller Forces
¢ Larger Displacements
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Alternatives to Consider / No. 1

‘Fixed Supports’

Expect: Higher Forces
Lower Displacements

Use for Analysis to Get
Upper-Bound for Elastic Forces
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Alternatives to Consider / No. 2

‘Spring Supports’

Expect: Lower Forces
Higher Displacements
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Session 3

%

Bridge Layout and Design
Behavior
Mathematical Model

Transverse Analysis
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Mathematical Model for Analysis

Full tinuit

Hi Gon IHLélr?e/ Egop Of Fooy;
Support 28.37: 23 _ enter o7 2ing
(Typical for 2) <237 O0ting

_ Special Cap Beam Properties
\ PXS
Q 3 epnton
y4
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Column and Footing Element Geometry

Centerline of
Superstructure
Elements

v\
2.83' %

Program Reports 7

Forces Here,
Otherwise Include a Node

25.33'

\

2.00%:

Rigid End Zone

Top of Footing Node
Base Node
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Support Conditions

2N

A 7 T ™ Support Restraint
f (Typical for All Three
Columns)

Vector Arrows Indicate Support Restraint in the
Direction Shown
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Properties

fo=4000psi E =518,400 ksf

Superstructure Column Cap Beam
A =120 ft2 A =126 ft2 A = 25 ff2

sty = 51,000 ft4 |=12.6 4 lstr = 107 ft4
lweak = 575 ft* lweak = 107 ft4

Properties for Lateral Analysis Only %l
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Session 3

Mathematical Model
Earthquake Direction
Longitudinal Analysis
Transverse Analysis

&

#
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Earthquake Direction

Must Consider
Earthquake Acting in
Any Direction

Actual Shaking Occurs
in All Three Directions
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Directional Combinations for Loading

Two Analyses:

« Orthogonal Horizontal Directions |

+ Actual Earthquake Attack May Be from
Any Direction

« Maximum Inputs Do Not Occur Simultaneously
in Each Direction
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Directional Combinations for Loading
(continued)

- Load Combinations
LC1 = 100% Longitudinal + 30% Transverse
LC2 = 100% Transverse + 30% Longitudinal

\o

LCH1 \QQO LC2

300/ (b@\ 4 000/0

o
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Session 3

&

]

, Hrection
Longitudinal Analysis
Transverse Analysis
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Uniform Load Method / Section 4.3 (1-A)

- Step 1 PQ = \1 oo\kip{ft (Arbitrary) _~Amax =255t
) : X (Hand or
J" Computer Calculation)
. PAL 100(242) .
__0= _ _
. Step 2 Stiffness K = Aree = 255 9486 kip/ft

Weight W = 4876 kip

W 4876
Step 3 nq K ZN 3.0 (9486) 0.79 sec
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Uniform Load Method (continued)

o
(ol

« Step 4
-\

-_(-_:;KO"M =Cq ]

\\'~=

o
o

o
N

_1.2AS
Cs= 55 <25A

Cs, Elastic Seismic
Response Coefficient

©
N
- = e o =

0

0O 0.5 TLO 15 20 25 3.0
T, Period (sec)

1.2(0.28)1.2
Ce = <25(0.28
S (0.79)2/3 T=0.79 sec

S’

<0.70
>—Controls
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Uniform Load Method (continued)

¢ Step 4 (continued)

CW  0.47 (4876)

Pe®) = —F 549

Po(X) = 9.47 Kip/ft

& Earthquake Load
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Uniform Load Method (continued)

Forces and Moments

Longitudinal | Transverse
hear| Moment| Shear |Moment| Axial
(kip-ft) | (kips) | (kip-ft) | (Kips)
Abutment No. 1 0 0 0 105
Top 9978 0 0 35.5
Center
Bottom 9566 0 0 35.5
Bent
No. 2 Top 9790 0 0 35.5
Outboard
Bottom 9481 0 0 35.5
Abutment No. 3 0 0 0 211

RN
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Session 3

Behavior

% 3

tarthquake Direction
- Longitudinal Analysis
Transverse Analysis
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Single-Mode Spectral Method / 4.4 (1-A)

Concept: Structure Responds in
Single Vibration Mode

-

Transverse
Earthquake

Shape & Defliection from Uniform
Lateral Load
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Single-Mode Spectral Method Steps

. Apply Uniform Load, P / Obtain Deflection, VS( )

. Calculate Modal Weighting Factors «

: v
. Calculated Period, T=2r{ &
oda

. Calculate Inertial Loading,

Pa(X) = Bgs w(x) Vg(x)

fL

B= f L wg (X)Vg(x)dx

7= fo L wg (V2 (x)dx

. Apply Pg(x) / Find Forces, Displacements
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Single-Mode Spectral Method / Step 1

« Apply Uniform Load/Obtain Displacements
(Use Either Hand Analysis or --"S,52

Computer Analysis Program .-~ Qos."
to Get Displacements)

Abutment No. 1

Session 3 Page 36 of 47

UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063

S — e mm—— — .astl o — _ —_—



‘Weighting Factors’ a, B, v/ Step 2

Transverse Seismic Movement

(Hypothetical 4-Span Example)

Weighting Factors Account for
« Resisting Elements (Piers, etc.) Deflect Differently
« Inertial Forces Vary in Accordance with Deflection
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Single-Mode Spectral Method / Step 2

- Calculate o, B3, v

Average Vg——__

Actual Vg

Use Numerical
Approximation of
Integrals
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Single-Mode Spectral Method / Step 2
(continued)

o= Area Under
AASHTO Displacement C_urve

eqn. l_'_r_J'_L_k_‘A‘/VS

L _
a=J Vedx —> o =3VeAx  (4-5)
0

B= Area Under
Weight « Displacement

L _
=| wVadx —™ B=32wV Ax  (4-6) WV
B JO s S s

L
_ 2dy — ~ — SWY 2 - v= Area Under
V—JO WVs"ax V= IWVsTAX (4-7) Weight « Displacement?

I_,—FJ—L‘I—ZI/ W'\-/S2
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Single-Mode Spectral Method / Step 2
(continued)

Assumptions: Po= 100.0 k/ft A= 0.28
3221Usec? 2.5'A= 0.70

P Weight

/
/

1 2 4 6 8 Include Structure, Barriers
Displ Due Equiv Overlay, Diaphragms, etc.
Node | Tributary |to Uniform Static EQ
Dist Length | Loadin Loading .
Location © fnce ed)? vz(;)g P (X) (E|ther Lump or
® 1 @ | ® ! Spread Evenly)
Abut No. 1 0.0 0.0 0.0000 0.00

1/4 pt: 35.5 35.5 0.0688
172 pt 71.0 35.5 0.1218
3/4 pt 106.5 35.5 0.1488
BentNo. 2| 142.0 35.5 0.1454
1/4 pt 167.0 25.0 0.1252
1/2 pt 192.0 25.0 0.0921
374 pt 217.0 25.0 0.0489
Abut No. 3f  242.0 25.0 0.0000
Sum = 242.0

747 o = 23.10 ft2
1657 B = 464.4 kip ft
075 v = 55.96 k ft2
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Weight Distribution / Step 2

Abutment

End Diaphragm
(Additional Material)

Option 1.

Option 2:
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Single-Mode Spectral Method / Step 3

« Calculate Period T

Kip

Y 55.96 Eqgn
T=2M B _ga =21 | 700 (32.2)23.10  (4-8)
T=0.17 sec
Units: kip ft2 ) J;CT  sec
T=27'E (f‘t‘?-)

/

(

ft

)(3:02)
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Single-Mode Spectral Method / Step 4

« Calculate Equivalent Static Earthquake Loading

_ 1.2AS
Cs= 5p <25A

Elastic Seismic
Response
Coefficient, Cg

c _1:2(028)1.2
> (0.17)23

<2.5 (0.28)

CS = 1 .30
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Single-Mode Method / Step 4 (continued)

0.8

| |
25A=0.70
|

| 1.2 AS
[ T2/3 _

Tfil‘--~

0.2

\

Cs, Elastic Seismic
Response Coefficient

-

0

oT 05 1.0 15 20 25 3.0

T, Period (sec)
T=0.17
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Single-Mode Method / Step 4 (continued)

464.4 iyt (-oad
Pe = zr g (0-70)20.1(0.0921) = 10.76 kip/ft icngiry)

Po =10.76 (25) = 269 kip (Concentrated Load at Node)
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Single-Mode Spectral Method / Step 5

- Apply Po(x) / Find Forces, Displacements

Transverse
Loading
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Transverse Loading Results

Forces and Moments 1 2 .
Longitudinal Transverse 41 klp
Shear [Moment| Shear {Moment| Axial >
(kips) | (kip-ft) | (kips) | (kip-ft) | (kips)
Abutment No. 1 0 ' | 583 0
Top 0 10682 0
Center v
Bottom 0 910 0
Bent gt L
No. 2 Top 8.1 1053 | 42.5
Outboard 77 78 4 7kl
Bottom{ 8.1 3902 42.5 p
.
Abutment No. 3 0 828 1277 klp
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Session 4
Example Design of Two-Span Bridge

Elastic Forces —— Design Forces
(Including Column Flexural Design)

Design Columns
Design Column Footings
Abutment Issues
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From Elastic Seismic Forces
To Design Forces

LC1 = 100% Longitudinal Earthquake +
30% Transverse Earthquake

LC2 = 100% Transverse Earthquake +
30% Longitudinal Earthquake

Directional LC1
and LC2 Combinations

Modified Seismic Members EQM4 = LC1/R
- Forces Foundations EQF = LC1

Modified Design
Forces

Group Load = 1.0 (D + B + SF + E +EQM)

(continued)
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From Elastic Seismic Forces
To Design Forces

Column Flexural
Design

SPC

CandD
Plastic Hinging

Forces

Controlling Design
Forces

Select Longitudinal Reinforcement

Transverse and Longitudinal Directions
Realistic Member Strengths

Elastic vs. Modified vs. Plastic
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Orthogonal Seismic Force Combination

X
36 kip]< o *43 kip| 8
i’/é‘{‘\Q \Qq;b
R %,
. e

_ | (] |
/ Longitudinal \~ _~ CTransverse \
100% | Earthquake 30% 30% Earthquake 100%
(LC1) (LC2) (LCH1) (LC2)
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Orthogonal Seismic Force Combination

/ ~ — N\
100% 30% 30% 100%
(LC1) (LC2) LC1) (LC2)

%) ?J.Q\
(0.3+43) S

l
+
(1 .0:36) L
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Determine Modified Seismic Forces

Exterior |
Column LC M = 316/5 = 63 kip ft
EQMy= ——  EQM, ={ M, =9823/5 = 1965 kip f
s < P = +48/1 = +48 kip
Top R - 5 Multiple Column

Bent Moments
\__ |

My = 211 kip ft
EQMp =< M, = 609 kip ft
P = +54 kip
L
(continued) Use R = 1 for Axial Load and Shear
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Determine Modified Seismic Forces (continued)

QQF _ LGt EQF. - My = 271 kip ft
10 17 ) M, = 9509 kip f
S { ]
Bottom
. R = 1 Footin
éMOd'f'?d \_ ] My = 902 kip ft
orces for EQF _ .
Foundation) SPCCandD 2~ | M| =2939 kip ft
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Combine into Group Load to Get
Modified Design Forces

...for this Example

Group Load = 1.0 (D )B/ ?’r/ ;/-l' EQM)
Substitute EQF—/

for Foundations

Replaces Division |, Group VI
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Combine into Group Load to Get
Modified Design Forces (continued)

3 i N

Group Load =D + EQM

Exterior (M7 = 63 kip ft
Column M| = 366 + 1965 = 2331 kip ft
Top LU < P 1098 + 4 i
max = 1098 + 48 = 1146 kip
\__Prin = 1098 - 48 = 1050 kip

(M7 =211 kip ft
M| = 975 kip ft
Prax = 1152 kip
__Ppin = 1044 kip

o2 4
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Determine Controlling Moment for
Flexural Design
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Column Design Forces / Flexure

Per Elastic Modified
AASHTO R=1 =5
Axial Use Full Not
Elastic Value Used
LC1 Controls
Moment Use Modified Not
Value Used

Longitudinal Load —j
Case (Primary)
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From Elastic Seismic Forces
To Design Forces

| Directional LC1 =
- and LC2 Combinations

Column Flexural
Design

Cotumn Flexural
Design

. PlasticHinging ...
o Forces o

. Madified Design
o Forges o

.. Controlling Design
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Realistic Forces and Internal Moments

Lateral 4~ A Ejagh; Seismic Axial 4
Force Force Force P, M with
to Bridge Overstrength
Material
R Overstrength aterials
~+_._ MDF
| )
' ¢

—_—f Modified

Design Force, MDF

-

. Lateral Displacement j Momen;
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Controlling Forces for Design

¢ Design Shear Resistance, Connections,
Foundations, etc., for ‘Overstrength Forces’
(Plastic Hinging Forces)

or

¢ Design for Elastic Forces

Whichever Is Smaller
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Handling Material “Overstrength”

» Realistic Values

Confinement
| , ! Conservative Mix Design
fC ~ 1.5+ (nominal fC) ** | Strength Gain with Time

inal f 95% or More Bars Have
fy ~1.25 = (nomina y) fy Greater than Nominal

Strain Hardening

« AASHTO Allows Simple 1.3 Increase in ¢ Factor

Maotual = 1.3 M
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Strength Reduction Factor for SPC C and D

Pn (kip)

0.9 5 /¢ Varies Linearly

Design Capacity
Pn, oM
054 ‘/\Qn q) n
0.5Pn b= 05VOQMn

0 0.2 x f'c : ¢ Varies Between — Mn (kip ft)
0.5t00.9

¢ Factor

0

Average Compressive Stress, o
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Required Strength of Column

| P M
P o 02f, o | o o
(kips) (psi) (psi) (kip)  (kip ft)
Max 1146 633 ) 0.58 [1965 4021
> < 800 — Interpolate
Min 1050 580 * 0611722 3823

Column Diameter = 4 ft
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Select Longitudinal Reinforcement

#11 Bar (Typical)

(1965 K, 4021 kip ft)
Py, My
)

) o AT flc = 4.0 ksi
(1722%38;_\42_2 PIH™~<&* fy = 60.0ksi 1% Minimum
' 22 #11 bars —p =1.90% OK

WOO 4000 6% Maximum
M (kip ft |

Nominal Strength
Curve Plotted
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From Elastic Seismic Forces to Design
Forces

| Directional LCT

Plastic Hinging

Forces

- Columa Flexural -~
- S Qesign RSl Ao

Plastic Hinging
Forces
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Plastic Hinging Behavior

— » / /

4/— Very Slight AP ,

_ Longitudinal _ Transverse
Yielding Mechanism Yielding Mechanism
Significant AP
Affects M,
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Outline / Plastic Hinging Forces /
Multiple Column Bents

. 7.2.2 (B) (IFA)

1. Determine l\/lp for Axial Dead Load, Pp
2. Calculate Column Shears, V
3. Apply Total Shear, XV, to Bent and Find AP
BDetermine Revised Mp and New Column Shears
Repeat if Axial Force Has Not Converged
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Column Plastic Hinging Forces / Step 1

9000
1)
S/ 7000
Pps Mn
5000 (1098K, 4000 kip ft)
é 3000 Dead Load
ead Loa
D..C —\ ‘/
l‘/ /
1000 2000 <3000 4000 1.3 (4000 kip ft)
-1000 ‘Simplified Method’
M, (ip ft
-3000
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Transverse Plastic Hinging / Step 2

N

1
@w -&— Center of Mass [—
S N —/ R -_/
Soffit
of Cap Beam
Hclr = 25.33| h - 28,1 7'
Plastic Hinges Zones
(Typical)
Top of Footing
- '/ i R N
t‘ a=2@ 28.375 = 56.75
7 'I
Elevation of Bent
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Transverse Plastic Hinging (continued)

P
{13M —_—V
7{_L> m ntop + total
Helr Helr
V VL VC VR
A——
p\/:-3Mnbot ""'[hsMn 0|_)13Mn _)13Mn
13 Mntop + 1:3 Mnpot ~|' #
For 4o _ 1 (Viota) -2 (1.3 M)
- a
F.BD of a CoI_umn Seismic Forces on Columns when
with Plastic Hinges Mechanism Has Formed

+ Realistic V Depends on Realistic M, ... Overstrength
+ Realistic M, Depends on Realistic Material Properties and AP
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Column Plastic Hinging Forces / Steps 2 and 3

Viotgl = 3(411) = 1232 kip

— +—&-
— .
( g) \V 5200 kip ft @) C.M.
#———-——-»r_\
28.17'
25.33'
411kip [ 411kip [ 411kip
. o= I S
— > 5200 5200 5200 kip ft
5200 kip ft AP | 4+ 0 1AP
Vp = 2;225;)) =411 kip t 56.75' 1=
- AP =1 232 (28.17) - 3(5200) _ 337 kip
56.75'
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Column Plastic Hinging Forces / Step 4

90004
@
7000 | |
(1098 kip, 4000 kip-ft)
5000 (1435 kip, 4150 kip ft)
g
<
oS 3000
Dead Load /
1000 \ AP — 5395 kip ft
-AP_A A" 4875 kip ft
1000 2000_—-23000 4000
1000
(764 kip, 3750 kip )
M. (Kip ft)
-3000 n P
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Plastic Hinging / Second Cycle

@X Viotg) = 1221 Kip = 385 + 411 + 426 kip
e '
4875 “ 1> 5200 “ 5395 kip ft

Continued
4875 5200 5395 kip ft
4—\/ <—u 4——\1
2;‘;837;) -385kip 411kip 426 kip
. APl , 0 T AP

AP = 334 kip (vs. 337 kip Previous Value, Say OK)
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Summary Plastic Hinging Forces

Transverse
Minimum Axial Load Maximum Axial Load
Pp = 764 kip Pp = 1432 kip
l\/Ip = 4875 kip ft I\/lp = 5395 kip ft
Vp = 385 kip Vp = 426 Kip
Longitudinal B _
P ~ 1098 kip Bracketed by
l\/Ip ~ 5200 kip ft Transverse Value
Vi, ~411 Kip

P
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From Elastic Seismic Forces to
Design Forces

Directional LCt -
and L.C2 Combinations

Modified Seismic
Forces

Controlling Design

Madified Design

e Forces

Column Flerural
Design

- Piastic Hinging
' Forces

Controlling Design
Forces
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Column Design / Shear

Elastic/Modified Plastic Hinging
(R=1/Group Load) Long. Trans.
LCA LC2 Max. = Min.
Shear 248 kip 411 kip [ 426 kip | 385 kip
Resultants)
Axial* | 1146 kip \ 1152 kip 1098 kip | 1432 kip | 764 kip
1050 kip | 1044 kip

\ Per AASHTO: Use Whichever Is Least

*Note: V, Depends on Axial Load
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$

&

%

Session 4

{inc

Complete Column Design
Design Column Footings
Abutment Issues
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Column Design (SPC C and D)

Longitudinal
Reinforcement

Confinement
Reinforcement

Shear
Reinforcement

Detailing

{Already Done

\

End Regions / Hinging Zones
Typical / Middle Section

Quantity
Spacing

Development
Splices
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Shear Strength

- Strength —Two Zones:

—== T |
End Region T51" Ve / //0.1 f'c
_T_

S
Middle o5 a3 Ve=2ffcbyd 7% Acore
Section ’
End Region ‘IE1 " same as above
T 1

“— ' 7ﬁ A Total Strength
kﬂarger of: . " Vn = Ve + Vg
« Max. Col. Dimen. = 48

« Helr /6 =51" $=0.85
. 18"
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Confined Plastic Hinge Zone

« Spirals ) _Vsteel
> Veore

Agross f'c
_0.45(-2°_ ) S _0.0057
Ps (Acore ) fyh
f'c 4
Minimum pg > 0.12 —Kl—h—" deore = 44"

Try s =3.5" (s<dy/4 =12"and s < 4")

A _ PsSdoore _ 0.008 (3.5)447
°P 4ds 4(44-0.625)

= 0.31 in? Single Leg
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Shear Strength / End Region

« End Region
426  _ - i ial P = i
J o8 = 501 kip Maximum Axial P = 1432 kip
¢ 88855 =453 kip  Minimum Axial P = 764 kip
o = ——=104kb_ -0.50ksi>0.40ksi=0.1f
C™ Aggre 19217 - _
VC =2 \/%z de

Ve - Same for Either Axial Load

- V
Use 501 kip as Required Shear Strength, —@LL—
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Shear Strength / End Region (continued)

21400
100

o

(48)(37.2) = 226 kip

VC=

o

Vu .
Vg = ry Ve = 501)— 226 = 275 Kip

\—— Use of Plastic Hinging Shear
Prevents Brittle Shear Failure

For #5 Confinement Spiral at 3.5"  Pitch Vg = 395 kip OK
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Shear Strength / Middle Section

Vi = 226 Kip (Same as End Region)
Required Vg = 275 kip (Same as End Region)
#5 Spiral @ 3.5" Vg = 395 kip > 275 kip

Could Open Up Spiral to 5" Pitch,
, " A H

struction Errors
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Column Reinforcement Details

Cap Beam
| /e
¥
1253 Minimum T ]l |
Bar Embedment — i _%i = 24"
f ] ]
HClr/4 = 76" § HClr/G = 51"End Region
+— | =5|_-#5GR 60 Spiral @ 3.5'
=d P
Longitudinal Bars —
May Be Spliced — /22 #11 Longitudinal Bars
in the Middle Half ——
L E /— Footing
ol = 76 E / Hclr/6 = |51" End Region
1.25 | gh Minimum = _dia _ oy
Hook Embedment o 2
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Spread Footings

Pp ‘ Use Plastic Hinging
Forces or Full Elastic

—| Forces
M
. - :\\p
% Vp E T 2,
E-—'r—r—r—r—.
: 4
; r— L—— —
| Lf = Bf = 20'
]
~F
| Bearing
5 Stress, q

Issues

Soil Bearing Capacity
(= 24 ksf)

Overturning

(Uplift Over 1/2 Footing
Dimension Is Permitted)
Sliding

(L = 0.5, Neglect Passive)

Flexure in Footing
(Bottom and Top Steel)

Shear in Footing
(Stirrups?)
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Spread Footings (continued)

 Use Plastic Hinging Forces
(Transverse Maximum and Minimum)

Limit Maximum P Minimum P OK?
Bearing, q 24 ksf 9.8 ksf 8.8 ksf v
Stress
Overturning, e 6.7 ft 4.0 ft v
Controls
Sliding, 0.5 0.24 0.35 v
u required

Could Reduce Footing Size Until e = b/3
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Session 4

#®

esign Column Footings
Abutment Issues
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Abutment Shear Key

 Use Shear Friction Design b
| === / Ehear
e
Vy=159Kip (basedon R=08) | Superstuciure '
1 1
02f Vy
Lyey =5 ft(basedonV < C. i
key (base n {800 pSI B_e?rln?.\ . 1 Roughened
— =~~~ Construction
Ays = 6.3 in?/ft of Length ] Joint
A AS S >\
A
' Lkey =5' "
1
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Displacements and Seat Widths

For this Bridge Longitudinal Displacements Are

Most Important
* Analysis — Ag|agtic = 0.24' (3")

« AASHTO — Seat Width, N, Prescriptive

Superstructure
/ P N> A

Q =
Observed A’s Larger than
1\ N |_ Abutment Seat Simple Analysis Indicates

elastic
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Seat Width

. ForSPCC
N=(12"+ o.o:TsL +0.1 2TH)(1 +O.OOO12?82)
Length  Average Height Skew
of Unit  of Columns (degrees)

(feet)  (feet)

N = (12" + 0.03(242") + 0.12(27.34"))(1+0.000125(0°)<)

N = 22.5" (1.88))
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Summary of Example Design

Abutment Abutment
No. 1 Bent No. 2 No. 3
L\;\( L/j

Eg/—/
| EIevatioﬁ |

Plan
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Session 5
Modeling Guidelines

Types of Models

Spine Model Considerations
Properties

Checking Modes
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Modeling — General

Analytical Models Should Include:
Stiffness Distribution of Bridge
Mass Distribution of Bridge (for Multimode Analysis)

Commonly 3D Models Are Used

Standard Computer Programs Are Used
for Analysis
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Types of Analysis Models

Spine Model

Beam Elements

Lumped
Parameter

Grillage Plate or
Shell Elements

“Finite Element
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Spine Model for Seismic Analysis

Translational
Spring

I <<
~_0Or—" %\h\ - Rotational
% Spring

» Substructure Elements Directly Modeled
» Superstructure Simple

« Include Connectivity Between Units

» Include Soil Springs / Releases / Fixity
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Spine Model — Geometry Issues

CG of Superstructure

Nl \\ Rigid Link to Soffi
Foundation Node
* Top " Column Elements
- Middle ¢ (Number Depends
* Bottom on Height)
Convenience

Coordinate with Geotech Footing Elements

Foundation Springs
(If Used)
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Properties

E— 57/f, Concrete

Igross ... Maximum Forces
Stiffness | —~{ leffective :-- Maximum Displacement
(e.g. Concrete) liransformed  --- T00 High

A" Area

L Adjust for Joint ¢ , ]
Stiffness : l__U :
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Effective Moment of Inertia — RC Columns

Circular Sections

0.801
< A /A, = 0.04
}D 0.70- I st' g )
'CCE% 0.60- — As Ag =0.03
(£ 0.50- / ASt/Ag = 002
é 0.40- // AstAg =001
‘...U)"_Tp
© 0.30
17
u—‘j 0.20 | . |

000 005 010 045 020 025 030 035
Axial Load Ratio P/f'CAg

Priestiey, Seible, and Calvi
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Mass Distribution

(or Weight M = -gV-V-

Where Does the
Mass Go?

Superstructure Mass Usually Most Significant
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Mass Distribution (continued)

V)
/HH**“ (@) W o
o "lump" this //7/// mass
/ to node

(example) Options:

members » «+ Specify density, o, and area, A, of elemant

traffic barriers ——» + Specify weight per length, w
« Specify weight for node, W, directly

diaphragms ——»
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Special Considerations

Sharp
Curves Use more elements

to model curve

Member End Release Used
Movement ( But 1/2 Mass Assigned tto
Joints Mode Atop Column

) -—>
~CX
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Lumped Parameter — Checking and
Simple Cases

Single-Degree-of-
Freedom System
(SDOF)

W = Sum All Weights
(or Prorate Weights)

K = Sum All Stiffnesses

Reduction to SDOF System (or Prorate)
Requires a Good Estimate of - Bents
the Displaced Shape = Abutments

« Superstructure
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Session 5
Foundation Modeling

 Structural / Geotech Relationship
« Soil Behavior

+ Perspective — Using Soil Springs
« Modeling the Soil
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Foundation Analysis and Design Issues

 This Session
General Behavior Concepts |
Simple Concepts for including Flexibility
of Foundations

« Next Seminar
More Detailed Analysis Techniques
Discussion of Design Issues
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Structural Engineer Geotechnical Engineer

Needs Needs

« Hazard / Spectra ¢ Substructure Types

« Foundation Concepts ¢ Soil Load Magnitudes
« Soil Properties - Displacements

« Soil Capacities « Comparison Types

« Modeling Assistance Service
 Liquefaction Assessment Ultimate
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Foundation Behavior — Spread Footing

Forces from Movement
of Structure Above

-~
~
-

=T 1 Ay Flexibility of

,_L Supporting Soil
A
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Foundation Behavior (continued)

Force
A Nonlinear, Inelastic

Response

» Displacement

Damping Damping in Soil —— Energy Dissipation
Effects (e.g. ‘Radiation Damping’)
Mass

Effects Soil Mass Affeots Response
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* When

« Why
« How

- Accuracy

Using Spring Supports

Refinement of Seismic Analysis
(After Bounding Analyses with Fixed
or Free Supports)

Soil Flexibility Is Significant Relative to Structure
Equivalent Linear Springs

Actual Spring Constant Not as Important as
Presence of Spring Iltself
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Stiffness — Structure vs. Foundation

Ms | e
>" s 105 -
M ‘\/ ] Ki >> Kg— Fixed
S ‘\ K << Kg—= Pinned
ﬁ Ki = Kg— Springs (or Bound)
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Soil Response May Be Nonlinear

Equivalent
Linear Spring

A L (M) max  Constant
KI\“\\ +$ = = =<3 e
n““\\'.\,_ 71\\/\ 9 lmaX .
H TS~ T A (or 9)
A « lteratively Determine K’s

or ‘Bound’ Response
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Perspective on Nonlinear Behavior

» Recall that Structure Nonlinear Vs’?ruct
(Inelastic/Yielding) Behavior
Is Expected R
Astruct

« Reasonable to Allow Some Nonlinear Soil Response

) A
« Reasonable to Use Elastic Analysis Nonlinear
Inelastic Level
of
Linear ® Effort

Elastic
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Modeling Soil Flexibility

Foundation Conceptual Analytical

Type Model Model
Spre_ad
Footing —
Reference:  Bowles, 1988 Design Examples: 1,2, 4
FHWA - IP-87-6
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Modeling Soil Flexibility (continued)

Foundation Conceptual Analytical
Types Model Model
™ _Top of Sha T
Piles -
Drilled Shafts . or
;A

- Reference: NAVFAC DM 7.02, 1986 Design Examples: 5,6
FHWA - IP-87-6
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Modeling Soil Flexibility (continued)

Conceptual Analytical
Model Model
Abutments/ ‘ |
Seat or Integral - # Iﬁ 1

Reference: Caltrans 1995 Design Examples: 1, 3,5, 6
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Session 5
Multimode Dynamic Analysis

 Definition

+ Using Computational Tools
Input Data
Process Flow
Decisions
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Multimode Dynamic Analysis

- What Is It?

Superimpose Individual Mode Responses
to Estimate Structural Response

(Similar to Using Base Colors to Make Paint)
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Multimode Concepts

WJ{\

I

M,,._

« ‘Single-Mode’ Analysis
for Each Shape
« Combine for Total
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Multimode Dynamic Analysis

+ Why?
Gives Reasonable Estimate of Forces
and Displacements

Especially Helpful for Complex and/or
Irregular Structures

o Limits?
Applies Only to Linear-Elastic (Non-Yielding)
Structures
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Multimode Dynamic Analysis

Input: Computer: Analyst Decisions:

« Geometr * Mode Shapes OK?
. Propertieé Zssemble Model » Periods OK?

* Restraints | iR VEE R elgeecy *© How Many Modes?

« Weights or
Masses
Obtain Spectral Response
w
5.6
3§§ g Apply to Structure
:’3.(23 3 Solve for Modal Response
o |
" Response TS - Combination OK?
Spectrum Product: Elastic Forces = Results Reasonable?

and Displacements = Enough Modes?
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Multimode Dynamic Analysis

Computer: Analyst Decisions:

« Mode Shapes OK?
Assemble Model . Periods OK?

Find Mode Shapes and Periods [IRRAURNCIRLC Y

Obtain Spectral Response

i

5 wé Apply to Structure
- D —
SRS Solve for Modal Response
2 =4 .
- Response Combine Modal Responses [ l=1(l0, ¥
Spectrum Product: Elastic Forces + Results Reasonable?
and Displacements + Enough Modes?
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e PO

t\

Restraints

Example Bridge — Spine Model

\.

Masses Lumped
to Nodes
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Mode Shape Terminology — 2D vs. 3D

2D

3D

1st Mode
2nd Mode

3rd Mode

... Fundamental Mode

... Higher Modes

“1st, 2nd, 3rd’ in Each Orthogonal Direction
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Breaking Structure into ‘Discrete’ Elements

Distributed Mass /m >
Structure (Actual) @) 1st 3 Vertical
M Mode Shapes

Two Nodes: Three Nodes:
(2 Modes / Direction) (3 Modes / Direction)

« More Nodes—Refinement of Forces
« AASHTO / Use 4 Elements (3 Nodes) per Span

Session 5 Page 32 of 39

- UMD-ITV

Seismic Bridge Design Applications

25 April 1996, NHI Course Code No. 13063



Number of Modes Possible - 3D

Number of Modes Depends on:
« Number of Masses
« Boundary Conditions / Restraints

@}@'
h
x

\— Lumped Mass

Concentrated at Point

Free to Move in 3 Directions
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Number of Modes Possible (continued)

Transverse / / 2 Modes

Longitudinal / / /?: Modes
Vertical % M 2 Modes

(3Nmasses — Restraints) = 7 Modes

— L
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Multimode Dynamic Analysis

Find Mode Shapes and Periods

Computer: Analyst Dgtisions:
- Geometry + Modg’Shapes OK?
Rroperties pSsemble Mode! Peyibds OK?
MANEWS DL Find Mode Shapes and Periods jow Many Modes?
+ Weights o
Masses

Obtain Spectral Response

Apply to Structure

Repeat for:
Modes
Directions

Solve for Modal Response
|

« Response Combine Modal Responses [EEEEiglellgE N0l ¢

Spectrum .
Product: Elastic Forces . R R "
and Displacements . Eﬁgﬂlgtsh M%%Seosr)?able.
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Example Results — Ordering of Modes

EIGEN SYSTEM PARAMETERS
NUMBER OF EQUATIONS = 78
NUMBER OF MASSES = 38
NUMBER OF VALUES TO BE EVALUATED = 15
SIZE OF SUBSPACE = 19

EIGENVALUES AND FREQUENCTIES

- EIGENVALUE CIRCULAR FREQ FREQUENCY
- (RAD/SEC)**2  (RAD/SEC) (CYCLES/SEC
.606219E+02  0.778601E+01 1.239182
0.199010E+03  0.141071E