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Seismic Design of Bridges, Seminar No.1 -
Outline 

Type of Material 

Background 

Worked 
Example 

Detailed 
Topics 

Session No. 
1 

2 

3 

4 

5 

6 

7 

Topic 
Seismic Design Philosophy 
Seismic Hazard Analysis 

Structural Dynamics 
Response Spectra 
Overview of Division I-A 

Two-Span Example Analysis 

Two-Span Example Design 

Modeling Guidelines 
Foundation Modeling 
Multimode Analysis 

Multimode Analysis 

Intended Inelastic Behavior 
SPC B vs. SPC C and D 
Wall Pier Design 
Detailing Issues 
Questions and Answers 

Session 1 Outline 
UMD-ITV 
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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 
EQ = Lateral Force Applied Horizontally 

D = Dead Load of Structure 
C = 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 
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NBS 

1971 San Fernando, CA 
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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 

:::r:===t: +===~ 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
+---1-

--- :i= F 
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Failure: Insufficient Development 

Nature: 
Prevention: 

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

l 

or 
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Behavior: Limited Flexural Damage 

I I 
::t===t-
::i:= ==i: +===i: 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
+---1-
3:===E 

Nature: Ductile -- =r===p---
How to Obtain: Sufficient Confinement to 

Prevent Crushing and Bar Buckling 
Also Suppress Shear, Pullout, and Stability Failure 
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Ground 
Acceleration 

Three Basic Observations 

Time 

Observation 

A 
Linear Elastic 

Systems Develop 
Large Resisting 
Forces in Major 

Earthquakes 
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F 

Three Basic Observations (continued) 

Observation 

A 
We Can Build Ductile 
Structures (Ability to 

Deform into Inelastic Range) 

Session 1 Page 9 of 27 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Three Basic Observations (continued) 

F 

------ - -- - -

t.. Elastic Max_) 
6. Inelastic Max 

Observation 

A 
Maximum Displacements 
of Elastic Systems and 
Similar Period Yielding 
Systems Are Roughly 
Equal 
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F 

Types of Inelastic Behavior 

,. · ... -- -- e~'- Limited~ 
Brittle -;te\l Ductility c__ Failure? (Collapse?) 

~ Failure (Collapse) 

ti 
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Ductility ------------------------------------- ---

F 

, , , 
, 

, , 

----- -----------, , , 

/l.Yield 

Ductility (µ) = 

/l. Maximum 

11.Maximum 
11. Yield 
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Handling Displacements/Use 
Conservative Estimates 

CTI::~~~--.. --~~..____-~ 
~ .. --~~ [r-/ .. 

', , 

Seat Width Must include Allowance for 

• Yielding 
.· • Out-of-Phase Movement of Separate Units 
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Seismic Design Philosophy 

Observations Design Philosophy 

Engineering 
Community 

Ductility ~ 

Large Elastic Forces➔ 

Similar Displacements ~ 

• Allow Yielding 
(Damage) in 
Major Earthquake 

• Damage Should 
Be Accessible 

• No Collapse 
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Session 1 
Seismic Hazard Analysis Co-ncepts 

• Regional Importance 

• How the Ground Moves 

• Where the Seismic Hazard Maps Come From 

Session 1 Page 15 of 27 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Earthquake Occurrence in United States 

t 
• 

• 
II ■ • ' ••~o' •.--~--~-

• • 

Algermissen 

0 200 
L....-....J 

km 

• 
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Charleston, South Carolina/ 1886 

Magnitude = ?? Felt in Boston, Chicago, and 
St. Louis (All - 900 Miles Away) 
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St. l.11 

( 

\l'\\'. 

ll 
lO 

Bolt 

New Madrid, Missouri / 1811 - 1812 

I. D.C:. 

N 

I 
0 200 400 

3 Main Earthquakes 
• Magnitudes_, 7.3 to 7.8 

December 1811 
January 1812 
February 1812 

• Chimneys Down in 
Cincinnati, Ohio 

• Falls Formed in 
Mississippi River 
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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 

Epicenter 

Rupture/Slip 
Spreads on Fault 

Waves Tra el 
through Earth 

Induced 
Structure Motion 

~Rock~ 

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 1-A: 
'Probabilistic' 
Ground Motion 

Example: 
There Is a 10% Chance that 
an Earthquake Will Produce 
an Acceleration that Exceeds 
0.33g at a Site During Any 
50-Year Interval 
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AASHTO 1-A / Acceleration Coefficient, A 
_______________________ ....,. _____________ ,,:==c=:-

A Is Given as Percentage of Gravity 
r---:~~----=~Example: A= 33% of g 
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Probabilistic Ground Motion 

Site 

S B 
Area Type 

ource 
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Probabilistic Ground Motion {continued) 

• For Each Source, Know 

a.a -----------· Maximum 
(l) 
"O 
::, 
+-' ·-C: 

g'7.0 

~6.5 

Recurrence 

# EQS/Year 

"O C: 
C: 0 
::, ·­o +-' 
~ ctS 
(!)~ 
~ (l) 
ctS (.) 
(l) (.) 
a.<( 

Attenuation 

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 

Session 1 Page 24 of 27 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



.-.. 

..9) 
C 0.6 
0 

Product of Hazard Analysis 

Probability ~ _T_i_m_e __ 
of Exceedence Return Period 

500 1000 1500 2000 2500 
Return Period {Years) 

50 Years 0.10=----
. 500 Years 

(Applies for 
Low Probabilities) 
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AASHTO 1-A Acceleration Map 

---

A s;0.09 
tlit.1:~---~-4Fl 0.09 < A s; 0.19 

0.19 < A s; 0.29 
0.29 < A 
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AASHTO Map vs. Occurrences 

1~~~Mkl='::%i:&1 As 0.09 
rc:n+:: .. u o.o9 <As 0.19 

0.19 <As 0.29 
FY·trwM 0.29 < A 

(A) 
(B) 
(C) 
(C or D) 

0 200 
L-......J 

km 

Adapted from Algermissen, 1983, and AASHTO, 1995 

• 
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Session 2 
Structural Dynamics Concepts 

• Single-Mass 
Systems 

Free Vibration 

Damping 

Forced Vibration 

Earthquake Response 

• Multiple-Mass and Distributed-Mass Systems 

• Response Characterization 
Session 2 Page 1 of 35 
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Free Vibration 

No Applied Force / 
Initial Displacement then Release 

Time, t 

Period, T 
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Internal Forces I Free Vibration 

Resisting Force 
(Spring Force) 

Inertial Force 

Newton's 2nd Law 

L 

(Force= Mass• Acceleration) 

E, I 

fs = 3EI A 
L3 

f· = ma = m _d
2
_A 

I dt2 

Lnd Derivative 
of Displacement 
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Dynamic Equilibrium / Free Vibration 

Forces 
Acting 
on 
Mass 

f· I 

--·- __ _J5 , Spring Force 
. /',,,,.. -. · -.... 

1--------...,,.__------+-------~Time 

fi, Inertial Force 

fi + f8 = O 
Equation of Motion 

• Structure Vibrates at Period, T; Only 'Vibration Rate' for which 
Equilibrium 'Is Satisfied 
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+J 
C 
Q) 

E 
Q) 

<] (.) 
co -Q. 
en ·-0 

Damping 

-------~ .... 
. ,~~ ' No Damping 
~ . I 

• I 
, I 
'--•---. I ~,,___ 

Critically Damped 

-----►~ Time 

Underdamped (Amount 
Expressed as % of Critical) 

Typical Damping: Value ~ 5°/o 
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UMD-ITV 
Seismic Bridge Design Applications 

25 April 1996, NHI Course Code No. 13063 



p 

Forced Vibration 

Add a Time Varying Load to Our System / No Damping 

'Periodic' 
Load 

t 

Equation of 
Motion 

fi --- ◄ 
p 

Free-Body Diagram 

(Algebraically, the Signs Can Differ) 
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Response Bounds / Periodic Loading 
--.;;..._;.;.;..;....;..._a ______________________ ,,::,;,=••'''=··········-

• P Applied 'Slowly' - Response Is Essentially 
(Relative to Period) Static 

• P Applied 'Rapidly' - Response, fl, Is Small 

• Intermediate Case - Response Can Be Large 
'Amplification' .. Resonance 
(As Loading Period Approaches 
Structure Period) 
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Earthquake Effects 

Epicenter 
___.,,. ~70"---------~-.--...;:S:...:..it:....:;e__,~--~x:\~ 

I -"'-l_____l I _J7" ~"' 
I • # ~waves:!7 j 

Ground Acceleration 

Ground Displacement 

0 5 10 15 20 25 

Time (sec) 
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Earthquake 'Loading' - Snapshot 

~gnd 
agnd 

~rel 

are I Structure Mass 
Moves Relative 
to Ground 

Ground and Structure 
Move Relative to 
Fixed Reference 

Inertial Force: 
fi = m(agnd + arel) 

'- °'v""'" J 
Total Acceleration 

of Mass 

Equilibrium: 
fi = f5 

magnd + marel = k~rel 
"---v---,J 

L._ Equivalent to a 'Load', P 

.. p 
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Ground 0·2 
0.1 

Acceleration o 
-0.1 

agnd -o.2 
-0.3 

Earthquake Response 

Time 

(8gnd)max = o.339 

~max= 3-3" 

m(agnd + 8 re1) > m(agnd)max 8gnd 
T = 1 sec ~ 

Amp I if ication 
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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, Ti = Function of Shape i 
and T 1 > T 2 > T 3 etc. 
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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, fl. 

• Not All Modes Are Required to Estimate Response 
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How to Characterize Response 

• Complex Method 

Full Time History 

- Maximum 
F co 1 ~~-++-l,-H.+--1~ Ti m e 

- Maximum 
Meo 1 ~...-+-JtJ--+--+-4-+-I-+-~ Time 

■ 

■ 
■ 

etc. 
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How to Characterize Response (continued) 

• Simp,le Method 

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

• Intermediate Method 
Multimode Superposition 
(Find Maximum of n Actual Modes,. 

Earthquake Load 
(including Amplification) 

then Combine to Estimate Actual Maximum) 
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Session 2 
Response Spectra 

---- -------- _.:..:_._:_---___:..-.,_;::.:,--------------------------~=--···=·-·--.. --,.-.--·-
• Definition 

• Amplification and Period 

• Effects of Site Soil Condition 

• AASHTO Design Spectra 

• How to Use Spectra 
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From Earthquake to Design 
- ·--=-=-:c:_·· ·---------------------------

Single Earthquake 
agnd 

l 
atotal 

1 

~!~ 
-0.3 

0.3 

0.2 
0.1 

-0.1 

-0.2 
-0.3 
-0.4 

max 

max(force) = mass • max(atotal) 

For Design 
max(agnd) = ? 

l 
A-from Map 

Typical max (atotal) = 0 
max (agnd) Amplification 

Factor=? 

l 
max(force) = mass •A• 'Q' 
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Define Response Spectrum 

Determine Maximum 
Response for 
a Group of Structures, 
All with Different 
Periods; then Plot 

~ 
All Structures Subject 
to the Same Ground 
Motion 

'Spectrum' 
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Actual Spectra vs. Smoothed Spectrum 

Q) 
(/) 
C 
0 a. (/)---::::... 
Q) a:s 
a: 0 
C ro o­
·- X 
+J a:s 
~ E 
<1) 

8 
<( 

Period T 

Smoothed Spectrum 

Actual Spectra, Each 
for a Different Earthquake 
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General Shape of Spectra 

-cu 
+-' 
0 
+-' 

ctS 
>< 
ctS 
E 

Acceleration 
Response 

Amplification 
Zone 

8 gnd ---------- - -----------· 
C Peak Gr::>und Acceleration ____ _ 

T 
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Acceleration 
Response 

Effects of Damping 

Increasing 
Structural Damping 

T 
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Effects of Site Soil Conditions 

Structure 

~-~►agnd 
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Effects of Site Soil Conditions 

C 
= Amplification of Structure Response 

Over Ground Response 
4 

§ ---- Rock - 28 Records 
:,;::; 

c: ~ ---- Stiff Soils(< 200 ft) - 31 Records 
o_ 3 :,;::; Q) 
ccs u '- u 
~<( 
Q) "'O u C: 
u::::, 2 <( 0 

~c!; -~§ 
c.n E 1 ·x 

ccs 
~ 

Deep Cohesionless I 
Soils (>250 ft) - 30 Records 

Soft to Meqium Clay I 
and Sand-15 Records 

0---------------------1 
Seed & Idriss 0 0.5 1.0 1.5 

Period 
2.0 2.5 3.0 
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AASHTO Design Spectra 

Cs 2.sA 
\ .,..... . - -~. 

I ' 
I ' 

~Neglect',,, 

A- Design Acceleration r S - Soil Coefficient 

1 ·2As 5% Damping 
I 

A--
.... -- of Structure 

- Effect of "S" 

T (sec) 

Total Acceleration or 'Spectral Acceleration' 
~otal =Cs·. g 

\__ Acceleration Due to Gravity * 2.0A- C8 Cap for Soft 
Soil when A ~ 0.30 
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Site Coefficient, S 

Table 2. Site Coefficient (S) 
Soil Profile 'fype 

I II III IV 

s 1.0 1.2 1.5 2.0 

I. Rock or Stiff Soil < 200 ft Thick 

II. Deep Stiff Soil> 200 ft Thick 
Ill. Soft to Medium Clays and Sands> 30 ft Thick 
IV. Soft Clay or Silt> 40 ft Thick 
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How to Use a Response Spectrum 

I I 

I I 

l l 
\ \ .. \ 

\ 

77 
vbase 

Determine Period of Bridge, T 

T Tactual 

Use Spectrum to 
Find max(atotal) 

Vbase = Weighting Factor• ~ • c8 
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Session 2 
Overview of AASHTO Division 1-A 

-:.:::::..::_:_:~------------------------,-,·····-··:.c. __ _::.--
• Seismic Performance Category 

• Choosing an Analysis Technique 

• Response Modification Factors 

• Overall Flow 
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Seismic Performance Categories, SPC 

Seismic A from Map ( Essential 
Hazard, J ~ Other 

Brid es IC 
I 
II 

TABLE 1. Seismic Performance Category (SPC) 
Acceleration 
Coefficient 

A 

A<0.09 
0.09 < A< 0.19 
0.19 < A< 0.29 
0.29 < A 

Importance 
Classification (IC) 

! .. ••················ ..... ··• .... ··'······.·.............. II 

lllllllll~,, 
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SPC 

A 

B 

C 

D 

Design Requirements Tighten 
As Category Increases 

Minimum 
Seat 

Widths 

• 

Ductility Design for 
Seismic Enhancing Plastic Approach 
Analysis Details Hinging Forces Slabs 

Diameter Proportional 
to Requirement Rigor 

• • 
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Regular Bridges / 2 to 6 Spans 

1 
Span Length Ratio 

Curvature in Plan Pier Stiffness Ratio 
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Minimum Analysis Requirements 

TABLE 4. 
Seismic 

Performance 

Category 
A 

B,C,D 

Minimum Analysis Requirements 
Regular Bridges Not Regular 

with Bridges with 

2 Through 6 Spans 2 or More Spans 
Not required 

Use procedure 

1 or2 

Not required 

Use procedure 

3 
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Seismic Analysis Procedures 

1. Uniform Load Method 

2. Single-Mode Spectral 0) ~ 
Method C ■->< ■-en (I) 

ca -Q. 

3. Multimode Spectral ~ E 0 0 
Method 

C (.) -

4. Time History Method 
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Flow of Analysis Procedures 

Stiffness 
and Weight Period 

K 

w ... T 

21t w 
.gK 

Lateral Force 
Coefficient 

Cs 

1.2AS 
T213 

Base 
Shear 

V 

C8W 

Forces and 
Displacements 

Finternal 
... 

Llstructu re 
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Response Modification Factor, R 

T 

High Redundancy, 
Ductile 

No Redundancy, 
Ductile 

· Limited Ductility 

+JI •• ,_,.!. 
R:5 

R:3 

R:2 
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Elastic vs. Design vs. Actual Forces 

Lateral 
Force 

F 
- - - - · Felastic - - - - - - - - - - - - - - - -- - - - - - - - - - -r 

Fmechanism-· 

Effect 
of R 

Fe1as 
.. Fdeslgn = R -----

Displacement, 11 
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AASHTO Division 1-A 

• Boundary 
Conditions 

. 

Design 
Cycre 

r:>11li~1Pi ne 
Elastim::1:1morces 

and !?i§~lllrn~ots 
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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 
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Layout/ Plan and Elevation 

Abutment 
No. 1 

I 
Cf. Bearing 

l 
1 

Bent No. 2 

Elevation 

1421-011 l 

Plan 

1001-011 

Abutment 
No. 3 

I 
t Bearing 

j. 

0) 
I 

R2 
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Layout/ Preliminary Bent Details 

J 

9 
~ 

1'-7" 

73'-9" 

\ Post-Tensioned ~x Girder 

LJ 1'-0'Typic~I 

8'-2" 9'-3" ~ 
(Typical) T'""" 

I 
CD 

28'-4-1/2" 

20' x 20' Square Footing 
(Typical) 

4'-0" Diameter r:>.. 
(Typical) 'CJ 

28'-4-1/2" 

J 

5' 
L(') 

(9 Section 
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Bridge Layout/ Abutment Details 

Barrier 

Wingwall 

Approximate Soil Line 

20'-0" 

_, 
I I 
~, I 

I I 
I I 

Footing 

-----...,. ___ ___ : :::~· :: 
' ' -I 

I • 
I ---

4'-0"~ 

~ 
(9 Section 

Superstructure 

3'-0" 

Bearing 

Expansion Joint 

3'-0" 
I 

It.Footing 

8'-0" 

e) Section 

Session 3 Page 4 of 47 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Layout / Shear Key at Abutments 

Shear Key 

1 '-6" 

--- Barrier 

,,...---Bearing 

~ 
LO 

5' 
LO 
,--

C) 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 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Determine Seismic Performance Category 

A= 0.28 g IC= Not Essential J 
TABLE 1. Seismic Performance Category (SPC) 
Acceleration 
Coefficient 

A 

A <0.09 
0.09 < A~ 0.19 

4[1•~•••~•••••••1:••~•••ffiw2,JJZD 
0.29 < A 

Importance 
Classification (IC) 

I II 

A 
B 
C 
D 

Session 3 Page 7 of 47 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Determine Soil Site Coefficient 
-- ---------------------------~------· ---

Four Basic Types of Soil: 

I. 

::;;::.:;•:•;••••1iI: 

Ill. 
IV. 

Rock or Stiff Soil< 200 ft Thick 

Deep Stiff Soil> 200 ftThick 
Soft to Medium Clay and Sands > 30 ft Thick 
Soft Clay or Silt > 40 ft Thick 

s 

TABLE 2. Site Coefficient 

I II 

1.0 

Soil Profile Type 

III IV 

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 

:~!!Z~:i ~:ncrete Pile Bents 
2 <Ziff jl;l-lf ti~~C> 

a. Vertical Piles Only 3 Span of the Superstructure 
b. One or More Batter Piles 2 Columns, Piers, or Pile Bents 

Single Columns 3 to Cap Beam or Superstructure 
Steel or Composite Steel Columns or Piers to Foundations 

and Concrete Pile Bents 
a. Vertical Piles Only 5 

··.'.··•·· :::-Pt9Rt:·8EM8n~-.~:~tter Piles 3 
Multipl@••<Col··•ij;p.f ;}> 

R 

0.8 

1.0 
1.0 
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Determine Analysis Procedure 

• Straight 
Alignment 

• Span Length 
Ratio: 
142 -¾ 

= 1.42 < 3 
100 

• Bent Stiffness 
Ratio: NA 

TABLE 5. Regular Bridge Requirements 

Parameter Value 

Number of Spans 3 4 5 6 

Maximwn Subtended Angle 90°/ 90° 90° 90° 90° 
(Cuived Bridge) 

Maximwn Span Length Ratio 3/ 2 2 1.5 1.5 
from Span-to-Span 

Maximwn Bent/Pier Stiffness --1 4 4 3 2 
Ratio from Span-to-Span 
(Excluding Abutments) ! 

Regular 
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Determine Analysis Procedure (continued) 

TABLE 5. MinimumAnalysis Requirements 

Seismic 
Performance 

Category 

A 

B,tl~!:D 
···.;.· 

Regular Bridges Not Regular 
with Bridges with 

2 Through 6 2 or More Spans 
Spans 

,!illi:!:ll■~ll'~ti; ;;"; Not Required Not Required 

\___ i. lim~l1:l0me 11:)e©tral _ = 

··,;,:'~!:~;:~~al 
4. Time History 
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Session 3 

Bridge Layout and Design 

• Behavior 
Mathematical odel 

Earthquake Direction 

longitudinal Analysis 

Transverse Analysis 
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Longitudinal Lateral Load Behavior 

Inertial Loading 
~ ~ ~ ~ ~ ~ ~~GapatAbutment 

Allows Longitudinal 
Movement 

Bent Resists 
Longitudinal Force 
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Transverse Lateral Load Behavior 
------__:;__::_---___::_:_::----=---=--=-----------------------------.;..:_-

Superstructure -
Acts as a Simple 
Beam in Plan 

------,. Abutments 
Resist Most 
of the Force 
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Bounding the Response 

Trends: K t T • Cs t V t 

also 1:1 + 

T =2rt J g"t,..___ 
-.,,--- --- Note 

• Total Base Shear: V Is Proportional to Cs '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 

Use for Analysis to Get 
Upper-Bound for Elastic Forces 

Lower Displacements 
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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 

Earthquake Direction 

Longitudinal Analysis 

Transverse Analysis 
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Mathematical Model for Analysis 

Full Continuity-__, 

Support 
(Typical for 2) 

Here 

Centroid 
Su ot 

'Perstruct 
Ure 

'
0Pot /:; Center 0oting 01 F="oot· tng 

Special Cap Beam Properties 
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Column and Footing Element Geometry 

Centerline of 
Superstructure 

Elements 

~ : : ' ' - Centroid of 
2-8~ ..,__ ______ ..y...ir,,~---t Superstructure 

Program Reports --­
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 

Support Restraint 
(Typical for All Three 
Columns) 

Vector Arrows Indicate Support Restraint in the 
Direction Shown 
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Properties 

t'c = 4000 psi E = 518,400 ksf 

Superstructure 

A= 120 ft2 

lstr = 51,000 tt4 
lweak = 575 tt4 

Column 

A= 12.6 ft2 

I= 12.6 tt4 

Cap Beam 

A= 25 ft2 

lstr = 1 o? tt4 
lweak = 107 tt4 

Properties for Lateral Analysis Only 
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Session 3 

Bridge Layout and Design 

Behavior 

Mathematical odel 

• Earthquake Direction 

Longitudinal Analysis 

Transverse Analysis 
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Earthquake Direction. 

Must Consider 
Earthquake Acting in 
Any Direction 

ti-q,.. y 
~ ''8t1 
"-clrf lJi clrse 

qllq,4-e 

z 
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 

LC1 LC2 
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Session 3 

Bridge Layout and Design 

Behavior 

athematical odel 

Earthquake Direction 

• Longitudinal Analysis 

• Transverse Analysis 
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Uniform Load Method / Section 4.3 (1-A) 

• Step 1 PO = 100 kip/ft (Arbitrary) !),_ = 2.55 ft 
~ ~ ~ ~ ~ ~ ~/ max 

.Jk. 1 : :.L:-1 
(Hand or 

/ Computer Calculation) 

Stiffness K =: oL = 
1 og_~:2) = 9486 kip/ft 

• Step 2 max 

• Step 3 

Weight W = 4876 kip 

w =27t 
gK 

4876 
----- = 0.79 sec 
32.2 (9486) 
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Uniform Load Method (continued) 

•Step 4 

Cs = 1 .2AS < 2 5 A 
r213 - · 

0.8....--~-......--------.----.---~-----. 

-(.) C 
·E -~ o. 6 -+------4----+-----+---+--+-------l 

-~~ 

~ 8 0.4 ~=--=+--,:~~ 

:.:::; Q) 
Cl) Cl) 

~ § 0 .2 +------l-___JL.+------+-~:::::::::::~-i 
~ Q. 

Cl) Cl) 

() £ 0 -+-----I-----''-+----+---+--+-------. 

C = 1 .2(0.28) 1 .2 < 2.5 (0.28) o 
s (0.79)213 

o.s ro 1.5 2.0 2.5 3.0 

T, Period (sec) 

···· ~Controls 

T = 0.79 sec 
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Uniform Load Method (continued) 

~step 4 (continued) 

P 9 (x) = 9.47 kip/ft 

0.47 (4876) 
242 

Earthquake Load 

Session 3 Page 31 of 47 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Uniform Load Method {continued) 

• Step 5 

Abutment No. 1 

Top 
Center--

Bottom 
Bent-----
No.2 Top 

Forces and Moments 
Longitudinal Transverse 

sh~at Moment Shear Moment Axial 
(~~p~) (kip-ft) (kips) (kip-ft) (kips) 

0 0 105 

0 0 35.5 

0 0 35.5 

0 0 35.5 
Outboard 1----+±~ 

Bottom 0 0 35.5 

Abutment No. 3 0 0 211 

9.47 kip/ft 
___.::::,. ___.::::,. ___.::::,. ___.::::,. ___.::::,. ___.::::,. ___.::::,. 

nnT 
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-
Session 3 

Bridge layout and Design 

Behavior 

Mathematical Model 

Earthquake 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 
~arthquake 

Shape =1 Deflection from Uniform 
Lateral Load 
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Single-Mode Spectral Method Steps 

1. Apply Uniform Load, P0 / Obtain Deflection, Vs(x) 

2. Calculate Modal Weighting Factors a= fo V5 (x)dx 

~=fol w5 (x)V 8 (x)dx 3. Calculated Period, T =2n ~ p 
0
1'ga 

4. Calculate Inertial Loading, 
~Cs P 8 (x) = 'Y w(x) V 8 (x) 

y= fol w5 (x)Vs2(x)dx 

5. Apply P e(x) / Find Forces, Displacements 
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Single-Mode Spectral Method / Step 1 
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'Weighting Factors' a, ~' y I 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 a, ~' y 
1/ 

Average Vs- \., 

Actual Vs 

0 

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

AASHTO 
eqn. 

► a = "EV 8~x ( 4-5) 

1L 2 - 2 
y = 

0 
wV s dx -- y = '£wV s t.x (4-7) 

a= Area Under 
Displacement Curve 

~Vs 

~ = Area Under 
Weight • Displace~ent 

~W•Vs 

'Y = Area Under 
Weight• Displacement2 

~W•Vs2 
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Single-Mode Spectral Method / Step 2 
{continued) 

Assumptions: 

2 

Node 
Distance 

Location X 
(ft) 

but No. 1 0.0 

1/4 pt 35.5 

1/2 pt 71.0 

3/4 pt 106.5 

Bent No. 2 142.0 

1/4 pt 167.0 

1/2 pt 192.0 

3/4 pt 217.0 

but No. 3 242.0 

Sum = 

Po= 100.0 k/ft A= 0.28 
g= 32.2 fVsec2 2.5* A= o. 70 

I ~~~~s <j~t:~~ 1..._s=_1_.2 ___ __ 

3 4 5 6 7 8 

Displ Due Equiv. 
Tributary to Uniform Static EQ 
Length Loading Loading 

dx Vs(X) Pe(x) 
(ft) (ft) (k-ft) 

0.0 0.0000 0.00 

35.5 0.0688 8.03 

35.5 0.1218 14.23 

35.5 0.1488 17.37 

35.5 0.1454 16.97 

25.0 0.1252 14.62 

25.0 0.0921 10.76 

25.0 0.0489 5.71 

25.0 0.0000 0.00 

242.0 

1
Weight 
Include Structure, Barriers 
Overlay, Diaphragms, etc. 

(Either Lump or 
Spread Evenly) 

a= 23.10 ft2 

~ = 464.4 kip ft 
y = 55.96 k ft2 
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Weight Distribution / Step 2 

----···-=•·:;;__:-·_:.;_;;··-:=--------------------------===::...;;..;.;.;----

Abutment 

" 
Pier 

Option 2: 
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Single-Mode Spectral Method / Step 3 

• Calculate Period T 

55.96 Eqn 
= 2n 100 (32.2)23.10 (4-8) 

T=0.17sec 

Units: kip tt2 

T =21t\ (kt)(~) ( tt2) 
= 1 sec2 = sec 
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Single-Mode Spectral Method / Step 4 

• Calculate Equivalent Static Earthquake Loading 

C = 1.2AS < 2 5 A 
s T213-· 

Elastic Seismic 
R -- C = 1.2(0.28) 1.2 < 2.5 (0.28) 

esponse s (0_ 17)213 
Coefficient, Cs 

C8 = 1 30 < <l@Ti 1 
' 

. - 1iMIJII> 
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Single-Mode Method/ Step 4 {continued) 

+-" Q.) 
(/) (/) 

~c 
LU o 

... a. 
(/) (/) 

(_) Q.) 
a: 

a.a ____________ _ 

1.2 AS 
r213 

0.2-'--1------l.---!--J..____J_-=::t:::::::~ 

0 -,..-.---t----t----+-----+--------1-----1 

Qt 0.5 

T = 0.17 

1.0 1.5 2.0 

T, Period (sec) 

2.5 3.0 
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Single-Mode Method/ Step 4 (continued) 

464.4 . (Load 
Pe= -- (0.70) 20.1 (0.0921) = 10.76 kip/ft Intensity) 

55.96 

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

• Apply P e{x) / Find Forces, Displacements 

e ·Ou> 
Abutment No. 1 i.,o-?7 

Transverse 
Loading 

Session 3 Page 46 of 47 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Transverse Loading Results 

Forces and Moments 

Longitudinal Transverse 

Shear Moment shear Moment 
(kips) (kip-ft) {kips) .. (kip-ft) 

Abutment No. 1 0 0 1277 583 

Top 0 0 77)8 1062 
Center t-r.~ < Bent 

Bottom 0 0 910 

No.2 Top 8.1 110 Ti>?> 1053 
Outboard 

< ;gy 
Bottom 8.1 94.7 

·•··. "<~":'> 902 

Abutment No. 3 0 0 1 ?#1< 828 

Axial 
(kips) 

0 

0 

0 

42.5 

42.5 

0 

1241 kip 

_._ 
1277 kip 
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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 

Directional LC1 
and LC2 Combinations 

Modified Seismic 
Forces 

Modified Design 
Forces 

(continued) 

LC1 = 100% Longitudinal Earthquake + 
30% Transverse Earthquake 

LC2 = 100% Transverse Earthquake + 
30% Longitudinal Earthquake 

Members EQM1 = LC1/R 
Foundations EQF 1 = LC1 

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

From Elastic Seismic Forces 
To Design Forces 

Column Flexural 
Design 

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 

±36 kip , 

B;>9. 
'OL. 

'110;; 
I "/ 

/ Longitudinal 
100% Earthquake 
(LC1) 

" 30% 
(LC2) 

30% 
(LC1) 

nsverse 
rthquake 100% 

(LC2) 
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Orthogonal Seismic Force Combination 

/ 

100% 
(LC1) 

\ 
(0.3•43) ' 

""-. 
30% 
(LC2) 

/ 
30% 
LC1) 

(0.3•36) ~ 
+ 

(1.0•43) 
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Determine Modified Seismic Forces 

Exterior 
Column 

Top 

(continued) 

EOM1 = LC1 
R 

Mr = 316/5 = 63 kip ft 

EOM1 = ML= 9823/5 = 1965 kip ft 

P = +48/1 = +48 kip 

R = 5 Multiple Column 
Bent Moments 

Mr = 211 kip ft 

EOM2 = ML = 609 kip ft 

P = +54 kip 

Use R = 1 for Axial Load and Shear 
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Determine Modified Seismic Forces (continued) 

EOF= 
LC1 

1.0 

Bottom 
R = 1 Footing (Modified 

Forces for 
Foundation) SPC C and D 

MT = 271 kip ft 
EOF1 = 

ML = 9509 kip ft 

MT = 902 kip ft 
EOF2 = 

ML= 2939 kip ft 
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Combine into Group Load to Get 
Modified Design Forces 

0 0 0 ... for this Example 

Group Load = 1 .0 (D + /+ I+/+ EQM) 

Substitute EQF _/ 
for Foundations 

Replaces Division I, Group VII 
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Combine into Group Load to Get 
Modified Design Forces {continued) 

Exterior 
Column 

Top 

Group Load = D + EQM 

Mr= 63 kip ft 

LC1 

LC2 

ML= 366 + 1965 = 2331 kip ft 
Pmax = 1098 + 48 = 1146 kip 
Pmin = 1098-48 = 1050 kip 

Mr = 211 kip ft 
ML = 975 kip ft 
P max = 1152 kip 
Pmin = 1044 kip 
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Determine Controlling Moment for 
Flexural Design 

·...... . .... ··· 

Controls 
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Column Design Forces I Flexure 

Axial 

Moment 

Per 
AASHTO 

Use Full 
Elastic Value 

Use Modified 
Value 

Elastic 
R:1 

Modified 
R:5 

Not 
Used 

- LC1 Controls 

Not ~!Iii~;: 
Used 

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

Controlling Design 
Forces 
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Realistic Forces and Internal Moments 

Lateral 
Force 

to Bridge 

R 

Elastic Seismic 
Force 

MDF 

____ }! Modified (j> 

Design Force, MDF 

Lateral Displacement 

Axial 
Force P, M with 

Overstrength 
Materials 

Moment 
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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 

f'c ~ 1.5 • (nominal f'c) ... 

f y ~ 1.25 • (nominal f y) ... 

Confinement 
Conservative Mix Design 
Strength Gain with Time 

95% or More Bars Have 
fy Greater than Nominal 
Strain Hardening 

• AASHTO Allows Simple 1.3 Increase in <t> Factor 

Mactual = 1-3 Mn 
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Strength Reduction Factor for SPC C and D 

~ 

0 
t5 
~ 

0.9 /<ll Varies Linearly 

LL 
-e- 0.5-i-------.311-----

0 -+------+------+-

a 0.2 x t'c 
Average Compressive Stress, a 

C a.. 

Design Capacity 
<t>Pn, <t>Mn 

r0.9Mn _ __, ............ ___ _ 
<t> Varies Between 

0.5 to 0.9 
Mn (kip ft) 
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Required Strength of Column 

p M 
p 1 

0 0.2 f C <t> <t> 
(kips) (psi) (psi) (kip) (kip ft) 

Max 1146 633 0.58 1965 4021 
< 800 -+- Interpolate 

Min 1050 580 <t> 0.61 1722 3823 

Column Diameter = 4 ft 
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9000 

7000 

00 5000 
0.. 
~ ..._.. 

C 3000 
a.. 

1000 

-1000 

-3000 

Select Longitudinal Reinforcement 

( 1722k, 3823 kip ft) 
Pu,~ 

<l> 

#11 Bar (Typical) 

+ 0 

0 

(1965 k, 4021 kip ft) 
Pu~ 
T' <l> 

t'c = 4.0 ksi 
fy = 60.0 k~i 1 % Minimum 
22 #11 bars ------ p = 1.90% OK 

6% Maximum 

Nominal Strength 
Curve Plotted 

Session 4 Page 18 of 45 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



-

From Elastic Seismic Forces to Design 
Forces 
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Plastic Hinging Behavior 

Plastic Hinges 

2 v- Very Slight LiP 

LongJtudinal 
Yielding-Mechanism 

Significant LiP 
Affects Mn 

;p/~ 
Transverse 

Yielding Mechanism 

Session 4 Page 20 of 45 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Outline/ Plastic Hinging Forces / 
Multiple Column Bents 

• 7.2.2 (B) (I-A) 

1. Determine Mp for Axial Dead Load, P 0 
2. Calculate Column Shears, V 

3. Apply Total Shear, "LV, to Bent and Find ~P 

4. Determine Revised Mp and New Column Shears 
...____ Repeat if Axial Force Has Not Converged 

Session 4 Page 21 of 45 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Column Plastic Hinging Forces I Step 1 
-- =~=-----------------------------L:==~-,:::=--

9000 

G) 7000 

5000 

rli 
~ 3000 -C: a.. 

1000 

-1000 

-3000 

1000 

Mn (kip ft) 

Po, Mn 
(1098k, 4000 kip ft) 

4000 1.3 (4000 kip ft) 
'Simplified Method' 
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Transverse Plastic Hinging / Step 2 

Heir = 25.33' 

l 
1 

S ► Center of Mass 

Soffit 
of Cap Beam 

/ Top of Footing 

Plastic Hinges Zones 
(Typical) 

h = 28.17' 

a = 2 @ 28.375' = 56. 75' l 
Elevation of Bent 

'[ 
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Transverse Plastic Hinging (continued) 
-=-=··~-· -"---'-~·---------------------------=~~--

Heir Heir 

~~ pt 1.3 Mnbot 

V = 1.3 Mntop + 1.3 Mnbot 
Heir 

FBD of a Column 
with Plastic Hinges 

1.3 Mn 
~p 
L. , a L. , 

~p = h (Vtotal) -r (1.3 Mn) 
a 

Seismic Forces on Columns when 
Mechanism Has Formed 

• Realistic V Depends on Realistic Mn ... Overstrength 
• Realistic Mn Depends on Realistic Material Properties and ~P 
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Column Plastic Hinging Forces I Steps 2 and 3 

25.33' 

....._:_, 

5200 kip ft 

V = 2(5200) = 411 k' 
P 25.33 ,p 

vtotal = 3(411) = 1232 kip ® - ----C.M. 

28.17' 

411 kip 411kip 411kip ...,._ ...__, 
5200 

AP! 
I, 

1 

...,._ ...__, 
5200 
fO 

56.75' 

...,._ _ ___,,__ ...__, 
5200 kip ft 

fAP 
I, 

1 

AP = 1232 (28.17) - 3(5200) = 337 kip 

56.75' 
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Column Plastic Hinging Forces I Step 4 

9000 

7000 

5000 
cii 
0. 
~ --C 3000 Q._ 

Dead Load\ 
+~P 

1000 
-~P 

-1000 

-3000 
Mn (kip ft) 

( 1098 kip, 4000 kip-ft) 

( 1435 kip, 4150 kip ft) 

J 
---;,-. 5395 kip ft 

/. 4875 kip ft 

4000 

(764 kip, 3750 kip ft) 
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Plastic Hinging / Second Cycle 

(4) 
...___../ 

Vtotal = 1221 kip= 385 + 411 + 426 kip 

Continued 5200 5395 kip ft 

4875 5200 
~ ~ 
~ ~ 

2
(
4875

) = 385 kip 411 kip 
25.33 LiP l I 0 

5395 kip ft 

426 kip 

T ~p 

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

Transverse 
Minimum Axial Load 

Pp = 764 kip 

Mp = 4875 kip ft 

VP = 385 kip 

Longitudinal 
Pp ~ 1098 kip 

Mp ~ 5200 kip ft 

VP ~ 411 kip 

Maximum Axial Load 
Pp = 1432 kip 

Mp = 5395 kip ft 

VP = 426 kip 

Bracketed by 
Transverse Value 
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From Elastic Seismic Forces to 
Design Forces 
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Column Design / Shear 

Elastic/Modified 
(R= 1 /Group Load) 

LC1 LC2 

Shear 762 kip 248 kip 
Resultants) 

Axial* 1146 kip 1152 kip 
1050 kip 1044 kip 

Plastic Hinging 

Long. Trans. 
Max. Min. 

411 kip 426 kip 385 kip 

1098 kip 1432 kip 764 kip 

\ Per AASHTO: Use Whichever Is Least 

*Note: V c Depends on Axial Load 
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Session 4 

~ Elastic Forces -- Design Forces 
{Including Column Flexural Design) 

• 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: 

End Region 

Middle 
Section 

End Region 

51" Ve/ ,., 
0.1 f'c 

/ 
p 

Vc=2rcb d 
---#--25.33' j_ w 

ac=-­
Acore 

51 " same as above 

-~A..____ 
Larger of: ""'\ 

•· Max. Col. Dimen. = 48" 
• Heir/ 6 = 51" 
• 18" 

Total Strength 
Vn =Ve+ Vs 

<p=0.85 
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• Spirals 

Confined Plastic Hinge Zone 

P _ Vsteel 
s-

Vcore 

A t' 
p5 = 0.45 ( lross - 1\ f c = 0.0057 

core ~ yh t ~1> 

s 

Ir ... 

dcore = 44" 

t' 

Minimum Ps > 0.12 f c =lill)Jcontrols yh .... :::,-::::,:::,:,:.:.:.,-,.-

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

Ps s dcore 0.008 (3.5)442 o 31 . 2 s· I L 
4d5 = 4(44-0.625) = · in ing 9 eg 

·······:<•'.'.·'.·"".;.::-
:•·•:•'.·>'.·'.····•::·::::: ••.•.·•.•.·.·.·.···· '.•'.'.·'.•'.•'.·'.·'.·'.'.">"·'.·""."."."·"•"·'.'.:··:·:.:-:-:-:-:-:-:-:-·-:·-:-'.•'.·"•""'.•""· ;.·.··.·•:•'.·'.·'.·'.·'.·"·"·" 

liittl llirl1 jjijwl:! t11iit1 t~r lgij BIJiijfl> ;;::;_-:;::.::_:::: 
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Shear Strength I End Region 

• End Region 
426 
0.85 
385 
0.85 

= 501 kip Maximum Axial P = 1432 kip 

= 453 kip Minimum Axial P = 764 kip 

P = 764 kip = 0.50 ksi > 0.40 ksi = 0.1 t' 
0 c = Acore 1521 in2 l._____________ ~ 

Ve= 2~ bwd 
V c - Same for Either Axial Load 

Use 501 kip as Required Shear Strength, 
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Shear Strength I End Region (continued) 

V = 2 J4ooo (48)(37 2) = 226 kip 
C 1000 . 

Vs= ~LI -Ve= 501- 226 = 275 kip 

"-_ Use of Plastic Hinging Shear 
Prevents Brittle Shear Failure 

For #5 Confinement Spiral at 3.5" Pitch V 8 = 395 kip OK 
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Shear Strength/ Middle Section 

V c = 226 kip (Same as End Region) 

Required Vs = 275 kip (Same as End Region) 

#5 Spiral @ 3.5" Vs= 395 kip> 275 kip 

Could Open Up Spiral to 511 Pitch, 
but Kee at 3.5" to Avoid Construction Errors 
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Column Reinforcement Details 
---- ------------------------------

1.25~ Minimum [ -
Bar Embedment 

Hcir/4 = 76" 

Longitudinal Bars 
May Be Spliced 

in the Middle Half 

Hclr/4 = 76" 

1.25 idh Minimum 

Cap Beam 

dia = 2411 

2 
Hc1r/6 = 51 " End Region 

#5 GR 60 Spiral@3.5" 

22 #11 Longitudinal Bars 

Footing 

Hc!r/6 = 51" End Region 

---!----,A. d~a = 24" 
Hook Embedment .IL-l-----c::......::....__:__-==-----==---__J 
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Spread Footings 
----=---.;.._;;;---=--~-----------------------~~~---

-

-
l 
1 

~ -..........~ 
-
-
-

-
,,,,. - -

Use Plastic Hinging 
Forces or Full Elastic 
Forces 

Mp ...... 
=:jfl! .. .YP - -

Ila - --
- 2' - --- . - - . . . . • -- -
-

4' 
_,J "-

- - - -- . . . - . . - -
Lt= Bf= 20' l 

1 

~ Bearing 
'l e 'r Stress, q 

Issues 
• Soil Bearing Capacity 

(quit = 24 ksf) 

• Overturning 
(Uplift Over 1 /2 Footing 
Dimension Is Permitted) 

• Sliding 
(µ = 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) 

Bearing, q 
Stress 

Overturning, e 

Sliding, 
µ required 

Limit Maximum P Minimum P OK? 

24 ksf 9.8 ksf 8.8 ksf 

6.7ft 4.0ft 

0.5 0.24 

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

• Elastic Forces -- Design Forces 
(Including Column Flexural Design) 

{j Design Columns 

$ Design Column Footings 

• Abutment Issues 
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Abutment Shear Key 
-a:.::;:.;;...;;;.;.;.;........;_~------------------------------.-:.:,~:::=::.;:;;.;.=~-

• Use Shear Friction Design 

Vu = 1596 kip (based on R = 0.8) 
I 

Lkey = 5 ft (based on V n < {~iof ~si 

Avf = 6.3 in2/ft of Length 

--------------------~ 

Superstructure 

Vu 

As 

Roughened 
Construction 
Joint 
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Displacements and Seat Widths 
~-··___:...:_==-.._----------------------~'"• ·="'"'=•·..: ,::;,="'""7r.;;.,_,;. -

For this Bridge Longitudinal Displacements Are 
Most Important 

N 

• Analysis - ~elastic = 0.24' (3") 

• AASHTO- Seat Width, N, Prescriptive 
/ Superstructure 

- Abutment Seat 

N > ~elastic 

Observed ~'s Larger than 
Simple Analysis Indicates 
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Seat Width 

• ForSPC C 

N = (12" + 0.03L + 0.12H)(1 +0.000125S2) 
j j j 

Length Average Height Skew 
of Unit of Columns (degrees} 
(feet) (feet} 

N = (12" + 0.03(242') + 0.12(27.34'))(1 +0.000125(0°)2) 

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

Abutment 
No. 1 Bent No. 2 

Abutment 
No. 3 

Elevation 

I 

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 

Finite Element 
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Spine Model for Seismic Analysis 

Translational 
/spring 
~◄~ 

'---or.....-".~. C Rotational 
• \... Spring 

• Substructure El-ements Directly Modeled 
• Superstructure Simple 
• Include Connectivity Between Units 
• Include Soil Springs/ Releases/ Fixity 
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Spine Model - Geometry Issues 

Foundation Node --
• Top 
• Middle ? 
• Bottom 

Convenience 
Coordinate with Geotech 

CG of Superstructure 

~- Rigid Link to Soffit 

•----- Column Elements 
(Number Depends 
on Height) 

~~7"'9---- Footing Elements 

Foundation Springs 
(If Used) 
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Stiffness 
(e.g. Concrete) 

Properties 

E------ 57ft'; Concrete 

lgross ... Maximum Forces 

I ---- leffective ... Ma-xi mum Displacement 
1transformed •••Too High 

A----- Area 

L __..__ Adjust for Joint 
Stiffness 
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_.:.=--~--··-

Effective Moment of Inertia - RC Columns 

0.80 
C') 

~ 0.70 

0 
·15 0.60 
a: 
en 0.50 en 
Q) 
C 

0.40' ~ ·.;::; 
Cl) 
(.) 0.30 

·.;::; 
en 
co 0.20 w 0.00 

Priestiey, Seible, and Calvi 

0.05 

Circular Sections 

As/Ag= 0.04 

As/Ag= 0.03 

As/Ag= 0.02 

As/Ag= 0.01 

0.10 0.15 0.20 0.25 0.30 0.35 

Axial Load Ratio P/f'cAg 
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0 

Mass Distribution 

(or Weight M = ~ ------ F = Ma) 

~ ~Cb 
o\ 

.~ 
---- Discretization ______.... • ~ ~ Node 

of Structure ~ ~o~ 
Beam Elements 

Where Does the 
Mass Go? 

Superstructure Mass Usually Most Significant 
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Mass Distribution (continued) 

r-1 -o--. LL.I~' •u-11---
~ 0 f"TT ••I 

~ 0 "lump" this 111111 mass 
~ to node 

(example) Options: 

members-----....... • Specify density, cr, and area, A, of elemant 

traffic barriers --1....... • Specify weight per length, w 
• Specify weight for node, W, directly 

diaphragms __ _. ....... 
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Sharp 
Curves 

Movement 
Joints 

Special Considerations 

Use more elements 
to model curve 

r 
Member End Release Used 
But 1 /2 Mass Assigned tto 
Mode Atop Column 

Vs. fflllfaJ . . . . . . .. l 
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Lumped Parameter - Checking and 
Simple Cases 

Reduction to SDOF System 
Requires a Good Estimate of 
the Displaced Shape 

Single-Degree-of­
Freedom System 

(SDOF) 

W = Sum All Weights 
(or Prorate Weights) 

K = Sum All Stiffnesses 
(or Prorate) 

• Bents 
• Abutments 
• Superstructure 
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Session 5 
Foundation Modeling 

• Structural I 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 

Needs 
• Hazard / Spectra 
• Foundation Concepts 
• Soil Properties 
• Soil Capacities 
• Modeling Assistance 
• Liquefaction Assessment 

Geotechnical Engineer 

Needs 
• Substructure Types 
• Soil Load Magnitudes 
• Displacements 
• Comparison Types 

Service 
Ultimate 
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Foundation Behavior - Spread Footing 

- ... -

Forces from Movement 
of Structure Above 

... ~ 
I 

I 
I I 
I I 
I I 
I I 

r,--__ I I 

0 / ,-- - , -- / ~ A 
I -L__ L..l.V 
I -, 
L I 

Flexibility of 
Supporting Soil ---... I ----H 

~h 
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Foundation Behavior {continued) 

Damping 
Effects 

Mass 
Effects 

Force 
Nonlinear, Inelastic 
Response 

------- Displacement 

Damping in Soil----.►. Energy Dissipation 
(e.g. 'Radiation Damping') 

Soil Mass Affects Response 
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Using Spring Supports 

--·.,· •. cc.:....-- -"'---------------------~iiiiiiiliil1ilm--
• When Refinement of Seismic Analysis 

(After Bounding Analyses with Fixed 
or Free Supports) 

• Why Soil Flexibility Is Significant Relative to Structure 

• How Equivalent Linear Springs 

• Accuracy Actual Spring Constant Not as Important as 
Presence of Spring Itself 
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Stiffness - Structure vs. Foundation 

K _ Ms 
s- 8s 

Ms 

I 
I 
I 
\ 
\ 

\ 

Kt >> Ks~ ... Fixed 
Kt << Ks ... Pinned 
Kt :::; Ks ► Springs ( or Bound) 
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V 

Soil Response May Be Nonlinear 

I 
I 

I.._ I 
I ....... .._, 

,.. -- ~.._ I ,, 
I -, 

I I 
I I 

I 
I 

I 
I 

I 
I 

...... ' 
I ...,(.. 

V 
or 

(M) 

,. 
_ _jK6 (or K0) 

,I' --~ ,._ - I 
Equivalent 

Linear Spring 
Llmax Constant 

or 
9max + ...... 

,.... -..L ... ) ....... ,- ... , 0 ... .._ ...... I 

I f~..... 1 ......... +t ',,, ' t,,. (or 0) 

b.. • Iteratively Determine K's 
or 'Bound' Response 
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Perspective on Nonlinear Behavior 

• Recall that Structure Nonlinear 
(Inelastic/Yielding) Behavior 
Is Expected 

t 
V struct 

~struct 

• Reasonable to Allow Some Nonlinear Soil Response 

• Reasonable to Use Elastic Analysis Nonlinear 
Inelastic 

Linear 
Elastic 

Level 
of 

Effort 
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Foundation 
Type 

Spread 
Footing 

Reference: 

Modeling Soil Flexibility 

Conceptual 
Model 

Bowles, 1988 
FHWA- IP-87-6 

• 

Analytical 
Model 

Design Examples: 1 , 2, 4 
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Modeling Soil Flexibility (continued) 

-------------------------L-.:.....:_~: .. :~--

Foundation 
Types 

Conceptual 
Model 

Analytical 
Model 

Top of Shaft 

Piles 
Drilled Shafts 

Reference: NAVFAC OM 7.02, 1986 
FHWA- IP-87-6 

Design Examples: 5, 6 
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Modeling Soil Flexibility (continued) 

Abutments/ 
Seat or Integral 

Conceptual 
Model 

Reference: Caltrans 1995 

Analytical 
Model 

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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> 
/// In 

Multimode Concepts 

~ 
• '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 

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

Input: 
• Geometry 
• Properties 
• Restraints 
• Weights or 

Masses 

en 
. . C: 
- 0 o en--

- Q) +-' 
+-' "'7"""I (.) 

~-a> 
a> o.= 
O.::::E 0 
(]) 

a: 

• Response 
Spectrum 

Computer: 

Product: Elastic Forces 
and Displacements 

Analyst Decisions: 
• Mode Shapes OK? 
• Periods OK? 
• How Many Modes? 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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• Response 
Spectrum 

Multimode Dynamic Analysis 

Product: Elastic Forces 
and Displacements 

......... 

. ; y:1:i ;;: ( 

Analyst Decisions: 
• Mode Shapes OK? :Ilflt}t' • Periods OK? 
• How Many Modes? 

•··· B~straints 
••'i"zi~i~.111t$ZQr 
·rviasses 

• Results Reasonable? 
• Enough Modes? 
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Example Bridge - Spine Model 

t ~estraints 

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

2D 
1st Mode 

2nd Mode 

3rd Mode 

... Fundamental Mode 

... Higher Modes 

3D '1st, 2nd, 3rd' in Each Orthogonal Direction 
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Breaking Structure into 'Discrete' Elements 

Distributed Mass 
Structure (Actual) 

Two Nodes: 
(2 Modes/ Direction) 

1st 3 Vertical 
Mode Shapes 

Three Nodes: 
(3 Modes/ Direction) 

• More Nodes~Refinement of Forces 
• AASHTO / Use 4 Elements (3 Nodes) per Span 
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Number of Modes Possible - 3D 

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

. ··.· .. · · .. · ;,•••.•-···.-.... 

'----- Lumped Mass 
Concentrated at Point 
Free to Move in 3 Directions 
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Number of Modes Possible (continued) 

Transverse 

Longitudinal 

Vertical 

2 Modes 

3 Modes 

2 Modes 

(3nmasses - Restraints) = 7 Modes 

4
_J Ls 
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Multimode Dynamic Analysis 

Find Mode Shapes and Periods 

. . 
Masses 

• Response 
Spectrum Product: Elastic Forces 

and Displacements 

ions: 
pes OK? 
K? 

any Modes? 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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Example Results - Ordering of Modes 

15 of 38 
Total 

EIGEN SYSTEM PARAMETERS 

NUMBER OF EQUATIONS 
NUMBER OF MASSES 

= 
= 

NUMBER OF VALUES TO BE EVALUATED 
SIZE OF SUBSPACE 

= 
= 

78 
38 
15 
19 

E I G E N V A L U E S A N D F R E Q U E N C I E S 

'""·• ,, ....... EIGENVALUE 
(RAD/SEC)**2 
0.606219E+02 
0.199010E+03 
0.818561E+03 

~> » 0.128067E+04 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

0.244260E+04 
0.840641E+04 
0.957479E+04 
0.174203E+05 
0.191682E+05 
0.269107E+05 
0.437236E+05 
0.622932E+05 
0.932711E+05 
0.130158E+06 
0.139134E+06 

CIRCULAR FREQ 
(RAD/SEC) 
0.778601E+0l 
0.141071E+02 
0.286105E+02 
0.357865E+02 
0.494226E+02 
0.916865E+02 
0.978508E+02 
0.131986E+03 
0.138449E+03 
0.164045E+03 
0.209102E+03 
0.249586E+03 
0.305403E+03 
0.360774E+03 
0.373006E+03 

FREQUENCY ·isiioo 
(CYCLES/SEC}. ($,ffC:J<•• 

1. 239182 0}806984 
2. 245216 0)445392· 
4. 553502 0 .. 2<:tQ~ti .. 
5.695596 o:m7ss1@ 
7.865859 0.127132 

14.592353 0.068529 
15.573445 0.064212 
21.006200 0.047605 
22.034859 0.045383 
26.108526 0.038302 
33.279597 0.030048 
39.722864 0.025174 
48.606414 0.020573 
57.419016 0.017416 
59.365809 0.016845 
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Example Bridge - Mode Shapes 

---=•:::::::::::'""'···:::.::::'::=.·"::::::•.,;:;:::,·----------------------------------:.a::·:--~ 

T = 0.807 sec 

.... (First Longitudinal) 

T = 0.220 sec Mode 3 
(Vertical) 

T = 0.445 sec ~ 

, .... 
I;.," 

I .. ,... 
I ,. ,. 
~ Mode 2 

(Vertical) 

,. 

(First Transverse) 
T = 0.176 sec 
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Multimode Dynamic Analysis 

nput: 
• Geometry 
• Properties 
• Restraints 
• Weights or 

Masses 

• Response 
Spectrum Product: Elastic Forces 

and Displacements 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 

Session 5 Page 38 of 39 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Checking Results with Mode Shapes 

-•~•-·~---· ·.__,_·_•~ ------------------------liiiiiii·~._.,... ..... ,,iil;iij'L·~•~' --

• Inspect All Mode Shapes for Realism 
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• 

Session 6 
Multimode Dynamic Analysis 

Continuation of Session 5 
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Multimode Dynamic Analysis 

---··, ,';';_ __ ,_.:;_;;;--.:;:;;-·.;:,;;;..;.a------------------------------------1",lll;-ol.l· iilii-=--3----

.... ·······················••:,•,•,·:······• .... •,,•,,,•,•······ .... 

lnp . 
• Geometry 
• Properties 
• Restraints 
• Weights or 

Masses 

• Response 
Spectrum 

Cullll11ne I\Jlodal Responses 

Product: Elastic Forces 
and Displacements 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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Check of Periods 

• Rigid Body Structure 
(Assume Structure 
Moves as Rigid Body) 

• Use Solution 
for Assumed Shape 
(See Structural Dynamics Texts) 

wn J J 

K ' ' 
T=2nj ~ 
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Example Check - Transverse / Rigid Body 
--·-··:....::;::· .. =-·=..-.--·-.=···--..-------------------------~--

~Span -·--. 
~ = 100' 

4'<p 
Columns 

Ecol = 518,420 ksf 

lcol = 12.57 ft 

Heir = 27 .33 ft 

W = 2438 kip 
Tributary Weight (1/2 of Each Span) 
Plus 1 /2 Column Weight 
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Example Check - Transverse/ Rigid Body 
(continued) 

( 
12 Ecol ,col) {12 (518,400)12.5~ . K = 3 

3 
= 3 

3 
= 11 ,500 kip/ft 

H (27.33) 

T = 2n·IW = 2n 2438 = 0.510 sec 
~ gK 32.2(11,500) 

N.G. 

Multimode T = 0.172 sec 
Actual Behavior, More Like Simple Beam 
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Example Check - Transverse / 
Simple Beam Solution 

Neglect Bent Stiffness 

Esuper = 51 8,400 ksf _ . 
I - 51 000 tt4 Wtotal - 4876 kip 
super - , 
L = 242 ft 
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Example Check - Transverse / 
Simple Beam Solution {continued) 

Equivalent Distributed Mass, m 

T= 2 
1t 

Wtotal 4876 ksec2 

= 0.626 ft2 m = gl = 32.2(242) 

I lrnL4 = 2 
~El n 

0.626 (242)4 = 0.181 sec 
518,400 (51,000) 

5%0K 
Reference: Structural 

Dynamics Texts 
Multimode T = 0.172 sec 
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-
Multimode Dynamic Analysis 

• Geometry 
• Properties 
• Restraints 
• Weights or 

Masses • 

• Response 
Spectrum Product: Elastic Forces 

and Displacements 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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Not All Modes Are Required 

Response Can Be Estimated with Several Modes 
in Each Direction, Typically 

• AASHTO Recommends 
3 • No. Spans < 25 Modes 

• Other Recommendations 
4 • No. Spans, No Upper Limit 
Participating Mass, 90 - 95°/o 
Make Sure All Parts of Structure Move 
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Modal Participation 

'{gnd 

Transverse Acceleration 
and Loading 

'Symmetric' 
Mode 

Fundamental 
Transverse Mode 
(All Masses 

isymmetri ' 
Move in Same 
Direction) 

M 
Second 
Transverse Mode 
(Half of Masses Move 
in Opposite Direction 
from Other Half) 
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Modal Participation (continued) 

Result: Earthquake Loading Will Tend to 
Excite Only Those Modes that Have 
a Net Translation in Earthquake Direction 

Second Mode 
Contributes 

Third Mode 
May Contribute 

Fundamental / Very Little if Any 7 
Mode Contributes / 

/~ 
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Rating the Importance of Each Mode 

Participating Mass, PM = Base Shear Contributed 
by Each Mode for a Constant 
Spectral Acceleration 

~2 100 
PM= 'Y Totiil Weight (% of Structure Weight) 

Constants - Single-Mode Method Definitions 
~ - Earthquake Excitation for Each Mode 
y - Effective Weight for Each Mode 
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How Many Modes Are Required? 

• In Our Example, There Are 38 Modes, Total 
• The First 15 Modes Have Been Determined 
p A R T I C I p A T I N G 

MODE X-DIR Y-DIR Z-DIR 
1 93.148 0.646 0.000 
2 4.807 26.201 0.000 
3 0.322 45.473 0.000 
4 0.000 0.000 88.890 
5 0.032 4 .434 0.000 
6 0.013 0.000 0.000 
7 0.000 7.999 0.000 
8 0.000 0.000 0.000 
9 0.000 0.000 0.000 

10 0.000 12.396 0.000 
11 0.001 1.149 0.000 
12 0.000 0.000 0.000 
13 0.000 0.000 7.103 
14 0.000 0.000 0.000 
15 0.000 0.000 0.000 

M A s s -

X-SUM 
93.148 
97.955 
98.277 
98.277 
98.309 
QefJA@ 
98.322 

v§g•••n3•2•2> 
98.322 
98.322 
98.323 
98.323 

>9J3)$+3 
98.323 
98.323 

(percent) 

Y-SUM Z-SUM 
0.646 0.000 

26.847 0.000 
72.321 0.000 
72.321 88.890 
76.754 88.890 
76.755 ·gs .• H90 ◄ AASHTO 
84.754 88.890 S 
84.754 re~.awo. L (3x pans) 
84.754 88.890 
97.151 88 · 890 4x Spans 
98.300 88.890 
98.300 88.890 
98.300 95. 9.93 ◄ 90-95% 
98.300 95.993 
98.300 95.993 
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Example Bridge/ Participating Mass 

Participating Mass (%) 

Mode Longitudinal Vertical Transverse 

1 93.2 0.6 0.0 

(First Longitudinal Mode) 

2 4.8 26.2 0.0 

(First Vertical Mode) 

3 0.3 45.5 0.0 
(Second Vertical Mode) 

3 Masses 
Per Span ~ ,, ,, 

,,. ,, 
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Example Bridge/ Participating Mass 
{continued) 

-=-'-·~~---------------------------
Participating Mass (%) 

Mode Longitudinal Vertical Transverse 

4 0.0 0.0 88.9 

(First Transverse Mode) 

5 0.03 4.4 0.0 

6 0.01 0.0 0.0 

, 
, .,. I 

, I 
, , I 
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Example Bridge / Participating Mass 
(continued) 

Participating Mass (%) 

Mode Longitudinal Vertical Transverse 

7 

8 

9 

0.0 8.0 0.0 

0.0 0.0 0.0 

0.0 0.0 0.0 
(Second Transverse Mode) 
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Example Bridge/ Participating Mass 
(continued) 

Participating Mass (%) 

Mode Longitudinal Vertical Transverse 

10 

11 

12 

0.0 12.4 0.0 

0.0 1.1 0.0 

0.0 0.0 0.0 
(Second Longitudinal Mode) 
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Example Bridge/ Participating Mass 
(continued) 

Participating Mass (%) 

Mode Longitudinal Vertical Transverse 

13 

Totals 

0.0 0.0 7.1 
(Third Transverse Mode) 

98.3% 98.3% 96.0% 
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Global vs. Local Response Considerations 

r l 

Inspect Mode Shapes; 
Make Sure All Masses 
Are Moving 

For Example: 90 - 95% Mass Participation~overall Response 
Adequate 

However: Additional Modes May Have Large Impact on 
Local Response ... Say Forces at a Given Pier 
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Multimode Dynamic Analysis 

nput: 
• Geometry 
• Properties 

aints 

Combine Modal Responses 

Product: Elastic Forces 
and Displacements 

y s: 
sOK? 

? 
y Modes? 

_. Combination OK? 

•· Results Reasonable? 
_. Enough Modes? 
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AASHTO Response Spectrum / Example Bridge 

....... 
_o ~ 
E ·o 
(J) ,+= 
·- -Q) Q) 
Cf) 0 
() 0 

:.::; Q) 
(J) (J) 
as C 

W 0 
- a. 

(J) (J) 

Or!E 

0.8----------,---~--, 

I I 
•••·•••r••-••••w••••••• •••••··"I••••··• 

I I I 

I I O 

O I I 

o • I 
I o I 

0.4 . . ... ~..... :_. 0.47g ··········;·· .... 
I I I I 

I I O 

0 I I 

I I I 

I I I I 

0.2 . . --- -~----- -~·······i ....... ~-------~----I t I I t 
I I I I I 

I I I I I 
I I I I I 
I I I I I 

I I I I I 

0 
I I I I I 

I I I I I 

I 

0 0.5 1 .o 1 .5 2.0 2.5 3.0 

T, Period (sec) 
M C\I ,-
(1) (1) (1) 
"C "C "C 
0 0 0 
:E :E :E 

Input per AASHTO 
eqns (3-2) 

(3-3) 
and (3-4) 

Recall This Is a 5% 
Damped Spectrum 
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Multimode Dynamic Analysis 

Apply to Structure 
Input: 
• Geometry __ _ • Mode Shapes OK? 
• Properties 
• Restraints 
• Weights or 

Masses 

•· Response 
Spectrum 

Product: Elastic Forces 
and Displacements 

• Periods OK? 
• How Many Modes? 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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Weighting Factors for Each Mode 

Modal Participation Factor, MPF 

~ 
MPF= y Scales Each Mode's Contribution 

(Analogy: How Many Parts of Color for Paint?) 

Same as Single-Mode Factors 
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Apply Forces to Structure 

Force Applied at i 

M~de Amplitude. ;-SDOF Acceleration 
at 1 7 / (Fraction of g) 

fi = mi <t>i MPF C5mg 
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Multimode Dynamic Analysis 

• Geometry 
• Properties 
• Restraints 
• Weights or 

Masses 

Product: lastic Forces 
and Displacements 

Analyst;becisions: 
• Mo~p Shapes OK? 
• Pen-0ds OK? 
• Hof Many Modes? 

::" 

Results Reasonable? 
• Enough Modes? 
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Combining Modal Forces 

" Mode 1 
Forces_) 

Time 

Can Be 
Positive 
or Negative ------,E---

Mode2 

V2max 
V 2 ~~~illo,IL--~ 

Time 
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Combining Modal Responses 

• Since Maxima Do Not Occur at the Same Time, 
Adding Results May Be too Conservative 

'SAV' - Sum of Absolute Values, too Big 

• Could Use 
'SRSS' - Square Root of Sum of the Squares 

V = ~ V? + Vi + ... 

OK, if Periods Are Well Separated 
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Combining Modal Responses (continued) 

• Recommend 

'CQC' - Complete Quadratic Combination 

Handles Interaction of Modal Response when 
Periods Are Close 

CQC Turns into SRSS for Well-Spaced Modes 

fsquare Root of Sum of the Squares' 
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Multimode Dynamic Analysis 

Computer: 

• Properties 
• Restraints , 

Input: 

•Geometry~ 

• Weights or 
Masses ---

Analyst Decisions: 
• Mode Shapes OK? 
• Periods OK? 
• How Many Modes? 

Combine Modal Responses ination OK? 

G~~lll■i1~~- < < ~~~~~ ~~~seos1able? 
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More Complex Example / Curved Bridge 

Superstructure 

Column 

Drilled Shaft 

Model of Curved Bridge 
with Drilled Shaft Foundations 
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Multimode Shear Forces 

Vertical Shear in Superstructure-----

~Longitudinal Shear 
in Column/Shaft 

Transverse CJ. Same Forces Shown 
'( UE~rthquake Modal Analysis Loses Sign 
~ Loading 
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Zoom in on Column / Shaft 

~a~~verse 
'\..arthquake 
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Multimode Displacements 

Superstructure Displacements 
Shown in Positive Direction 
for Superstructure 

I 
I 

I 
I 

,.­,. 

Large Differential 
Displacement 
Here Is Not Real 

----------­,. - ,. 

?Kink Is 
Not Real 

Column and Shaft 
Displacements Shown 
in Positive Direction 
for Pier 

~a~~verse 
"\._ arthq uake 
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Interpretation of Results 

• Forces, Reactions, and Displacements Are Reported 
as Positive 

• Due to Loss of Sign, Equilibrium Checks Are Difficult 
or Impossible 

• Statics Checks Are Possible on a Mode-by-Mode 
Basis (i.e., Each Mode Separately) 
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-...-:--- - - - --------------

Multimode Dynamic Analysis 

Input: 
• Geometry 
• Properties 
• Restraints 

· hts or 

• Response 
Spectrum Product: Elastic Forces 

and Displacements 

t Decisions: 
Shapes OK? 
sOK? 

ny Modes? 
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Example - Check Total Transverse Shear 

V=C
8
W W=4876kip 

Controls 
C = 1 .2 AS = 1.2 (0.28) 1.2 

s T2/3 (0.181 )2/3 
= 1.26 < 2.5 A = 2.5(0.28) 

V = 0.70(4876) = 3413 kip Total Shear~ High 

V rnultirnode = 2735 kip 

Reason [check ____ 1 __ _ Actual< t > 
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Example - Check Total Shear {continued) 
-=:.-·•· _-.·--- ,_ ________________________ _ 

£ w24L2 2 8 
V= •Cs= 2 L •Cs =WL-2 •Cs=W(0.811)Cs 

y n w n 

V = 4876 (0.811) 0.70 = 2767 kip 

V multimode = 2735 kip 
1 °/o Difference V 
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Input: . 

• Response 
Spectrum 

Multimode Dynamic Analysis 

Computer: 

Product: Elastic Forces 
and Displacements 

Analyst Decisions: 
• Mode Shapes OK? 
• Periods OK? 

n Modes? 

• Combination OK? 

• Results Reasonable? 
• Enough Modes? 
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Effects of Support Conditions on Mode Shapes 

Mode1 
Longitudinal . .. 

: • t' 

0.81 sec ......... r· '••,,./, 

Mode3 
Vertical 
0.22 sec 

Mode4 
Transverse 

0.18 sec 
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-
Effects of Support Conditions on Mode Shapes 

Mode1 
Vertical 

Mode4 
Longitudinal 

0.19 sec 

Mode2 
Transverse 

0.28 sec 
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Effects of Support Conditions on Forces .-.-:~:·::.:::::.-·· .:..:..:;···~.---------------------------~=~ 

,,' ' I 

, .,. , ' 
V 

........... .... , 
~:ifij\'.... Mode 4 

·· / T = 0.18 sec 
Mode 2 

T = 0.28 sec 

V3 = 1240 kips Va = 1370 kips 

• Shear May Increase with Springs Even though Period Is Longer 
• Reason: Superstructure Is Moving More, which Increases 

Inertial Forces 
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Session 7 
Column and Pier Design 

• Intended Seismic Behavior 

• SPC B vs. SPC C and D Requirements 

• Wall Pier Design 

• General Detailing Issues 
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Plastic Hinging Locations / Mechanism 

or 

Plastic 
Hinges 
(Typical) 

Infill Wall 
I 

'Upper Bound Theorem' - The Lateral Force for an 
Assumed Mechanism Is 

Trial and Error 
Greater than or Equal to 
the True Force 

t ? Soft _ _.,..__ __ 

Stiff 
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F 

L\max 
µ= 

~ield 

Consequences of Allowing 
Yielding in Structures 

-FE - - - - -E - µE < 1 

I 
i µA~2 

B 

\ 

\ 

\ 

' ' 

---ML------........... L\ 

Equal Displacement 

L\max = L\E 'Ductility 

Equal Energy 

~max= ~E 
Demand' 

(Medium Stiff to Flexible Structures, (Stiff Structures, 
0.1 < T < 0.5 sec) 0.5 < T < 3 sec) 
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Consequences of Allowing 
Yielding in Structures 

Implications: 

• Ductility Demandµ Increases as Resistance F Decreases 

• Asµ Increases, Chance of Damage Increases 

• Asµ Increases, Special Detailing Becomes Necessary 
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Slenderness and P - ~ Effects 

---------------------------~~~--!-
• AASHTO - Use Division I Method (Elastic Theory) 
• Alternate - Increase Design Moment by P • Lle to 

p 

Account for Loss of Resistance at Lle (Concrete) 

V 

Applied V 
H 

Alternate 

Structure Due 
to P - /'1 
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Non-Seismic Controlling Load Cases 

• More Common in Lower Acceleration Zones 

• Reduces Ductility Demands for Design 
Ground Motion 

• May Significantly Increase Plasti_c Hinging Shear 

• Foundation Sizes May Be Quite Large for Plastic 
Forces 

' 
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F 

Recall F vs. A Behavior 

Elastic Seismic - - - - - - - - - - - - - - -
Force 

R 

Increase 
Due to Other 
Controlling Loads 

Modified 
Design Force 
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Fail-Safe Issues 

• Recall that Design Shaking 
= 10% Chance of Exceedence in 50 Years 
=t- 10% Chance of Being Equal to Acceleration Level 

F 

0 
0 
~ 
(\J 

<l 

• Provide for Ductile Response 
Up to and Beyond 
Design Ground Motion -------------1 

: Ductile 
: Design 

/::,. 
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Fail-Safe Issues {continued) 

Spectral Acceleration for T = 0.3 sec 
(Not Peak Ground Acceleration) 

Ground 
Motion 

San Francisco 
California 

Boston 
Massachusetts 

475 Year Return 
Period (10% Chance 
of Exceedence in 
50 Years) 

2400 Year Return 
Period (2% Chance 
of Exceedence in 
50 Years) 

Session 7 Page 9 of 34 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Session 7 
Column and Pier Design 

Intended Seismic Behavior 

• SPC B vs. SPC C and D Requirements 

all Pier Design 

General Detailing Issues 
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Force Requirements; 
SPC B vs. Higher Categories 

Design 
Forces 
Column Flexure 

Column Shear and 
Axial, Connections 

Foundations 

SPCB 

Elastic 
R 

Elastic 
R 

Elastic 
R/2 

~mpts to Force 
Column to Yield 

SPC 
CandD 

Elastic 
R 

Plastic Hinging Forces, or 
Full Elastic Forces (Seismic) 

Plastic Hinging Forces, or 
Full Elastic Forces (Seismic) 
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SPC B - Column Design 

Consider Our Example Bridge / A= 0.15 g 3 ft Diameter Column 

Column 
Design 
Forces: 

Mu= 891 kip ft 
Pu= 1049 kip 

Vu= 58 kip 

8 #10 (1.00%) 
All Based ~<I>= 0.7 for SPC B (Instead of 
on R = 5 ) qi = 0.5 SPC C and D) 

Plastic 
• Mp = 1794 kip ft Not Required 

Hinging VP = 142 kip in SPC B 
Forces: 
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SPC B - Column Design {continued) 

Implications: 
Flexure MP= 1794 kip ft< MLt~s~cDL = 3981 kip ft :. Column Yields 

Shear VP= 142 kip> Vu = 58 kip .... Problem? 

~V n = 135 kip with Minimum Steel .·. Close, but ... 

Is It Wise to Divide Column Shear by R in SPC B? 
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Footing 
Design 
Forces: 

SPC B - Footing Design 

Mu= 1497 kip ft 
Vu= 116 kip 

All Based 
on R = _§_ = 2.5 

2 

Implications: 
Rocking MP = 1794 kip ft> Mu = 1497 kip ft . ·. Greater than 1 /2 Uplift ? 

(Transferred from Column) Footing Shear Problems? 

Sliding VP = 142 kip > Vu = 116 kip Sliding Possible ? 
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General Statements - SPC B Design 

Column Shear: Actual Shear Capacities May Be Much 
Less than Plastic Shear Demand 

:. Use R = 1 for Shear 
or Use Procedure for SPC C and D 

R 
Footing Forces: Use of 2 Works Reasonably 

Well for Footing Design if Seismic 
Loads Control 
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Other SPC B vs. Higher Category Issues 

Issues 
Seat Width 

Hinge Zone 
Confinement 

Column 
Connection Shear 
Stress 

Wall Pier 
Shear Stress 

Restrainers 

SPCB 

Maximum s = 6" 

NA 

NA 

NA 

SPC 
CandD 

N = (12" + 0.03L + 0.12H) 
• (0.000125S2) 

Maximums = 4" 

Normal 
V < 12 ~ Weight 

Concrete 

Required Between 
Structure Sections 
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Session 7 
Column and Pier Design 

Intended Seismic Behavior 

SPC B vs~ SPC C and D Requirements 

• Wall Pier Design 

General Detailing Issues 
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Wall Pier Design 

ct_ Superstructure ---------

~ 
Strong Direction 

Direction 

Design as Pier (or Wall) 
Probably No Plastic Hinging 

H 

Design as Pier (or Wall), or 
Design as a Column 

Can Develop Plastic Hinging 
at Base of Wall 

◄ 

}Hinge Zone 
at Base of Wall .---L-==...J........, 

Plastic 
Hinge 
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Wall Pier Design {continued) 

• SPC B 

Strong Direction 
R=2 

Weak Direction 
R = 2-Wall 

or R = 3 - Column 5 Meet SPC B 
( Confinement Requirements 
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Wall Pier Design (continued) 
-:-:--=-·-,.--.~-·:::...:c.:.· ~--------------------------=-0-·2'<l0Wt!tit~'Wl\=,~5:~.-.:...,,,;.--

• SPC C and D 
Same as B Plus: 
Column - R = 3 • Meet SPC C and D Confinement 

• Design for Plastic Hinging 
• <1>=0.5 
• Minimum Column Steel, 

1 % or Arch. 

Wall - R = 2 • Column Confinement Not Required 
• No Plastic Hinging Design 
• <1>=0.7 
• Minimum Horizontal /Vertical 

Steel Ratios 
• Limiting Shear Stress 
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Minimum Reinforcement for Wall Piers 

• Is an Issue When Non-Seismic Loads Control 

• SPC B, What to Use? 

Recommend if 
Local Requirements - Use SPC C and D Values ph = Pv = 0.0025 
Are Less 

-ACI 318 ph = 0.0025 Pv = 0.0015 

- Local Agency/ Durability Issue Mainly 
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Cross-Ties in Wall Piers 

• Design as Column ... Confinement Ratios Control 

, Design as Wall ► No Specific Criteria in Division I-A 

• Purpose 

Cross-Tie-...... 

• Options - Division I 
- Caltrans 

(SPC B or SPC C and D) 

1 . Cover Spalls 
2. Vertical Bars 

Tend to Buckle 
3. C'ross Ties Restrain 

Vertical Bar 
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'Division 1' Cross-Ties 

• Spacing of Ties s < Least Member Dimension or 12 Inches 
• Longitudinal Bars < 2 Feet from a Restrained Bar 

lo rl✓ 
• \: V 

lo I# 
• 

lo ~ 

• 
,~ 

• • 
I# 

• 

H21 Max 

Cross-Tie .. ~ 

• 

l 1211 Max 
~ ~ --. 

i.. ~ 

• 
11211 Max 

~ ~ 

• 
i.. ~ . 

H • Better Confinement 
2' Max • Harder to Place 

Concrete 

Elevation of Wall Steel 
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Session 7 
Column and Pier Design 

Intended Seismic Behavior 

SPC B vs& SPC C and D Requirements 

Wall Pier Design 

• General Detailing Issues 
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Tied-Column Details 

Cross Section 

Hook Detail 

_____,...,_ 
Anchorage Confinement 
~ 

Use Tie Can't Tie 

Session 7 Page 25 of 34 
UMD-ITV 

Seismic Bridge Design Applications 
25 April 1996, NHI Course Code No. 13063 



Cross-Ties in Walls 

• Tie Crosses 
Both Bars 

/#4 Cross-Tie 

1 
Horizontal Bar -----

Vertical Bar 

• Alternate Cross-Tie 
90° Bends 

Hooks of Adjacent Cross-Ties 
Face Each Other to Provide Space 
for Placing Concrete --
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Cross-Ties in Walls (continued) 

Alternate to 
Bending Both Ends 

Locate Splice in 
IVliddle 1 /3 of VVall 

6" Extension 

#4 Cross Tie 
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Interlocking Spiral 

• Spirals Provide Improved Confinement 
for Rectangular Columns 

• Cross-Ties May Be Required for Shear Strength 

Interlocking Bars 
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Spiral Splices 
---------- __ - -------------------------------~~--~~-

• 
• 
• 

Hooks Shall Be Placed to Avoid Vertical Reinforcement 
Lap Splices Not Permitted in End Regions 
Alternate: Weld Splice (A706 Steel) 

Splice 
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Reinforcement Splices 

• Don't Splice Longitudinal 
Steel in Plastic Hinge Zones 

t Bursting Forces 

T -< - .__ __ ::::;::
1
~~2=:;=_2=_ -=2=_-::;22:_'====::::JC __ a-~s; Loss of Cov~r 

I :-.---
' .----1~ I 

Plastic 
I I 
I I 

• Lap Splice in Middle Half of Columns Hinge I I I I /;//]Lap 
(Low Moment Zone) Zone /~' ,/ Splice 

• Alternate: Welds or Mechanical 
Connectors (Staggered 24") 

I I 
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Connection at Cap Beam 

Cf) 
:::J 
0 

~ :::J 
C ·a. :j::. 
C Cf) 
0 
0 

• 

--- "' \ 
r--i-
hi . , 

► I 
' I ' ~ ---

' -

' 

Where Spiral Is Discontinuous 
Weld End Of Spiral Back Onto 
Itself 

r---
I 

I I 

I ◄► 

~ I 
I 

' ., ----
I h en·• 

<( ~ C :::J 
0 ...!.. (0 0 

~ 0) . :::J 
I Q) CI'--- C 

Q. a: _o m +-' 

Cf) - C Cf) 

"O ·- 0 0 
> ·- 0, C ·- t: 

1 ' 

+-' 
C 
Q) 

E 
"O 
Q) 
..c 
E 

lJ.J 
-('lj 
"-·-Q. 

Cf) 

<( ~ 
...!..~ 
C r-,... 

_0 Q) 
Cl) -
·- 0 > ·­·- t: 
0 <( 

1---i w 0 <( 
- •• 
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Connection at Footings 

Development of Longitudinal 
Reinforcement F§fa.3-_ =ll-n 
Division I-A Article 7 .6.4. I 1 

Bottom 
Reinforcement 

Extend Confinement Steel 
into Joint Zone, dia/2 

Top Steel in Footing 

Consider Potential 
for Shear 
Reinforcement 
in Footing 
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Importance of Details 
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Session 7 
Column and Pier Design 

• Questions and Answers 
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